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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(ApTMS)y] (M: Transition metals, ApTMSH: 4-Methyl-

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. 

 

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 (Pd2Si) 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@SiCN 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, N2-

physisorption and TEM. Hyperpolarized 129Xe 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, N2-physisorption and TEM. Hierarchically porous Ni@SiC selectively cleaves 

aromatic C-O bond of aryl ethers in water and was found a reusable catalyst. 

 

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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increasing metal loading but in the case of Pd@SiCN, size of metal NPs remained 

small even with a palladium loading of 14 wt%. Pulse titration with hydrogen showed 

high accessibility of Pd. Pd@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 (SiC/SiCN) mit integrierten metallischen 

Nanopartikeln (NP) der Späten Übergangsmetalle (Ni, Pd) entwickelt, charakterisiert 

und auf ihre katalytischen Eigenschaften untersucht. Das als Ausgangsmaterial 

verwendete präkeramischen Polymer, kommerziell erhältlich als HTT 1800 (Clariant 

Advanced Materials GmbH; Sulzbach; Germany), wurde auf molekularem Wege 

durch Metallübertragung auf die Stickstofffunktionen unter Verwendung von 

Amidometallkomplexen [Mx(ApTMS)y] (M: Übergangsmetall, ApTMSH: 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 nichtporöse Cu@SiCN 

Materialien in unserer Forschungsgruppe entwickelt. 

 

Schema 1.1 Die Synthese von M@SiCN Keramiken. 

In der vorliegenden Arbeit wurden Bestrebungen unternommen poröse SiCN/SiC 

Materialien mit guter Zugänglichkeit zu den Metallischen NP (Ni, Pd) zu generieren. 

Zunächst wurde die Synthese Palladium enthaltender SiCN Materialien durch 

Pyrolyse von Palladium modifizierten Polysilazanen untersucht. Dabei wurde 

beobachtet dass während der Umwandlung des Polymers in die Keramik Palladium 

mit Silizium unter Bildung intermetallischer Palladiumsilizid-partikel (Pd2Si) reagiert. 

Die Materialien wurden charakterisiert (TGA, FT-IR, NMR, PXRD und TEM) und in 

Hydrierreaktionen als Katalysator eingesetzt. Die Aktivität des Katalysators blieb 

aufgrund von Silicidbildung des Metall und unporösen SiCN Träger gering. Die 

Problematik geringer Porosität 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 mikroporöse 

Ni@SiCN Materialien wohingegen bei 1100°C die Bildung von Nickelsiliziden in einer 

unporösen SiCN Matrix beobachtet wurde. Die Ni@SiCN Materialien wurden mittels 

Festkörper NMR, FT-IR, PXRD, TGA, N2-Physisorption und TEM charakterisiert. 

Unter Verwendung von hyperpolarisiertem 129Xe NMR Experimenten wurde der 

Effekt von Nickelbeladung und Ausglühzeit auf die Porenstruktur untersucht. Die 

Materialien zeigten gute thermische Stabilität und Aktivität in der selektiven 

Hydrogenierung von Arylacetylenen. Da aber die Umwandlung von Polymer zu 

Keramik bei Pyrolysetemperaturen von 600°C noch nicht vollständig ist, besitzen die 

Materialien aufgrund der Hydrolyse von Si-N Bindungen eine geringe hydrothermale 

Stabilität bei höheren 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 anschließender Nanostrukturierung durch Mikrophasenseparationstechnik 

synthetisiert. Die Länge des PE Blockes beeinflusst den im SiC Material generierten 

Porentypus. Die Synthese hochporöser Materialien mit Mikro-, Meso- und 

hierarchischer Porosität wurden erreicht. Ni@SiC Materialien wurden mittels TGA, 

PXRD, N2-Physisorptionsmessungen und TEM charakterisiert. Hierarchisch poröses 

Ni@SiC spaltet selektiv aromatische C-O Bindungen von Arylethern in Wasser bei 

guter Wiederverwendbarkeit. 

 

 

Schema 1.2 Synthese von Ni@SiC Keramiken. 

Zum Schluß lieferte die kontrollierte Pyrolyse von Palladium modifiziertem 

Polysilazan  mikroporöse SiCN Materialien mit sehr kleinen und gut zugänglichen Pd 

NP. Dies zeigt die Bedeutung des SiCN Trägers, dessen Stickstoffatome einen 
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stabilisierenden Effekt auf kleine Metall NP haben. Darüber hinaus wechselwirkt der 

SiCN Träger gut mit den NP und verhindert so deren Herauslösen (Leaching). 

Im Allgemeinen besitzen NP die Tendenz mit steigender Metallbeladung zu 

agglomerieren. Jedoch bleiben Metallischen NP im Falle des Pd@SiCN auch bei 14 

wt% stabil.  Die Pulstitration mit Wasserstoff zeigt eine bessere Zugänglichkeit des 

palladium als es für 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 Aktivität als 

kommerzielle Pd/C Katalysatoren. M@SiCN/SiC Materialien könnten Anwendung in 

der nachhaltigen Produktion von Chemikalien und Brennstoffen aus erneuerbaren 

Quellen, wie beispielsweise lignocellulärer Biomasse finden. 
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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.[1] 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).[2] Interestingly, both fuel 

market and petrochemicals create revenues that roughly correspond to almost the 

same amount of money in USA (385 billion US$).[2] Unfortunately, oil reservoirs are 

depleting tremendously and are currently available to provide fuels and chemicals for 

a limited period of time.[3] Therefore, diminishing fossil resources together with 

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

 

Figure 1. Production of fuels and chemicals from crude oil. Adopted from reference 1. 
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-le feedstocks for the production of both fuels and chemicals.[4] Biomass, in this 

regard is the only renewable and sustainable source for the production of both fuels 

and chemicals.[5] 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.[6] Replacement of petroleum-derived chemicals with 

those from biomass will play a key role in sustaining the growth of the chemical 

industry.[7] 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.[8]  

Biomass is a myriad of complex substances that amount to ca. 170 × 109 tons per 

year.[9] Lignocellulosic biomass is the most abundant bio-resource available and 

consists of three major components: Cellulose (40%), hemicelluloses (25%) and 

lignin (20%).[10] 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.[11]  

Catalysts are the philosopher’s stones of the chemical industry as most of the 

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[12] including the 

industrial production of fine chemicals.[13] Other than biotechnological processes,[14] 

chemical routes in general[15] and heterogeneous catalysis in particular find potential 

use in the efficient utilization of biomass for the production of fuels and chemicals.[16] 

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.[17] 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 
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Scheme 1. Synthesis of polymer derived ceramics from organosilicon polymers. 

polymers (scheme 1) possessing high (hydro)thermal stability and can withstand 

harsh chemical environment.[18] 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.[19] 

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.[20] 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 Pd2Si 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 
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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 –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 SiCN materials with very small, highly 

accessible palladium NPs were achieved. Pd@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 Pd@SiCN catalysts for its use 

as a clean source of energy. Moreover, the dehydrogenation of alcohols is a key step 

in sustainable synthesis.[21] 
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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). 

 

Figure 3.1 Flow chart of the synthesis and applications of PDCs modified with late transition metals. 
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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@SiCN 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 (Pd2Si) 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 

Pd2Si 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 (1H and 13C), FT-IR, TGA, 

PXRD and TEM. Pd2Si@SiCN 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  

 

Figure 3.2 Schematic presentation of the synthesis of Pd2Si@SiCN materials. 
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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 SiCN 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@SiCN materials were obtained by the 

pyrolysis of nickel modified polysilazane (HTT 1800) at 600°C and were 

characterized by TGA, DTA, FT-IR, PXRD, N2-physisorption, TEM and solid state 13C 

and 29Si 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 13C and 29Si 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 

 

Figure 3.3. Pictorial presentation of the synthesis and applications of Ni@SiCN materials. 
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retention and thermal stability up to 600°C as investigated by TGA studies. 

Continuous flow hyperpolarized 129Xe 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 (SBET: 100 m2/g) but when a hydroxy-terminated 

polyethylene (PE) was added, highly microporous Ni@SiC materials (SBET: 550 m2/g) 

were obtained. Ni complex catalyzed the dehydrocoupling reaction between Si-H and 

–OH bonds leading to the formation of a polycarbosilane-block-polyethylene (PCS-b-

PE). Chapter 7 discusses the synthesis of Ni@SiC 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@SiC 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, N2-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 Pd@SiCN 

was carried out. In a previous attempt to synthesize such materials, the formation of 

nanoalloy Pd2Si 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@SiCN materials. The loading of 

metal was varied from 2-14 wt% and materials were characterized by PXRD, N2-

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+2), 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 Pd@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. 

 

Figure 3.5 The synthesis of Pd@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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4. The Generation of Palladium Silicide Nanoalloy Particles 

in a SiCN Matrix and Their Catalytic Applications 
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 Abstract: The synthesis, characterization and catalytic studies of single phase 

palladium silicide nanoalloy particles supported by a polymer derived, non-oxide 

SiCN matrix (Pd2Si@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 1H 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 Pd2Si@SiCN. Powder X-ray diffraction 

(PXRD) studies confirmed the presence of the hexagonal Pd2Si phase in the 

amorphous SiCN 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. Pd2Si@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 Pd2Si@SiCN could be 

a suitable choice for the catalytic transformations under harsh chemical environment 

and at higher temperatures. 

mailto:kempe@uni-bayreuth.de
mailto:guenter.motz@uni-bayreuth.de
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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.[1] For instance, bimetallic alloy nanoparticles 

have been applied in light emitting diodes (LED)[2,3] data storage devices[4,5] and 

thermoelectric devices.[6] A salient feature of nanoalloy particles is the superior 

catalytic performance and their applications, in this regard, range from 

electrochemical fuel cell reactions,[7-12] to various oxidation reactions,[13-16] and 

renewable energy production.[17,18]  

Polymer derived ceramics (PDC) have been investigated intensively in the past two 

decades.[19] The PDCs based on SiCN ternary system are highly robust materials 

possessing extraordinary high temperature properties[20,21] and oxidation resistance 

up to 1600°C[22] without showing any prominent mechanical creep.[23] On the account 

of  their polymer route synthesis, fabrication of fibers,[24] films[25] and coatings[26] is 

facilitated. Introduction of metal not only improves the electrical[27] thermal and 

magnetic properties[28] of these materials but also extends their application profile to 

catalysis, where such robust systems have successfully been used as catalysts for 

fuel reforming,[29] total oxidation of methane[30] and the decomposition of ammonia.[31] 

In addition, metal containing SiCN ceramics have been reported to be selective 

catalysts in the oxidation of alkanes using air as an oxidant.[32] 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 powders[33] or by metal oxides;[34] secondly, modification at a molecular 

level by the use of metal complexes[35,36] followed by its pyrolysis to obtain metal 

containing ceramics. The third approach makes the use of metal containing 

organosilicon polymers[37-40] and their subsequent ceramization. We recently reported 

a molecular approach utilizing amipyridinato transition metal complexes for the 

chemical modification of polyorganosilazane[41,32] (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.[42] Moreover, the dispersion of metal within the 



4. The Generation of Pd2Si Nanoalloy Particles in a SiCN Matrix, Catalytic Applications  

23 

 

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 (PdxSiy).
[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.[44] 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-1-ethanol (ACROS 

Chemicals), dichloropalladium(II) (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)amino)pyridine 1,[45] dichloro(1,5-

cyclooctadiene)palladium(II)[46] and complex 2[47] 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 
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Figure 1. Scheme for the synthesis of Pd2Si 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 

(CL/FC
[a]

) 

Pd complex 

(wt % HTT 1800) 

Pd/Si 

(ratio) 

Pd loading
[b]

 

(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 

ionization 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 (CuKα radiation, 1.54178 Å) in θ-2θ -geometry 

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 166–3) and allowed to dry.  

Elemental analysis was performed by standard protocols employing digestion in 

HNO3/HCl/H2O2 and inductively coupled plasma optical emission spectrometry (ICP-

OES) usinga Varian, Vista-Pro radial. FT-IR-measurements were performed using a 

Perkin–Elmer FTIR-Spectrum 100 over a range of 4000 to 450 cm−1. 

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 µm) 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 Pd2Si@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 Ru3(CO)12 with alkylsilyl hydrides.[48] 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).[49] 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-1), 

Si-H (2150 cm-1) and N-H (3300-3500 cm-1) 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 1H 

NMR. HTT 1800 was reacted with complex 2 in deuterated benzene (C6D6) 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 –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) 
1
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 SiCN 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 CH2=CH- vibrational was observed upon the addition of the palladium complex. 

4.3.3 Characterization of Pd2Si@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, 

ammonia and hydrogen).[50] Above 730°C, the observed mass loss was only 1.2-1.5 

% 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 
(a). 

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 Pd2Si were observed. Powder 

XRD data of dipalladium silicide (Pd2Si) were assimilated from the single crystal XRD 

data[51] and were used as reference for the interpretation of Powder XRD results (Fig. 

5). The peaks at 2θ 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 

Pd2Si. 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 

Pd2Si@SiCN composites synthesized. Reflection patterns corresponding to other 

silicide phases (PdSi and Pd3Si), as evident from the phase diagram of Pd-Si 

system,[52] 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 β-Pd2Si 

is stable in the temperature regime of 1090-1404°C above which it melts congruently 

and below 1090°C, it transforms to its silicon rich polymorph (α-Pd2Si). The formation 
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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 Pd2Si, 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 Pd2Si phase could be the result of the interaction of amorphous SiCN 

with palladium at pyrolysis temperature of 1100°C. In our previous report,[32] 

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[53] which is very 

unlikely at a maximal copper loading of 13.7% in Cu@SiCN system.[32] 

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 nanoparticles (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 
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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. 6c). 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) Pd2Si 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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-ased to 15 mL, the cross-linking took place with a much slower rate but the particles 

generated were within the same size regime (~18 nm). Thus it is the nature of the 

solvent and not the extent of dilution which controls the size of the particles formed. It 

is evident from the Fig. 6a that without the addition of palladium complex to The 

population density of the particles formed depends upon the amount of metal 

complex reacted with the polymer (Fig. 6b) keeping their size the same (16-18 nm).  

4.3.4 Catalytic studies  

In the case of palladium based nanoalloys, both unsupported[54] and supported Pd- 

Ga[55,56] have recently been reported as efficient selective catalysts for 

semihydrogenation of alkynes. The alloys of palladium with silicon are worthment- 

 

 

Figure 7.  a-d) TEM micrographs of Pd20-FC synthesized in hexane (15 mL); a uniform distribution of 
palladium silicide particles over the ceramic has been shown at different magnification in figures (a) 
and (b) while figure (c) shows palladium silicide particles (~4-6 nm) with size distribution. 
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-tioning here in this regard as these materials show excellent catalytic activities for 

many reactions of industrial importance.[57-59] According to Bartok and coworkers[60] 

semihydrogenation of alkynes over Pd-Si alloy provides better selectivity in 

comparison to the Pd-Ge and pure palladium catalysts. Baiker et al. found high 

conversion and selectivity for Pd81Si19 alloy in semihydrogenation of propargylic 

alcohol and phenylacetylene in supercritical carbon dioxide.[61,62] Palladium silicide 

phases generated as a result of metal support interactions in Pd/SiO2 system have 

been reported to be selective catalysts in semihydrogenation of phenylacetylene to 

styrene[63] and for neopentane isomerization.[64-66] The group of Massardier reported 

on the catalytic activity of palladium silicides containing Pd/SiC catalysts for methane 

total oxidation.[67] A promising feature of palladium silicides is their chemical and 

electrochemical stability[68] which makes them ideal candidates as anode materials 

for fuel cells applications.[69,70] 

4.3.4.1 Catalytic hydrogenation of ketones 

Catalytic hydrogenation of aromatic ketones to various products (Fig. 8a) was 

investigated using Pd2Si@SiCN catalyst system. All the catalysts with a palladium 

loading ranging from 2-8 wt% (Pd100-FC to Pd20-FC) show selective hydrogenation 

of ketones to alcoholic products. Pd20-FC (8 wt% Pd) shows higher performance 

(Fig. 8b) than other ceramics (Pd40-FC, Pd60-FC, Pd80-FC and Pd100-FC) and was 

selected for further studies. The conversion increases both with the increase in 

catalyst amount and temperature (Fig. 8c) but selectivity remains the same. Alkyl 

phenyl ketones with alkyl length ranging from 1-7 carbon atoms (acetopheone to 

heptanophenone) and those having branching at alpha carbon (2-methyl-1- 

propiophenone and 2,2-dimethyl-1-propiophenone) were applied in the 

investigations. Catalytic studies were performed both at 85 and 50°C under 40 bar 

hydrogen pressure for 24 hours. It was found that at 85°C both the conversion and 

the selectivity to alcohol were above 95%. At 50°C, however, the conversion 

decreases both with the increase in alkyl chain length and its branching at alpha 

carbon. The selectivity again remains above 99% to alcoholic product (Table 2).The 

catalyst does not show any deactivation after a reaction time of 75 hours. Recycling 

of the catalyst was studied at 50% conversion by adjusting the amount of catalyst 

added. After 24 hours, the reaction was stopped and catalyst was separated by cent- 
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Figure 8. a) Schemetic representation of catalytic hydrogenation of ketones to different products; b) 

hydrogenation of acetophenone (2 mmol) with 60 mg of catalyst at 75°C under 20 bar hydrogen for 24 

hours. The conversion decreases with decrease in the amount of palladium contained by the 
ceramics; c) Hydrogenation of acetophenone (2 mmol) using Pd20-FC (120 mg) under 20 bar 
hydrogen pressure for 24 hours. The conversion increases with temperature keeping the selectivity 
constant; d) hydrogenation of acetophenone (2 mmol) with the catalyst Pd20-FC (60 mg) under 20 bar 
hydrogen pressure for 24 h. The figure shows reusability of the catalyst up to six catalyst runs. 

-rifugation and dried under vacuum at 120°C for 6 hours. A slight increase in 

conversion was observed after first run and no loss of activity was observed over six 

consecutive catalyst runs (Fig. 8d).  

4.4 Conclusions 

Pd2Si nanoparticles supported by a polymer derived SiCN matrix have been 

synthesized following a molecular approach making the use of an aminopyridinato 

palladium complex. The complex cross-links the polysilazane via hydrogen evolution 

increasing the ceramic yield. Moreover it chemically modifies the precursor by the 

transfer of palladium to its amido nitrogen atoms. The metal modified polymer, upon 

its pyrolysis at 1100°C provides dipalladium silicide nanoparticles. The size of the   
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Table 2. Hydrogenation of the ketones using the catalyst Pd20-FC (8 wt% Pd) at 85 and 50°C; 1 mmol 
of substrate, 0.4 mL toluene and 60 mg of the catalyst were used under 40 bar hydrogen pressure. 

Substrate 85°C 50°C 

Conversion
[a]

 Sel1/Sel2
[b]

 Conversion Sel1/Sel2 

Acetophenone 100 99/1 46 99/1 

Propiophenone 100 99/1 48 99/1 

Valerophenone 100 99/1 42 99/1 

Heptanophenone 98 99/1 33 99/1 

2-Methyl-1-

propiophenone 

100 99/1 11 99/1 

2,2-Dimethyl-1-

propiophenone 

93 99/1 4 99/1 

[a] Conversion in mol% units. [b] Sel1 and Sel2 denote selectivity to alcoholic and other products 
respectively. 

particles formed depends upon the solvent used and is independent of the amount of 

loaded metal. Higher metal loading, results in a higher density of particles. Catalysts 

show selective formation of alcohols from the hydrogenation of ketones. Overall 

conversion of the reaction increases with catalyst amount and temperature keeping 

the selectivity constant. A decrease in activity was observed with an increase in 

alkyle chain length and branching at alpha carbon of the ketone. 
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Abstract: This tutorial review highlights the methods for the preparation of metal 

modified polymer derived ceramics (PDCs) and concentrates on the rare non-oxide 

systems enhanced with late transition metals. 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. Potential magnetic and catalytic applications have been discussed for the 

so manufactured metal containing non-oxide ceramics. 

5.1 Introduction 

In contrast to the classical manufacturing of ceramic powders at high temperatures 

the processing of polymer derived ceramics (PDCs) is a relatively young technology 

and offers a number of advantages over the conventional way. 

By using different educts and different types of reactions the chemical and physical 

properties of the preceramic polymers (precursors) such as elemental composition, 

solubility, fusibility and viscosity are adjustable. On the one hand special functional 

groups enable a further modification of the polymer to produce completely new 

ceramic materials with high purity and homogenous distribution of the elements. On 

the other hand they provide for a 3-dimensional cross-linking to an unmeltable 

polymer (green body), which is the precondition for ceramization. The transformation 
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of the thermoset to the ceramic materials already occurs at relatively low 

temperatures (<1000°C). Due to the different properties of the preceramic polymers 

and of the resulting ceramics, various applications as e.g. ceramic fibres, porous 

ceramics, polymeric and ceramic coatings and as ceramic matrices are established. 

Due to these applications in combination with the versatile shaping methods 

precursors such as polysiloxanes, polysilazanes, polycarbosilazanes, 

polyborosilazanes and polysilylcarbodiimides are becoming more and more 

important. Recently published review articles and books summarize the 

interdisciplinary research devoted to PDCs and guide towards earlier summaries and 

pioneering work in the field.[1–5] PDCs, like other technical ceramics, can broadly be 

categorized into two classes: those having an oxygen moiety (oxide ceramics) and 

the ones without any oxygen (non-oxide ceramics). The characteristic features of the 

non-oxide systems include their resistance to crystallisation and the high thermal and 

chemical stabilities. Wide ranging applications are observed for these materials 

including high performance coatings, sensors, nanocomposites and fibres. The 

potential of these and further applications, for instance, in energy technologies and 

catalysis can be extended by the incorporation of metallic or intermetallic 

nanoparticles or phases. Late transition metals form metallic particles or phases 

during pyrolysis due to the reductive conditions in combination with their noble 

character, and they are highly relevant for catalytic applications. In a more general 

sense, two of the oldest and very different classes of materials, ceramics and metals, 

are combined and structured on a nano-scale. In this review we describe and 

summarize the initial attempts made to synthesis late transition metal modified 

polymer derived non-oxide ceramics and the applications of these materials. 

5.2 General strategies for the synthesis of metal modified PDCs 

Synthesis of late transition metal enhanced polymer derived non-oxide ceramics can 

broadly be divided into three categories: 

(i) blending of the precursor with metal or metal oxide powders, 

(ii) synthesis from metallopolymers, and 

(iii) the chemical modification of precursor polymers using coordination compounds. 

In the first approach, preformed metal (or metal oxide) particles are simply blended 

with the preceramic polymers followed by cross-linking and pyrolysis. This method is  
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limited with the particle sizes of the used metal (oxide) powders. In the second and 

third approach the desired nanoparticles are built-up, most likely via the formation of 

clusters, starting from the atomic scale. So well defined metallopolymers, in which the 

metal atoms are already bonded to the monomer units before polymerisation, can be 

formed in the first place. The modified polymers are then pyrolyzed to obtain the 

metal containing ceramic. Finally, in the third approach, coordination compounds 

(also called (metal) complexes) react with the polymeric preceramic precursors. A 

metal transfer from the complex to the polymer chain can occur, giving rise to metal 

modified precursors, which are cross-linked and pyrolyzed, yielding the metal 

enhanced PDCs. Each of these approaches will be discussed in detail for two 

classes of polymer derived non-oxide ceramics: SiC and SiCN. This review also 

concentrates on the modification using late transition metals, including the elements 

from groups 8–11 (especially Fe, Co, Ni, Pd, Pt, Cu, Ag and Au). 

5.3 Metal modified SiC ceramics (M@SiC) 

5.3.1 Modification by metal (oxide) powders 

In 1976, Yajima et al.[6]
 reported the synthesis of polycarbosilane (PCS) followed by 

its mixing with Fe–Cr alloy powder containing 13 wt% Cr in the ratio of 1 : 9. After air 

drying the mixture was hot pressed and heated with a rate of 5 K min−1
 up to 1100°C 

and kept for 1/2 hour. This resulted in the formation of spherical or ellipsoidal 

particles of Cr7C3 and CrSi2. The material was resistant to oxidation and showed 

hardly any increase in weight after heating at 1000°C for 50 hours under air. 

More recently, poly[(silylene)diacetylenes] were modified by dispersing metal oxides 

(Co3O4, NiO, PdO, PtO2).
[7]

 Subsequent pyrolysis of the dispersions above 1400°C 

under argon afforded metal silicides (CoSi, Ni2Si, Pd3Si/Pd4Si, Pt3Si/Pt5Si) and 

graphitic carbon as detected by powder XRD. The metal silicides were formed 

through the reaction of SiC with the metal particles with the release of graphitic 

carbon. The formation of metal silicides (in the case of Ni) from the pyrolysis of 

mixture of metal powder and polysilane under argon atmosphere was also reported 

by Seyferth et al.[8] 
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5.3.2 Metal modified SiC ceramics from metallopolymers 

5.3.2.1 Iron containing precursors 

Ferrocene based metallopolymers were investigated intensively as precursors for 

ceramic materials by Whittell and Manners.[9] In 1993 this group reported[10] the 

formation of magnetic ceramics from the pyrolysis of poly(ferrocenylsilanes) (PFSs) 

(Fig. 1, 1 and 2) at 500°C under nitrogen atmosphere. High molecular weight PFSs 

were prepared by the ring-opening polymerization of [1]sila-ferrocenophane 

precursors.  

 

Fe Si
R

R'
Fe

Si

R'

R

n

1: R = R' = Methyl
2: R = R' = Phenyl
3: R = H, R' = Methyl

4: R = Methyl, R' = vinyl

 

Figure 1. Synthesis of Poly(ferrocenylsilanes) via ring-opening polymerization. 

The ceramic yields were rather low (35–40%) for 1 and 2. Ceramics were attracted by 

bar magnets and powder XRD confirmed their amorphous nature. EDX analysis 

indicated the presence of iron, silicon and carbon together with trace amounts of 

oxygen. Poly(ferrosinylsilanes) with Si–H- and vinyl-functions (3 and 4 in Fig. 1) 

provided the highest yields (60–65%) at 600°C under nitrogen.[11] Pyrolysis of a 1:1 

blend of the polymers 3 and 4 afforded the ceramic in 62% yield at 600°C and the 

highest ceramic yield at 1000°C (56%) owing to the efficient cross-linking of the 

polymer via hydrosilylation. Analysis of the ceramics with SEM and EDX indicated 

that these materials were iron/silicon carbides. The ceramic formed at 600°C was 

found to be amorphous, whereas the corresponding one formed at 1000°C contained 

α-Fe crystallites (by powder XRD). The formation of polymer 1 (Fig.1) followed by 

subsequent pyrolysis inside the channels of mesoporous silica produced magnetic 

ceramic composites.[12]
 Data collected from powder XRD, solid-state NMR, DSC, 

TEM and EDX provided support to the claim that the products of both, polymerization 

and pyrolysis reactions, remained predominantly inside the channels of the host 

material. The presence of α-Fe nanoparticles with a size of 20 Å was confirmed by   
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Figure 2. TEM micrograph of ceramic-MCM-41 composite (top) with electron diffraction pattern 
(bottom) showing the hexagonal order in the ceramics. (Reproduced from ref. 13 after permission. 
Copyright 2000 American Chemical Society). 

powder XRD studies. The product obtained from the pyrolysis of polymer 1 in the 

channels of MCM-41 contained much smaller sized iron than those observed in the 

pyrolysis of bulk polymer 1.[13]
 (Fig. 2) The ceramic yield is an important consideration 

while choosing a suitable ceramic precursor because this ultimately determines the 

utility, bulk properties and shape retention in the resulting ceramic. Cross-linking the 

preceramic polymer is a prevalent method for increasing the ceramic yield because it 

reduces the amount of volatile products. 

 In 2000, the Manners group[14] was successful in the synthesis of magnetic ceramics 

with high yields from highly cross-linked spirocyclic[1]silaferrocenophane (B in Fig. 

3). Under nitrogen atmosphere ceramic yield was above 90% resulting in ceramic 

containing iron nanoclusters together with SiC and Si3N4 as verified by powder XRD 

and TEM studies. With the increase in pyrolysis temperature, an increase in the size 

of the iron particles was confirmed (D and E in Fig. 3). In a full account, details of the 

pyrolysis (under nitrogen) of a well characterized cross-linked poly(ferrocenylsilane)  

http://pubs.rsc.org/en/content/articlehtml/2012/cs/c2cs15326b#cit14
http://pubs.rsc.org/en/content/articlehtml/2012/cs/c2cs15326b#fig3
http://pubs.rsc.org/en/content/articlehtml/2012/cs/c2cs15326b#fig3
http://pubs.rsc.org/en/content/articlehtml/2012/cs/c2cs15326b#fig3
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Figure 3. Spirocyclic [1]silaferrocenophane (A), its polymerization product (B). SEM (C) and TEM 
micrographs of bulk ceramic obtained by the pyrolysis of B at 600°C (D) and 550°C (E). (reproduced 
from ref. 14 after permission. Copyright 2000 Science, AAAS). 

network derived from the polymerization of fcSi(CH2)3 (see Fig. 3) were disclosed.[15] 

Variation of both, pyrolysis temperature and holding time, permitted control over the 

nucleation and growth of the α-Fe particles, which ranged in size from around 15 to 

700 Å. Also the crystallization of the surrounding matrix could be influenced by these 

parameters (Fig. 4).  

The ceramics contained smaller α-Fe particles when prepared at temperatures lower 

than 900°C and displayed superparamagnetic behavior, whereas the materials 

prepared at 1000°C contained larger particles and were ferromagnetic. In addition, 

the composition of the ceramic was altered by changing the pyrolysis atmosphere to 

argon, which yielded ceramics that contain Fe3Si5. 

Pyrolysis of hyperbranched poly[1,1-ferrocenylene(methyl)-silyne] provided magnetic 

ceramics.[16]
 Sintering at high temperatures (1000–1200°C) under nitrogen and argon    

http://pubs.rsc.org/en/content/articlehtml/2012/cs/c2cs15326b#fig3
http://pubs.rsc.org/en/content/articlehtml/2012/cs/c2cs15326b#cit15


5. Polymer Derived Non-oxide Ceramics Modified with Late Transition Metals 

46 

 

 

Figure 4. Graphical representation of a nucleation and growth model that illustrates the genesis of the 
magnetic ceramic from (i) iron atom release from polymer (see Fig. 3A) followed by (ii) nucleation and 
growth of iron nanoparticles. (reprinted after permission from ref. 15. Copyright 2009 American 
Chemical Society). 

generated ceramics in 48–62% yields. Hyperbranched polymers were found superior, 

in terms of the ceramic yield, to the linear ones as ceramic precursors. The ceramics 

were electrically conductive and possessed a porous architecture constructed of 

interconnected nanoclusters. The iron content was estimated by EDX to be 36–43%, 

much higher than that (11%) of the ceramic prepared from the linear precursor. The 

nanocrystals in the ceramics were mainly α-Fe2O3 and Fe3Si. Using porous anodic 

alumina rods as hard template, magnetic ceramic nanorods were synthesized by the 

polymerization of silaferrocenophanes within the pores. The pyrolysis of the 

composite at 900°C under nitrogen followed by the chemical etching (with 1% NaOH) 

provided iron oxide (Fe2O3) containing magnetic ceramic nanorods (NRs).[17] Highly 

ordered magnetic ceramic NR arrays were synthesized similarly from 

poly(ferrocenylsilane) by nanoimprint lithography with anodic aluminium oxide 

templates.[18] The key to the method was the controlled infiltration of the precursor in 

the nanochannels. The resulting ceramic nanorods could precisely replicate the size 

and shape of their PFS precursor nanorods in the template (Fig. 5). 

Inverted opal structures were synthesized using a template consisting of a 3-

dimensional arrangement of silica spheres. The ferrocenyl monomers were infiltrated 

into the void spaces within the silica sphere template. The polymerization at 250°C 

under nitrogen provided polymer silica composites which were etched with aqueous 

hydrogen fluoride (HF) solution and pyrolyzed (600 and 900°C for 6 hours) under 

nitrogen. Ceramic yield was found to be in the range of 70–85% and 

Fe2O3 nanoparticles were uniformly distributed over the composite.[19] Iron containing  
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Figure 5. Large area highly ordered arrays of PFS NRs and their consequent ceramic NRs prepared 
by pyrolysis at 700°C for 5 h: (a, b) SEM top view- and (c, d) angle view-micrographs. (Modified and 
reproduced from ref. 18 after permission, copyright 2009 American Chemical Society). 

SiC(O) magnetoceramics were recently synthesized using iron nitrate and a 

polycarbosilane.[20]The Fe@PCS precursors were pyrolyzed at 600–1200°C to 

produce magnetoceramics. The powder XRD and TEM analysis showed that the 

ceramics contained Fe3Si nanoparticles, which were dispersed in a amorphous 

SiC(O) matrix. Moreover, the crystallization of β-SiC was observed at 1200°C. Very 

recently, thermolysis of poly(ferrocenylsilane) at 1000°C or poly[{(dimethylsilyl)-

ferrocenyl}diacetylene] at 850°C was reported.[21]
 The formation of ferromagnetic 

Fe3Si nanoparticles, well distributed in a SiC/C matrix, was observed. The average 

size of the formed nanoparticles, their size distribution and their agglomeration 

behavior depend strongly on the choice of polymer and the thermolysis conditions. 

5.3.2.2 Fe@SiC ceramics from nanostructured block copolymers.  

Block copolymers can be self-assembled into a variety of nanoscale morphologies as 

a result of immiscibility between the constituent blocks. If the structuring of the 

system can be maintained during pyrolysis nanostructured ceramic materials are 

possible. The block copolymer BC1 (Fig. 6) forms stable cylindrical micelles in n-

hexane.[21] These well-characterized micelles can be used to form oriented 

nanoscopic ceramic lines by hydrogen plasma treatment.[23] Shell cross-linking of the 
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Figure 6. Structural formulas of [1]silaferrocenophane (1) and block copolymers synthesiszed from it, 
poly(ferrocenyldimethylsilane-b-dimethylsiloxane, BC2) and poly(isoprene-b-ferrocenyl-dimethylsilane, 
BC3). (R = alkyl). 

cylindrical micelles was achieved for BC2 (Fig. 6) by Pt-catalyzed hydrosilylation.  

The presence of a cross-linked corona was found to permit the pyrolysis-induced 

formation of cylindrical ceramic replicas with shape retention up to 

600°C.[24] Furthermore, these micelles were deposited on a Si substrate from solution 

and upon etching continuous ceramic nanolines with lengths of micrometre and 

widths of as small as 8 nm were created. The presence of iron was confirmed by X-

ray photoelectron spectroscopy (XPS).[25] The pyrolysis of cylinder-forming samples 

of the diblock copolymer PS-b-PFEMS in bulk and in thin films produced semi-

ordered arrays of C/SiC ceramics containing Fe nanoparticles (Fig. 7).The pyrolysis 

of thin films stabilized by cross-linking the PS domains with UV light demonstrated 

high areal yields, improved shape retention, and the presence of cylinder-centered 

magnetic nanoparticles.[26] 

Pt(0)-catalyzed ring-opening precipitation copolymerization of fcSiMe2 (see 1 in Fig. 

6) and fcSi(CH2)3 (see Fig. 3A) was used to prepare polymer microspheres under 

mild conditions. Their pyrolysis led to spherical magnetic ceramic replicas (Fig. 8).[27] 

Thin films of PS-b-PFS were synthesized by spin coating on a silicon wafer and were 

subjected to UV radiation to cross-link the PS matrix. Subsequent pyrolysis (600°C, 2 

hours) resulted in the formation of ceramic nanodots on the surface of the silicon 

wafer with a repeating space of 40 nm. The XPS studies revealed the presence of  

http://pubs.rsc.org/en/content/articlehtml/2012/cs/c2cs15326b#cit24
http://pubs.rsc.org/en/content/articlehtml/2012/cs/c2cs15326b#cit25
http://pubs.rsc.org/en/content/articlehtml/2012/cs/c2cs15326b#fig7
http://pubs.rsc.org/en/content/articlehtml/2012/cs/c2cs15326b#cit26
http://pubs.rsc.org/en/content/articlehtml/2012/cs/c2cs15326b#fig6
http://pubs.rsc.org/en/content/articlehtml/2012/cs/c2cs15326b#fig6
http://pubs.rsc.org/en/content/articlehtml/2012/cs/c2cs15326b#fig3
http://pubs.rsc.org/en/content/articlehtml/2012/cs/c2cs15326b#fig8
http://pubs.rsc.org/en/content/articlehtml/2012/cs/c2cs15326b#cit27
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Figure 7. Generation of ceramic materials from the pyrolysis of bulk samples (top) and thin films 
(bottom) of polystyrene-block-poly(ferrocenylethylmethylsilane) (PS-b-PFEMS). (Reprinted from ref. 26 
after permission, copyright 2008 American Chemical Society). 

 

Figure 8. SEM and thin-section TEM micrographs of ceramic particles obtained from pyrolysis of 
organometallic microspheres under a nitrogen atmosphere for (A, C) 2 h at 600°C and (B, D) 2 h at 
900°C. (Reprinted after permission from ref. 27, copyright 2002 American Chemical Society). 

Fe2O3 and Fe3O4 species. The cylindrical morphology of the block copolymer is lost 

upon pyrolysis which may be attributed to the lack of the cross-linking of PFS block. 

The inefficient cross-linking leads to the loss of volatile products during the pyrolysis 
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 which in turn destroys the structure. The low yield of the ceramics (30%) also 

supports the inefficient cross-linking.[28] 

5.3.2.3 Bimetallic systems (FeM@SiC ceramics) 

Sila[1]ferrocenophanes having acetylenic substituents were polymerized and reacted 

with Co2(CO)8 to get a bimetallic polymer (polymer 2 in Fig. 9).  

In a typical reaction 75–100% acetylenic moieties are substituted with cobalt 

carbonyl. The bimetallic polymer is stable in air and moisture.[29] The ceramic yield 

was 72% and 59% at 600 and 900°C, respectively. The black ceramic obtained was 

attracted by a bar magnet. Powder XRD confirmed the amorphous SiC/C and TEM  

 

Figure 9. Synthesis of cobalt modified poly(ferrocenylsilane) (2) from acetylene substituted 
poly(ferrocenylsilane) (1). TEM images of cross sections of ceramics pyrolyzed at (a) 600°C and (b) at 
900°C. TEM micrographs of ceramic cross section (c) with the corresponding EDS maps for (d) iron 
and (e) cobalt. (Reprinted after permission from ref. 29, copyright 2003 Wiley-VCH Verlage GmbH & 
Co).  

http://pubs.rsc.org/en/content/articlehtml/2012/cs/c2cs15326b#cit28
http://pubs.rsc.org/en/content/articlehtml/2012/cs/c2cs15326b#fig9
http://pubs.rsc.org/en/content/articlehtml/2012/cs/c2cs15326b#cit29
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Figure 10. Vertical view SEM micrographs (series I), surface particle size distributions (series II), and 
cross-sectional SEM micrographs (series III) for Co@PFS thin films pyrolyzed at 300, 400, 500, 600, 

700, 800 and 900C. The original film thickness before pyrolysis was about 200 nm. The arrows in 
series III indicate the interface of the Si substrate and the pyrolyzed film. (Reprinted after permission 
from ref. 33, copyright 2006 American Chemical Society). 
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with EDX shows the presence of Fe and Co within the same nanoparticle ((d) and (e) 

in Fig. 9). 

A similar approach was used to synthesize ordered 2D arrays of ferromagnetic Fe/Co 

alloy nanoparticle rings with diameters of 2–12 μm.[30] The highly metallized 

poly(ferrocenylsilane) precursors were structured via template directed self-assembly 

followed by plasma etching and pyrolysis. Furthermore, thin films (Fig. 10) were 

made of Co@PFS whose pyrolysis afforded patterned ferromagnetic ceramics with 

excellent shape retention.[31–33] 

Solution processing is a facile method to generate magnetic thin films. 

Poly(ferrocenylethylmethylsilane) (PFEMS, Fig. 11A) was doped with Pd using two 

methods: sublimation of [Pd(acac)2] (acac = acetylacetonate) to form Pd NPs in the 

polymer films and direct mixing of [Pd(acac)2] with the polymer precursor prior to film 

deposition. Pyrolysis of the precursors yielded ferromagnetic ceramics (Fig. 11B–D). 

The effect of the pyrolysis temperature and atmosphere on magnetic properties, 

chemical composition and crystalline structure of the ceramics was explored. For the 

ceramics derived from pyrolysis (1000°C, under argon) of Pd@PFEMS, the formation 

of Fe/Pd alloys was observed. All the samples show characteristic reflection patterns 

of Fe3O4 and Fe2O3 suggesting an incorporation of oxygen during their handling and 

storage.[34] 

5.3.2.4 Other M@SiC ceramics 

 Ferrocene is a very stable and easy to modify organometallic molecule, and thus 

ideal to incorporate into metallopolymers. Unfortunately, this chemistry is restricted to 

iron, but for other late transition metals strategies to incorporate these elements into 

non-oxide ceramics have to be developed. Following the aforementioned protocol, 

synthesis and pyrolysis of a series of nickel containing polycarbosilanes 

(Ni@PCS, Fig. 12) was described.[35] 

Pyrolysis of the Ni@PCSs yielded ceramics with embedded Ni or Ni silicide 

nanoparticles. By adjusting the pyrolysis temperature, it was possible to control the 

formation of either nickel (400 and 600°C) or nickel silicide (Ni3Si and Ni31Si12) 

nanoparticles (900°C) (see TEM micrographs in Fig. 12). The substituent group 

(phenyl or t-butyl), the clusterization percentage and the pyrolysis time, all influenced 

the yield and the properties of ceramic materials. 

http://pubs.rsc.org/en/content/articlehtml/2012/cs/c2cs15326b#fig9
http://pubs.rsc.org/en/content/articlehtml/2012/cs/c2cs15326b#cit30
http://pubs.rsc.org/en/content/articlehtml/2012/cs/c2cs15326b#fig10
http://pubs.rsc.org/en/content/articlehtml/2012/cs/c2cs15326b#cit31
http://pubs.rsc.org/en/content/articlehtml/2012/cs/c2cs15326b#fig11
http://pubs.rsc.org/en/content/articlehtml/2012/cs/c2cs15326b#fig11
http://pubs.rsc.org/en/content/articlehtml/2012/cs/c2cs15326b#cit34
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Figure 11. Structural formula of poly(ferrcenylethylmethylsilane) (PFEMS, A) with SEM micrographs of 
the ceramics obtained from the pyrolysis of PFEMS (B), PFEMS containing Pd nanoparticles (C) and 
PFEMS containing Pd(acac)2 pyrolyzed under argon stream at 1000°C (D). (Scale bar: 1 µm). 
(Reprinted after permission from ref. 34, copyright 2011 American Institute of Physics). 

 

 

Figure 12. Structural formula of nickel containing poly(ferrocenylsilane) (Ni@PFS) along with the TEM 
images of pyrolyzed ceramics at (A) 400, (B) 600, and (C) 900°C for 1 h. (Reproduced after 
permission from ref. 35, copyright 2007 American Chemical Society). 

The pyrolysis of poly[{(diorganosilylene)diacetylene}dicobalt-hexacarbonyls] (Fig. 13) 

at 1350°C gave Co2Si and graphite-like carbon. Evolution of part of the carbon 

monoxide in the early stage of the pyrolysis (100°C) showed that the cross-linking of 

diacetylene units was induced by reactive cobalt species. Furthermore, at higher 

temperatures (200–500°C), cobalt clusters catalyze the formation of the ceramic. 

http://pubs.rsc.org/en/content/articlehtml/2012/cs/c2cs15326b#fig13
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Figure 13. Structural formula of poly[{(diorganosilylene)diacetylene}-dicobalthexacarbonyls]. 

Co2Si was shown to result from the reaction of SiC with Co above 1000°C, both 

formed during the pyrolysis process. Finally, at 1100°C, a carboreduction reaction led 

to the elimination of the oxygen incorporated in the carbon matrix during the cross-

linking process.[36] Furthermore, porous CeO2/Pt-polycarbosilane composites, using 

an aqueous hexachloroplatinic acid as a hydrosilylation catalyst causing cross-linking  

of allyl groups in the liquid PCS, were reported.[37] The cross-linked polymers showed 

high specific surface areas and well dispersed ceria nanoparticles in the matrix. 

Pyrolysis at 1200–1500°C and post-oxidative treatment at various temperatures 

produce porous ceramic structures with surface areas up to 423 m2 g−1. X-Ray 

diffraction investigations showed that the crystallinity of the SiC matrix could be 

controlled by the pyrolysis temperature. 

5.3.3 Modification by coordination compounds 

First investigations on reactions between precursor polymers and coordination 

compounds were reported by Seyferth and coworkers.[38] The presence of Si–H- and 

Si–Si-functions in Nicalon polycarbosilane (PCS) provided an opportunity to add 

polynuclear transition metal carbonyls (Ru3(CO)12, Fe3(CO)12, Os3(CO)12, Rh6(CO)16, 

Co4(CO)12, Co2(CO)8) to the polymer backbone.[39] Their addition resulted in the 

desired cross-linking of the polycarbosilane and provided an increased ceramic yield. 

For instance, the addition of 2 wt% of Ru3(CO)12 to PCS provided a ceramic yield of 

76% at 1000°C under argon atmosphere. The chemical composition of the pyrolysis 

product at 1500°C was found to be 88.8% SiC and 11.1% C. However no details 

about the fate and behavior of the metals inside the resulting ceramics were reported. 

The pyrolysis of an iron containing polycarbosilane (1300C/Ar) was used to synth- 

http://pubs.rsc.org/en/content/articlehtml/2012/cs/c2cs15326b#cit37
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-esize magnetic SiC nanowires.[40] Therefore poly(dimethylsilane) was simply mixed 

with [Fe(acac)3] (acac = acetylacetonate). The powder XRD spectrum of the material 

showed the presence of typical diffraction lines of a β-SiC crystal along with 

diffraction lines related to Fe5Si3, Fe3Si and FeC. Similarly, the formation of silicon 

carbide (SiC) fibers using an iron containing polycarbosilane was reported.[41] Iron 

pentacarbonyl [Fe(CO)5] was first reacted with PCS. Nanosized α-Fe domains rather 

uniformly distributed were found inside the ceramic fibres. The formation of Si3N4 and 

SiC nanowires using an iron (FeCl2)
[42] or a cobalt compound (CoCl2)

[43] and 

poly(methyl-phenylsilsesquioxane) was described. Powder XRD analysis of the iron 

samples pyrolyzed at 1250°C under nitrogen flow showed the crystallization of β-SiC, 

α-Si3N4, Fe3Si and Si2ON2. Moreover at 1350°C, the formation of single crystalline 

Si3N4 nanowires took place. In the case when samples were pyrolyzed at 1400°C 

under argon atmosphere, SiC nanowires with spherical tips (iron silicide) were 

generated as confirmed by HR-TEM coupled EELS and EDX measurements. Powder 

XRD studies showed the presence of β-SiC, Fe3Si and amorphous carbon as major 

phases present in the samples pyrolyzed at 1250–1300°C under argon atmosphere. 

Authors obtained the similar results using CoCl2 assisted pyrolysis of the precursor. 

The resulting ceramics containing nanowires showed a specific surface area up to 

110 m2 g−1. 

5.4. Metal modified SiCN ceramics (M@SiCN) 

5.4.1 Modification by metal (oxide) powders 

One of the first examples on the modification of PSZs with metal (oxide) powders for 

the synthesis of metal containing SiCN ceramics was reported in 2003.[44] The 

composites were synthesized by the mixing of Fe3O4 powder with a liquid PSZ, 

followed by pyrolysis at different temperatures. Investigations of the products by 

powder XRD revealed that above 600°C only the diffraction peaks for Fe3O4 could be 

found. At 700°C, Fe3O4 begins to reduce to α-Fe, accompanied by the formation of 

iron-silicate. This reaction is complete at 1000°C. At temperatures above 1100°C, α-

Fe begins to convert to FeN. 

In 2007, the synthesis of metal enhanced SiCN ceramics by the mixing of metal 

powders with a commercial PSZ(Ceraset®, Kion Inc., USA) was reported.[45,46] The   
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PSZ was first thermally cross-linked by heating up to 280°C under an argon 

atmosphere followed by milling. The green body powders were mixed with metal 

powders (Fe, Co and Ni), homogenized with milling, warm pressed and pyrolyzed at 

1000°C under an argon atmosphere. Phase evolution of the ceramics was carried out 

by powder XRD. Whereas Ni and Fe form silicides, cobalt exists solely in the metallic 

phase. The same strategy was applied to mixed metal systems. In these cases, 

formation of ternary metal silicides was observed. 

The formation of nickel silicides was also observed by others.[47] Nickel powder was 

mixed with PSZ (Ceraset®) to obtain 10 vol% metal fractions in the resulting metal–

ceramic composite. This composite slurry was cross-linked, warm pressed in a 

graphite die and pyrolyzed at 1000°C under nitrogen atmosphere, followed by heat 

treatment at 1200°C for 1 and 10 hours. The powder XRD data from the composite 

annealed for 1h at 1200°C in argon showed  the formation of crystalline Ni2Si and 

also the presence of metallic Ni. As the annealing time is increased, the peaks 

corresponding to Ni2Si increased in strength while the Ni peaks subsided. After 

annealing for 10h, a new phase, corresponding to Si3N4, was found. Similar 

observations were made in the SiCN ceramics synthesized by the mixing of Fe and 

Co with PSZ (Ceraset®).[48] The formation of Fe3Si and Co2Si was confirmed by 

quantitative powder XRD analysis. In a different publication the same authors 

investigated the crystallization behavior of iron containing SiCN ceramics at 

temperatures well above 1000°C.[49] The synthesis of a Fe3Si/SiCN composite was 

accomplished via pyrolysis at 1100°C in an argon stream. At 1300°C, the crystalline 

phases Fe3Si, Fe5Si3, and SiC were observed. The crystallization of SiC was 

assumed to occur from the liquid Fe/Si/C alloy being formed during the molten state 

of silicides at 1300°C. 

The group of Kroke[50] used a different approach and synthesized silver nanoparticles 

containing SiCN ceramics by the mixing of 3 wt% as-synthesized Ag nanoparticles 

with Ceraset® followed by pyrolysis under flowing nitrogen and/or ammonia. Bulk 

samples as well as coatings were investigated. Powder X-ray diffraction (XRD), 

transmission electron microscopy (TEM), thermal analysis (TGA, DTA), absorption 

spectroscopy (UV-vis) and infrared (IR) spectroscopy were used to characterize the 

products. At temperatures in the range of 800–1000°C silver particles with an 

average size of 5-7 nm was observed. 
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5.4.2 Metal modified SiCN ceramics from metallopolymers 

Like in the case of PCSs, again iron containing polymers were the first successful 

attempts in this field. So poly(ferrocenylsilazanes) with linear or linear–cyclic structure 

were synthesised via hydrosilylation, a reaction during which no by-product is 

formed.[51] The ceramic yields of these metallopolymers were estimated by 

thermogravimetric analysis (TGA) and bulk pyrolysis, and were found to depend on 

the molecular structures. Compared with that of their linear counterparts the ceramic 

yields of linear–cyclic polymers were much higher. 

The preparation of iron-containing PSZs by mixing of Fe[N(SiMe2Vi)2]3 (Vi = –CH

CH2) and a vinyl group containing PSZ afforded magnetic ceramics after cross-linking 

at 350°C (no peroxide addition) and pyrolysis in N2.
[52] (Fig. 14) The ceramics 

produced were investigated by X-ray diffraction, transmission electron microscope 

and vibrating sample magnetometer at room temperature. It was indicated that α-Fe 

is the only magnetic crystalline iron phase embedded in the amorphous SiCN matrix 

from 500 to 900°C. Iron particle size increases with an increase in the pyrolysis 

temperature (Fig. 14). 

 

 

 

Figure 14. TEM micrographs of the samples prepared at (a) 500°C and (b) 900°C. (Scale bar: 50 nm). 
(Reproduced after permission from ref. 52, copyright 2007 Wiley Periodicals, Inc.). 

The synthesis of silazane and silazane–iron polymers was also performed in an 

improved configuration of plasma assisted chemical vapor deposition coupled with 
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chemical transport reaction.[53] The resulted (nano-structured) polymers were then 

pyrolyzed at 1200°C under nitrogen atmosphere. Evidence for the presence of Fe3C 

and Si3N4 in the pyrolysis products of the iron containing polymer is presented. 

Hexamethyldisilazane and ferrocene/ hexamethyldisilazane were used as molecular 

precursors, respectively.[54,55] 

5.4.3 Modification by coordination compounds 

Among the many polysilazanes (PSZs) available, especially those containing vinyl- 

and Si–H functionalities are widely used for the fabrication of SiCN ceramics since 

they show a very good cross-linking behavior resulting in good ceramic yields. 

Additionally, the availability of reactive N–H-, vinyl- and Si–H-functionalities in these 

precursors allows the incorporation of metal atoms into the polymer chains. So 

covalent bonds between the metal ions and the polysilazanes can be established by 

their reaction with coordination compounds. During this metal transfer the ligand of 

the coordination compound is released and after cross-linking may become a part of 

the preceramic polymer. Polymer–metal binding is essential in the regard that it 

avoids the loss of metal via sublimation during pyrolysis. This molecular approach is 

advantageous, owing to the dispersion of the metal at an atomic level, the broad 

applicability (coordination compounds of many metals can be used) and the use of 

rather inexpensive (commercially available) polymer precursors. 

A metal containing SiCN ceramic was synthesized by reacting lithiated polysilazanes 

with FeCl3 followed by pyrolysis under argon, nitrogen and ammonia.[56] Ceramic 

yields were found to be higher than in the case of the unmodified silazanes. Powder 

XRD of the ceramics pyrolyzed under argon and nitrogen showed crystalline Fe while 

those heated under ammonia showed Fe4N, Fe3N and Fe. One drawback of this 

approach is the difficulty of removing unreacted FeCl3 and formed LiCl completely 

because of their poor solubility in organic solvents. Also along the investigation of 

PSZ cross-linking reactions induced by iron chloride addition,[57] some Fe@SiCN 

ceramics were detected. The cross-linked solids were pyrolyzed at 500–1000°C 

under nitrogen atmosphere after curing at 130°C for 24 hours. A ceramic yield of 

80% at 800°C was observed. Powder XRD measurements at 500°C showed the 

presence of crystalline iron along with the NH4Cl and Fe3C while at 1000°C the 

crystallization of Si3N4 and Fe3Si was observed. The crystallization of Si3N4 at a 
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temperature of about 900°C is quite unusual. Electron paramagnetic resonance 

(EPR) and ferromagnetic resonance (FMR) studies of SiCN ceramics doped with iron 

revealed a variety of iron species.[58] Different oxygen containing iron complexes 

were dissolved in a liquid PSZ followed by cross-linking at 160°C (DCP addition) and 

pyrolysis in the temperature range of 600–1600°C for these studies. After pyrolysis 

between 950–1150°C, nanocrystalline particles in the ferromagnetic state and Fe 

ions incorporated into the free-carbon in the superparamagnetic state were found. 

Powder XRD studies of the samples show the crystallization of Si3N4 above 130°C 

while at 1100°C the existence of Fe5Si3 and graphitic carbon was confirmed. In this 

approach the use of metal carbonyls can be advantageous in the sense that they can 

initiate hydrosilylation and dehydro-coupling reactions (even at room temperature as 

shown in the case of [Co2(CO)8]) leading to the simultaneous cross-linking and metal 

modification of the polymer.[48] The formation of intermetallic compounds Fe3Si and 

Co2Si was confirmed by XRD and TEM studies using Fe and Co carbonyls.               

The chemical modification of HTT1800 by the use of a Ni(II) complex resulted in the 

formation of nanoporous silicon oxycarbo-nitride ceramics modified by Ni 

nanoparticles.[59] The as-obtained Ni modified PSZ precursors were thermolyzed at 

700°C and transformed into ceramic nanocomposites, manifesting a nanoporous 

structure, revealing a BET surface area of 215 m2 g−1. Recently, a molecular 

approach[60] for the modification of the PSZ HTT1800 making the use of 

minopyridinato metal complexes[61,62] was developed (Fig. 15). 

Amido complexes can be synthesized in good yields on a large scale and are soluble 

in common organic solvents, so a good polymer/coordination compound mixing is 

possible. Moreover, they contain the same elements as contained by the precursor 

polymer, thus avoiding the entry of any alien element into the ceramic composites. 

The amido ligand contributes towards ceramic yield by providing Si, C and N atoms 

to the ceramic. Furthermore, nearly all transition metals are addressable.[63] On the 

account of the availability of more coordination sites within the PSZ backbone and 

the intrinsic reactivity of the complex, the metal transfer (here copper) from the 

complex to the polymer takes place. As a result of this transfer, the liberation of a 

protonated ligand was observed. The 1H and 13C NMR studies of the reaction 

between the copper aminopyridinato complex (see Fig. 15 for its structure) and the 

used PSZ showed the liberation of protonated ligand ApTMSH providing indirect 
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evidence of the transfer of the metal to the nitrogen functions of the polymer (Fig. 16). 

The copper transfer was additionally supported by a model reaction, the reaction of 

[Cu2(ApTMS)2] with an excess of HN(SiMe3)2 (Me = methyl) simulating the polymer 

backbone. In this reaction the formation of a tetrameric Cu silylamide was observed. 

A metal modified polymer was cross-linked using DCP and pyrolyzed at 1000°C to 

form copper containing SiCN (Cu@SiCN). The copper cations bound to the polymer 

backbone are reduced to a copper metal during the pyrolysis step as observed by 

solid-state 65Cu NMR spectroscopy, SEM micrographs and energy dispersive 

spectroscopy (EDS). Furthermore, powder diffraction experiments verified the 

presence of crystalline copper.  

The loading of copper could be varied over a large range up to a Si to Cu ratio of 5. 

The size of the Cu particles found in Cu@SiCN increases with a higher loading of 

copper complex (Fig. 17). Owing to the availability of aminopyridinato complexes, the 

aforementioned bottom-up approach should be extendable to other (nearly all) 

transition metals. Interestingly, a very different behavior was found for palladium 

aminopyridinates (in comparison to copper) which generate intermetallic 

nanoparticles. Simultaneous chemical modification of the polyorganosilazane HTT-

1800 as well as its cross-linking was achieved by the use of an aminopyridinato 

palladium complex at room temperature.[64] Cross-linking takes place with an 

evolution of hydrogen supporting a dehydrocoupling mechanism in parallal to 

hydrosilylation, which increases the ceramic yield by the retention of carbon and 

nitrogen atoms (which otherwise are lost in the form of CH4 and NH3). The ceramic 

yield was found to be even higher than in the case of the pure PSZ, cross-linked by 

the addition of free radical initiators like DCP. Liberation of the ligand, as confirmed 

again by 1H NMR spectroscopy, provides indirect evidence of the transfer of 

palladium to the nitrogen functions producing palladium modified PSZ. Pyrolysis at 

1100°C under nitrogen atmosphere provides Pd2Si@SiCN. Powder X-ray diffraction 

studies confirmed the presence of the hexagonal Pd2Si phase in the amorphous 

SiCN matrix. The size of the particles formed depends upon the nature of the solvent 

Used in the cross-linking step. The amount of the palladium complex added seems 

not to affect the size of particles formed but does increase their population density 

(Fig. 18). For the catalytic applications of Pd2Si@SiCN see chapter 5.2. 

The Wiesner group[65] developed a highly innovative bottom-up approach to fabricate 
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Figure 15. The approach to Cu@SiCN precursor ceramics via modification by coordination 
compounds: 4-methyl-N-(trimethylsilyl)pyridin-2-amine (Ap

TMS
H) is deprotonated with butyl lithium (n-

BuLi) and subsequently reacted with CuBr to yield the copper aminopyridinato complex [Cu2(Ap
TMS

)2]. 
This coordination compound undergoes a metal transfer reaction with the PSZ, here HTT1800, with 
the release of Ap

TMS
H. After cross-linking with dicumylperoxide (DCP) at 120°C the preceramic green 

body is formed. Pyrolysis affords an amorphous SiCN ceramic enhanced by Cu nanoparticles 
(Cu@SiCN). For the catalytic applications of Cu@SiCN in alkane oxidation reactions using air as an 
oxidant please see chapter 5 b). (Reproduced after permission from ref.60, copyright 2010 Wiley-VCH 
Verlag GmbH & Co. KGaA, Weinheim). 



5. Polymer Derived Non-oxide Ceramics Modified with Late Transition Metals 

62 

 

 

Figure 16. 
1
H (left) and 

13
C NMR spectra (right) of Ap

TMS
H (top), [Cu2Ap

TMS
2] (middle), and after its 

reaction with HTT1800 (bottom). (Reproduced with permission from ref. 60. Copyright 2010 Wiley-
VCH verlag GmbH & Co. KGaA, Weinheim). 

 

Figure 17. TEM micrographs of Cu@SiCN (a) Si/Cu =10 (b) Si/Cu =100 including particle size 
distribution statistics. 
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Figure 18. TEM micrographs of ceramic materials. a) SiCN ceramic without palladium loading does 
not show any particles; b) lower loading of palladium (0.2 wt%, Si/Pd ratio 1000) decreases the density 
of particles keeping their size in the same regime; c) Pd2Si particles uniformly distributed over the 
ceramic support Si/Pd = 20 (8 wt% Pd); d) particles size distribution for the sample shown in (c). 
(Reproduced after permission from ref. 64, copyright 2011 Royal Society of Chemistry). 

porous SiCN ceramics with integrated platinum nanoparticles. Structuring of the 

material was achieved through a combination of micromolding and multicomponent 

colloidal self-assembly. The coordination compound [(cod)PtMe2] (COD = 1,5-

cyclooctadiene) was used as platinum precursor. Heat treatment (1000°C under inert 

atmosphere) resulted in hierarchically structured porous ceramic material 

functionalized with Pt nanoparticles (Fig. 19). 

In an attempt to couple the generation of metal nanoparticles and porosity within 

SiCN ceramics the chemical modification of HTT1800 with aminopyridinato 

complexes along with the addition of the sacrificial filler (polyethylene) was 

investigated.[66] In a simultaneous process, both porosity (Fig. 20) and carbon 

nanotubes (CNTs) (Fig. 20c, Fig. 21) were generated. The thermal decomposition of  
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Figure 19. (a,b) TEM micrographs showing the Pt nanoparticles homogeneously distributed 
throughout the material. (c,d) TEM micrographs of material post heat treated to 600°C in air for 1 min 
and (e) for an additional 10h. (Reproduced after permission from ref. 65, copyright 2009 American 
Chemical Society). 

 

Figure 20. (a-c) SEM micrographs of a Au@SiCN ceramic (1000°C/N2; Au:Si = 1:50). (Reproduced 
after permission from ref. 66, copyright 2011 Elsevier Ltd). 



5. Polymer Derived Non-oxide Ceramics Modified with Late Transition Metals 

65 

 

 

Figure 21. TEM micrographs of a Co@SiCN ceramic (Co:Si ratio = 1:50) (d) core-loss EELS of the 
metal particle (e) coreloss EELS of the carbon nanotube. (Reproduced after permission from ref. 66, 
copyright 2011 Elsevier Ltd). 

the polyethylene leads not only to the formation of an open porosity, but also to an in 

situ reaction of its pyrolysis products with the metal nanoparticles to form the CNTs in 

the pores. Depending on the metal, carbon nanotubes as well as turbostratic carbon 

were formed in different amounts. During pyrolysis, gaseous hydrocarbons are 

formed whose decomposition results in the generation of CNTs via a chemical vapor 

deposition (CVD) process. Cobalt and iron were found to be more effective in the 

generation of nanotubes than the other metals employed. 

5.5. Applications 

5.5.1 Magnetic applications 

Incorporating metals into non-oxide, polymer derived ceramics gives interesting 

magnetic properties to the ceramics depending upon the nature and size ofnanosized 

species generated into the resulting ceramics. The crystallization of transition metals, 

metal oxides, carbides, nitrides and silicides leads to the magnetic properties of such 

composite materials. Ferromagnetism is the most commonly observed type of 

magnetism in these materials. Ferromagnetic materials are attracted by the applied 
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magnetic field owing to the presence of unpaired electrons which align parallel to 

each other even after the applied field is completely removed. A ferromagnetic 

material can further be transformed into ‘superpara-magnetic material’ which occurs 

when ferromagnetic crystallites are rather small (1–10 nm). In sufficiently small sized 

nanoparticles, magnetization can randomly flip direction under the influence of 

temperature. Thus the materials behave like a paramagnetic material but the 

magnetic moment of the crystallites aligns with the external magnetic field. Above a 

specific temperature (Curie temperature Tc) the parallel alignment of magnetic spins 

is completely disordered and the material becomes paramagnetic. 

SiCN ceramics synthesized by the mixing of Fe3O4 powder with the polysilazane 

precursor[44] showed lower saturation magnetization (Ms: increase in the strength of 

the external magnetic field cannot increase the magnetization of the material further. 

A characteristic of the ferromagnetic materials) when pyrolyzed at 600°C than the 

one pyrolyzed at 1000°C. This difference in magnetization can be explained by the 

lower magnetization of Fe3O4 species present at 600°C than that of α-Fe particles 

present at 1000°C. The mixing and ball milling of Fe powder with Ceraset® resulted 

in the crystallization of Fe3Si and the material showed a high saturation 

magnetization (Ms) of 57 emu g−1. The formation of ferromagnetic phase was 

attributed to the formation of Fe3Si.[48] 

The formation of metal silicides in SiCN ceramics synthesized by the mixing of metal 

powders with Ceraset® affects the magnetic properties which were studied at both 

−196°C and room temperature. The ceramics containing iron silicide (Fe3Si) particles 

show soft magnetism at both temperatures and can be easily saturated with the 

magnetization vector. The composites filled with Co powder show better magnetic 

properties than those containing Mn or Ni powder. This could be attributed to the 

formation of Mn and Ni silicides by the metal–matrix interactions which are absent in 

the case of Co.[45,46] 

The Fe@SiCN ceramic synthesized by the pyrolysis of iron containing polysilazane 

at 500–900°C under nitrogen stream resulted in the formation of iron nanoparticles 

and an increase in Ms was observed with an increase of the pyrolysis temperature. 

When pyrolyzed under ammonia, saturation magnetization of the materials increases 

up to 700°C and then decreases. This behavior may be explained by the change of 

major magnetic crystallites present at different pyrolysis temperatures (Fe3N at 500  
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and 600°C; Fe4N and Fe at 700°C; Fe at 800°C).[56] 

Ceramics synthesized by the pyrolysis of ferrocene based organosilicon polymers 

show superparamagnetism or ferro-magnetism depending upon the pyrolysis 

temperature which in turn decides the size of iron nanoparticles formed.[14,52] At lower 

temperatures smaller size particles are formed which give superparamagnetic 

materials.[13,28] At higher temperatures iron clusters become larger in size giving 

ferromagnetic properties to the material.[15,27] A similar behavior was observed in the  

ceramics containing alloy particles (Co/Fe),[30,33] metal silicide particles[16,21,35] and 

ceramic nanowires[40] or thin films containing iron.[34] The superparamagnetic and 

ferromagnetic properties of the materials can also be tuned in terms of the 

composition of metallopolymer precursor which in turn controls the nature of 

crystallites formed within the ceramics.[54] 

5.5.2 Heterogeneous catalysis 

The robust nature of a ceramic makes it an ideal candidate for a catalytic support. 

The thermal robustness might be suitable for high temperature application like dry 

reforming, the conversion of methane and CO2 to ‘syn-gas’ (CO and H2). It is also of 

advantage if the catalysis itself is done at lower temperature, but the catalyst 

reactivation, like removal of coke and other impurities, may involve high temperature 

steps. Secondly, a support like non-oxide SiC and SiCN ceramics differs from an 

oxide support in terms of polarity and acidic properties. Thirdly, non-oxide ceramics 

are comparatively inert and can be applied for solution phase catalysis under 

chemically harsh conditions, like high pH values for instance, under which oxide 

supports may simply dissolve. The shortage of petroleum and the resulting price 

increase of this fossil carbon source as well as environmental concerns require more 

use of alternative, preferentially, renewable resources. The different catalytic 

chemistry related to this change may require solution phase catalysts, which are 

chemically rather inert. The use of non-oxide ceramics as catalytic support materials 

is quite rare and only a few reports could be found in the literature. Cu@SiCN was 

studied in the catalytic oxidation of alkanes (cyclooctane) using air as an 

oxidant.[60] Oxidation of non-activated alkanes is very challenging especially if the 

cheap oxidant air is used. Alkanes are rather inert and thermodynamically preferred 

total oxidation is highly competitive. The selective formation of cyclooctanone 
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(monooxygenated product) was observed, which increase with a higher copper 

content of the used ceramics (see Fig. 22). The catalysts did not show any loss of 

activity up to four consequent catalytic runs. Copper is also regarded as a 

catalytically interesting metal due to its low price.  

Furthermore, the oxidation of methane by O2 was investigated using platinum 

nanoparticles supported by a hierarchically structured porous SiCN ceramic.[65] 

Thermogravimetric analysis (TGA) did not show any substantial change in the weight 

of pyrolyzed structure under oxygen atmosphere at 600°C. Moreover, postpyrolysis 

order retention as verified by small angle X-ray scattering (SAXS) confirmed the 

stability of the catalyst in an oxidizing environment. The size of the particles, 

however, increased from 1–2 nm to 10 nm after heat treatment at 600°C. The carbon 

dioxide was the only product detected suggesting the total oxidation of methane 

under experimental conditions. 

 

 

Figure 22. Scheme showing the formation of different products obtained by the oxidation of 
cyclooctane using Cu@SiCN as catalyst (A). Selectivities [%] of different catalysts (B). The copper to 
silicon ratios vary from 1:5 to 1:100. (Reproduced from ref. 60 after permission, copyright 2010 Wiley-
VCH Verlag GmbH & Co. KGaA, Weinheim). 
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Figure 23. (a) Schemetic representation of catalytic hydrogenation of ketones to different products; (b) 
hydrogenation of acetophenone (2 mmol) with 60 mg of catalyst at 75°C under 20 bar hydrogen for 24 
hours. The conversion decreases with decrease in the amount of palladium contained by the 
ceramics; (c) hydrogenation of acetophenone (2 mmol) using Pd20 (120 mg) under 20 bar hydrogen 
pressure for 24 hours. The conversion increases with temperature keeping the selectivity constant; (d) 
hydrogenation of acetophenone (2 mmol) with the catalyst Pd20 (60 mg) under 20 bar hydrogen 
pressure at 75°C for 24 hours. The figure shows reusability of the catalyst up to six catalyst runs. 
(Reproduced with permission from ref. 64, copyright 2011 The Royal Society of Chemistry). 

The catalytic total oxidation of methane was also investigated using Pt/CeO2/SiC 

composites.[37] The catalysts showed good catalytic activity and stability towards 

methane oxidation which was attributed to the presence of nanosized platinum and 

ceria species. The catalytic activity decreased both with the decrease in specific 

surface area and the amount of ceria contained by the catalysts. Palladium silicide 

containing SiCN catalysts (Pd2Si@SiCN) were used for the selective hydrogenation 

of aromatic ketones.[64] The selectivity of the reaction towards alcoholic products 

remained very high and did not change with the amount of palladium or with the 

amount of catalysts added. The conversion increased both with the increase in the 

reaction temperature and the amount of catalyst used, while it decreased with the 

increase in alkyl chain length and its branching at α-carbon. The catalysts manifested 

appreciable reusability and no loss in the activity of the catalysts was observed up to 

six consecutive catalyst runs (Fig. 23). 
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5.5.3 Other applications 

Some M@SiCN ceramics, containing copper or silver nanoparticles, could be used in 

medical applications, as they can act as fungicides (Cu) or bactericides (Ag). So, for 

example, some silver modified PDCs have been tested in detail for their antibacterial 

potentials and show strong activities against some of the bacterial species 

(Escherichia coli and Staphylococcus aureus).[50] 

5.6. Conclusions and outlook 

The relatively young materials based on polymer derived ceramics should be a 

promising technology for different challenging applications in the future. This article 

gives an overview of the rather rare examples of non-oxide PDCs modified by late 

transition metals. The different possible synthesis strategies for the desired metal 

modification of SiC and SiCN ceramics are the simple addition of metal (oxide) 

powders to the precursors (i), the development of well defined metallopolymers (ii), 

and the rather new way of using metal coordination compounds for the metal transfer 

reactions (iii). 

The first mentioned way is limited by the size of the used metal (oxide) powders, 

while in the case of (ii) and (iii) a bottom-up approach, coming from the atomic scale, 

is realized. This offers, at least theoretically, the possibility to tune the size of the 

formed metal nanoparticles inside the derived PDCs. 

In content with metallopolymers a lot of work dealing with ferrocene containing 

systems was published, while in the case of the modification by coordination 

compounds, the use of amino-pyridinato complexes is very actual. Up to now it was 

possible to synthesize and characterize several chemically modified precursors using 

a series of specially developed, partially new aminopyridinato complexes, which act 

as metal transfer reagents towards the N-functionalities of polysilazanes. One 

important point along this way, was getting analytical evidence exactly for these 

metal–nitrogen bonds, which we were able to receive from NMR spectroscopy, at 

least in parts. This new technique for highly disperse loading of active particles onto 

ceramic structures by a direct chemical bond between the metal and precursor has 

been successfully demonstrated and the considerable advantages gained over other, 

conventional processes, could be verified. As these coordination compounds are 
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available for nearly all transition elements, the corresponding modifications should be 

possible. 

For all the manufactured metal containing non-oxide ceramics numerous analytical 

techniques were used to get evidence for the present morphologies, structures and 

compositions of both ceramic materials and metal (nano) particles. 

Some examples of potential applications of the iron modified polymer derived 

ceramics, especially in the use of their magnetic properties, are given. The use of 

M@SiC/SiCN systems for different catalytic transformations is described. 

As ceramics will have increasing applications as membranes, filter materials or 

catalysts in future, also the materials based on precursor derived ceramics should be 

further developed in these fields. The metal modified polymer systems, which can be 

thermally converted into the ceramic materials, are promising candidates therefore. In 

future, new combinations of metal/precursor should be tested to enable the 

development of “tailored” precursor ceramics for more and other applications in 

catalysis, filter technique or also for example the fields of energy conservation 

(e.g. hydrogen storage), environmental protection or fuel cells. Clearly, therefore 

much additional development work is necessary. 
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Abstract: Robust microporous nanocomposites (specific surface area ≈ 400 m2/g) 

containing nickel nanoparticles have been synthesized and characterized by 

thermogravimetric analysis (TGA), differential thermal analysis (DTA), Fourier 

transform infrared (FT-IR) spectroscopy, nitrogen physisorption, powder X-ray 

diffraction (XRD), transmission electron microscopy (TEM), and13C and 29Si solid-

state nuclear magnetic resonance (NMR) spectroscopy. The commercially available 

polysilazane (HTT-1800) is chemically modified using an N-ligand-stabilized nickel 

complex that catalyzes the cross-linking of the polymer via hydrosilylation at room 

temperature. Upon pyrolysis at 600°C under an inert atmosphere, nickel 

nanoparticles and micropores are generated in a concerted process. The specific 

surface area, pore volume, and size of the nickel particles can be tuned. The 

materials show excellent shape retention upon pyrolysis providing the possibility to 

fabricate monoliths. The composites are stable in the presence of moisture and are 
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both thermally and solvothermally robust, as indicated by the nitrogen adsorption, 

FT-IR, and TGA measurements. Continuous-flow, hyperpolarized 129Xe NMR 

methods were used in tandem to evaluate the effects of the nickel content and 

annealing time on the pore structure of the microporous nanocomposite. The 

adsorption enthalpy is rather independent of nickel particle inclusion. The interior 

adsorption sites are lined with methyl groups and the nickel particles seem to be 

located near the external surface of the composites and within the internal voids. The 

nickel nanoparticles were used to catalyze selective hydrogenation reactions 

indicating applications of the nanocomposites as catalyst itself or as catalyst support. 

6.1 Introduction 

The design of microporous materials (MPMs) is of high scientific and technological 

interest, because of the wide range of applications offered by these materials in 

sorption, separation, and catalysis.[1-6] The distribution of the size, shape, and volume 

of the pores decides the ability of solids to perform a specific function in a particular 

application.[7] Highly crystalline zeolites are perhaps the most widely used MPMs. 

They possess pores with molecular dimensions that allow the selective movement of 

molecules through them.[8] Together with the presence of acidic sites and narrow 

pore size distribution, zeolites have been used as acid- and shape-selective 

catalysts[9] in petrochemical industries[10] and, more recently, biomass conversion.[11-

12] 

Although zeolites offer higher thermal and hydrothermal stabilities,[13] compared to 

the carbon and other silica-based porous materials,[7] they do not facilitate the 

fabrication of monoliths, which afford lower pressure drops at a given geometric 

surface area.[14] Moreover, the characteristic small pores, typically in the 0.3–0.7 nm 

range, impose severe mass transport constraints.[15] This limitation led to the 

development of other zeotypes (metallophosphates, and related materials[16]) and 

metal-organic frameworks (MOFs).[17] These microporous materials possess larger 

pores, compared to zeolites, but are usually less stable.[7] 

MOFs have been intensively used as heterogeneous catalysts[18] but are limited only 

to low-temperature catalytic transformations, because of the poor thermal and 

hydrothermal stability offered by them.[7] In the past decade, amorphous microporous 

materials such as polymers of intrinsic porosity (PIMs),[19] porous aromatic 
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frameworks (PAFs),[20] covalent organic frameworks (COFs),[21] porous polymer 

networks (PPNs),[22] and sol-gel-derived materials[23,24] have been synthesized and 

investigated for their potential applications. These materials show very high surface 

areas and high uptake of gases (hydrogen, carbon dioxide) but afford less thermal 

and hydrothermal stability, compared to the conventional microporous solids, which 

limits their potential use as catalyst support materials. 

We have recently studied the formation of metal nanoparticles in SiCN 

nanocomposites, as well as catalytic applications of these hybrid materials.[25-

28] Unfortunately, most of the generated metal nanoparticles are not accessible for 

catalysis, since they are deeply embedded in the ceramic support material. On the 

other hand, we developed M@MOF catalysts, metal nanoparticles stabilized in highly 

porous MOFs that suffer from low thermal stability of the porous host or catalyst 

support.[29-32] Here, we report on the synthesis and characterization of a new type of 

microporous nanocomposites with catalytically active nickel nanoparticles. In addition 

to standard characterization methods, 13C and 29Si solid-state nuclear magnetic 

resonance (NMR) spectropscopic techniques are used to elucidate the effect of the 

size and amount of nickel on the chemical structure of the nanocomposite with 

increasing nickel content and metal particulate size. The materials manifest good 

thermal stabilities and fine-tuning of surface area and the size of metal particles are 

possible. The selective catalytic hydrogenation demonstrates the catalytic potential of 

these materials. Furthermore, applications as robust catalyst supports can be 

expected. The presence of nitrogen sites may also provide basic properties to the 

composites extending their application to base catalysis.[33] 

Continuous-flow hyperpolarized (CF-HP) 129Xe NMR was employed as a noninvasive 

probe of the pore architecture and Xe adsorption capacities within the microporous 

SiCN nanocomposite materials. The observed 129Xe chemical shift (δobs) reflects 

even small changes in the local environment of Xe, indicating modifications in 

porosity, enthalpies of adsorption, as well as pore connectivity and accessibility.[34-

39] As such, it is an invaluable tool to detect subtle changes in physical and chemical 

environments within porous materials, because of the high polarizability of its 

electron cloud. The significant increase in the signal-to-noise ratio afforded by 

hyperpolarization methods reduce the experiment time from hours to seconds.[39-

42] The resulting spectral enhancement is unique in that it has the capability to allow 
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one to probe specific Xe surface interactions, which can yield information about 

micropore size[43] and degree of surface heterogeneity.[44] It has not only been proven 

sensitive to the changes in amorphous polymer structure with cross-linking,[45] but 

also has been shown to be useful in the characterization of paramagnetic metal 

particles confined within zeolites with varying cluster size.[46, 47] Here, we use 129Xe 

NMR as a tool to monitor the subsequent effects of Ni-particle inclusion on the 

internal surfaces of the hybrid nanocomposite material. 

6.2 Experimental 

6.2.1 General Remarks 

All reactions were carried out under dry argon using standard Schlenk and glovebox 

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. 2-Amino-4-picoline, 

chlorotrimethylsilane, phenylacetylene (Sigma–Aldrich), n-butyl lithium, dodecane 

(ACROS Chemicals), p-tolylacetylene, m-tolylacetylene, 4-tert-butylphenylacetylene, 

4-fluorophenylacetylene, 4-methoxyphenylacetylene (Alfa-Aesar), and 

polyorganosilazane (HTT-1800, Clariant GmbH, Sulzbach, Germany) were used as-

received without any further purification. 

The starting materials 4-methyl-2-((trimethylsilyl)amino)pyridine (ApTMSH), and 

complex I (see Scheme 1) were synthesized following reported methods.[48, 49] 

 

 

Scheme 1. The molecular structure of polysilazane (HTT-1800) and the amido nickel complex (I). 
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6.2.2 Cross-Linking, Metal Transfer, and Pyrolysis 

Polyorganosilazane HTT-1800 (3.218 g) was reacted with [Ni(ApTMS)2]2 (Ni-10: Si/Ni 

10/1, 2.08 g, 2.49 mmol; Ni-20: Si/Ni 20/1, 1.04 g, 1.25 mmol; Ni-100: Si/Ni 100/1, 

0.20 g, 0.25 mmol; Ni-133: Si/Ni 133/1, 0.15 g, 0.18 mmol) in 5 mL Tetrahydrofuran 

(THF). The solvent was evaporated under vacuum and obtained gels were pyrolyzed 

in a furnace (Nabertherm LH 60/14, Nabertherm, Germany) under nitrogen stream 

(from room temperature to 300°C (holding for 2 h) in 5 h, heating from 300°C to 

600°C (holding for 2 h) in 5 h and finally cooling back to room temperature. 

6.2.3 Solid-State NMR 

All data were acquired at room temperature and externally referenced to TMS using 

adamantine and tris(trimethylsilyl)amine for 13C and 29Si nuclei, respectively. A broad 

band 1H decoupling with a SPINAL-64 sequence (νnut = 70 kHz) was used for all 

measurements. 

Solid-state 29Si and 13C NMR spectra of the cross-linked HTT-1800 were carried out 

on a DSX 400 Bruker Avance NMR spectrometer using a Hahn-echo pulse sequence 

under magic-angle spinning (MAS). The rotational frequency was set to 12.5 kHz. 

The spectra were recorded with a recycle delay of 600 and 60 s for the 29Si and 13C 

MAS NMR, respectively. A π/2 pulse length of 3.3 μs was used for both. 

Pyrolyzed samples were characterized by ramped 29Si{1H} and 13C{1H} cross-

polarization (CP) MAS and single-pulse excitation (HPDEC) 29Si MAS NMR 

techniques, recorded on a commercial Avance II 300 Bruker spectrometer equipped 

with a standard triple resonance 7-mm MAS probe.[50] Typical recycle delays were 

3.0 and 60 s, respectively. Spectra were accumulated at a rotation frequency of 4.0 

kHz. The average 1H field strength was set to 60 kHz. The X channel nutation 

frequency was adjusted to 56 kHz to match the Hartmann–Hahn condition. The 

contact time (τCP) was set between 2 ms and 5 ms, depending on the sample. 

The 29Si MAS spectra from both the CP and HPDEC experiments were deconvoluted 

using a scripted MATLAB protocol, fitting Lorentz–Gaussian peaks with upper and 

lower bounds for spectral linewidth, chemical shift, and amplitude. Comparison of the 

two experiments showed little difference in relative peak amplitudes, although the two 

peaks furthest upfield exhibit a weaker 1H dipolar interaction, which is expected. 
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Quantification of 29Si silicate populations from HPDEC and Hahn-Echo 29Si MAS 

NMR measurements were performed on both the cross-linked HTT-1800 and 

pyrolyzed samples. Overlapping resonances within 13C CP/MAS spectra were also 

decovoluted in order to help differentiate between −CH3 and aliphatic carbon units. 

6.2.4 Hyperpolarized 129Xe NMR 

 129Xe NMR experiments were performed on a home-built hyperpolarization (HP) 

generator located at the University of Bayreuth. Specific details concerning the 

design principles and performance quality are to be published in a subsequent 

article. Variable-temperature 129Xe NMR spectra were obtained on an Avance II 300 

Bruker spectrometer with a static probe head, modified to incorporate continuous 

flow (CF) of HP 129Xe through a 3.0-mm inner diameter PEEK sample holder. 

Variable-temperature spectra were acquired using a single-pulse excitation with a 

π/2 pulse length of 2.6 us, 2 to 16 transients, and a 10 s recycle delay. Unlike 

conventional 129Xe NMR methods, here, the recycle delay is limited by the flow rate 

instead of the relaxation time.[51] Applying a hard 90° pulse essentially destroys all 

nuclear polarization; the signal is then only observable if the unpolarized Xe atoms 

are replaced by fresh HP gas. Our gas mixture was comprised of 1:1:98, Xe:N2:He 

(by vol%) and was polarized using 15 W of diode laser power (Coherent, Inc.) tuned 

to the Rb D1 line (λ  794 nm). The Xe partial pressure was maintained at 0.06 bar 

and the flow rate was held relatively constant during the experiment time ( 100 

sccm). All spectra were referenced to the gas-phase spectral frequency obtained in a 

nickel-free environment. 

6.2.5 Sorption Analysis  

The specific surface area measurements were carried out on a Quantachrome 

(NOVA 2000 e-Series) surface area and pore size analyzer. The pore width and 

average pore volume was calculated using quenched solid density functional theory 

(QSDFT, adsorption branch) and a carbon kernel (cylindrical/slit/spherical pore 

geometry) was applied. 
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6.2.6 Powder X-ray Diffraction (PXRD) 

 All powder X-ray diffractograms were recorded by using a STOE STADI-P-

diffractometer (Cu Kα radiation, λ = 1.54178 Å) in θ–2θ geometry and with a position-

sensitive detector. All powder samples were introduced into glass capillaries 

(diameter of 0.7 mm, Mark-tubes Hilgenberg, No. 10) in a glovebox and sealed prior 

to the measurements. 

6.2.7 Fourier Transform Infrared (FT-IR) Spectroscopy and Thermal analysis 

(DTA/TGA) 

Measurements were performed at a Perkin–Elmer FTIR-Spectrum 100 over a range 

from 4400 cm–1 to 650 cm–1. Thermal analysis (TGA/DTA) was performed over 

Thermowaage L81 (Linseis, Germany). 

6.2.8 Transmission Electron Microscopy (TEM) 

 Transmission electron microscopy (TEM) was performed 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 

166-3) and allowed to dry. 

6.2.9 Gas Chromatography (GC) 

 Gas chromatography (GC) analyses were performed using an Agilent 6890N gas 

chromatograph equipped with flame ionization detection (FID) device and an Agilent 

19091 J-413 FS capillary column, using dodecane as an internal standard. 

6.2.10 Catalysis  

The catalytic-selective hydrogenation of alkynes was done in a Parr autoclave under 

hydrogen pressure (20 bar). The catalyst was activated by heating at 100°C for 24 h 

under a hydrogen pressure of 20 bar. A glass tube was charged with a magnetic bar 

and milled catalyst (particle size of <100 μm) and placed in the reactor, which was 

then filled with hydrogen at room temperature. The reactor was heated to respective 
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temperature within 20 min and stirring was continued at this temperature for 24 h. 

Afterward, the reaction mixture was diluted with THF and dodecane was added as an 

internal standard. The conversion and selectivity were determined by GC. 

6.3 Results and Discussion 

The preceramic polymer HTT-1800 was reacted with nickel complex (see Table 1). 

Upon the addition of polymer to a solution of nickel complex in THF, an exothermic 

reaction took place with an immediate solidification and darkening of polysilazane.  

 

Table 1. The indentification of experimental parameters for specific nanocomposite materials. 

Sample ID Ni-complex loading  

(wt%) 

Si/Ni  

(ratio) 

Ni-loading 
[a]

  

(wt%) 

Ni-10 64.8 10 8.1 

Ni-20 32.4 20 4.3 

Ni-100 6.4 100 1.0 

Ni-133 2.0 133 0.3 

[a] Theoretical loading of nickel in materials pyrolyzed at 600°C under nitrogen. 

The gelation time was dependent on the amount of the complex added and ranged 

from 2 min (Ni-10, Ni-20) to 2 h (Ni-131). After the removal of solvent, the gels were 

pyrolyzed in a furnace under an atmosphere of nitrogen and were found to retain 

their shape after the pyrolysis at 600°C (see Figure 1). Abbreviations identifying the 

specific loading of nickel complex, with respect to HTT-1800, the silicon-to-nickel 

 

 

Figure 1. Pictorial presentation of Ni-131 (2 wt% nickel complex) before (a) and after pyrolysis at 600 
o
C for 2 hours (b). 
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 (Si/Ni) ratio, and the loading of nickel in the resulting materials pyrolyzed at 600°C 

(N2) are found in Table 1. The Si/Ni ratio, which increases with decreasing the 

amount of added nickel complex, was used to adjust the amount of nickel in the final 

materials. 

6.3.1 Characterization 

6.3.1.1 Solid-State Magic Angle Spinning–Nuclear Magnetic Resonance 
Spectroscopy (MAS NMR) 

The Hahn-Echo 13C and 29Si MAS NMR measurements of the gels obtained at room 

temperature by the reaction of nickel complex with HTT-1800 provide an explanation 

about the solidification of the polysilazane. As shown in Figure 2a, the Hahn-

Echo 13C MAS NMR spectrum of the Ni-100-RT gel shows characteristic resonance 

peaks for both Si–CH3 (2.97 ppm)[52, 53] and Si–(CH2)n–Si (9.36 ppm).[54] The latter 

linkages arise as a result of addition of Si–H to the CH2═CH– bond. The absence of 

any peak at 132 ppm (sp2 carbon of vinyl) confirms the operative cross-linking via 

hydrosilylation. 

After pyrolysis, the signals assigned to methyl or methylene carbon atoms become 

broader (Figure 2). The additional resonance at 24 ppm is assigned to the 

Si4C environment (feature S2 in the Supporting Information). The presence of peaks 

at 132 and 141 ppm in the materials obtained from polysilazane show the existence 

of a vinylic group, which becomes totally consumed in the case of samples with 

nickel. The nickel-containing hybrid materials also show the presence of graphitic 

carbon, as confirmed by the peak at 135 ppm. The most intense signal in the Hahn-

Echo 29Si NMR spectrum Ni-100-RT (see Figure 2b) at −22.6 ppm is assigned 

toSiH(Csp3)N2 environment[55] originally present in the polymer (HTT-1800 in 

Scheme 1), while the additional resonance at −31.0 ppm is attributed to 

SiHC(sp2)N2.
[56,57] After hydrosilylation, SiH(Csp3)N2 changes into C(sp3)2SiN2  

(see feature S1 in the Supporting Information), which appears in the spectrum at a 

chemical shift of −8.7 ppm.[58] The utilization of this function was also confirmed by 

FT-IR studies of the gels (Figure 3a). After pyrolysis at 600°C for 2 h, the same 

sample (Ni-100–2h) shows an intense peak at −24.0 ppm in its 29Si CP/MAS 

spectrum, corresponding to CSiN3, formed as a result of a dehydrocoupling reaction 

between Si–H and N–H functions.[58] The additional peaks observed at −8.5 ppm and 
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−43.6 ppm are assigned to C2SiN2 and SiN4 environments, respectively. The former 

peak can be attributed to the hydrosilylation reaction while the latter appears at the 

expense of C2SiN2 and CSiN3 (breaking of Si–C bonds and the emission of methane) 

(see feature S1 in the Supporting Information). This is confirmed by (i) the decrease 

in the C2SiN2 and CSiN3intensities and annealing time, as shown by the integrated 

HPDEC 29Si MAS NMR (summarized in Table 2) and (ii) the decrease within the FT- 

IR spectral intensity at 1255 cm–1 with the increasing nickel content (see Figure 3b). 

The C2SiN2 also forms CSiN3 by the expulsion of methane (feature S1 in the 

Supporting Information). This explains why the abundance of the latter environment 

shows negligible change with increasing nickel content (samples pyrolyzed for 2 h; 

see Table 2).  

Quantitative analysis of the relative signal intensities within the acquired 29Si HPDEC 

MAS spectra yields additional insight into compositional changes between the 

various nanocomposite materials. The results of which are summarized in Table 2.  

 

 

 Figure 2. The quantitative 
13

C (a) and 
29

Si (b) Hahn-echo MAS NMR spectra of cross-linked HTT-
1800 (Ni-100-RT) is compared to CP/MAS NMR spectra of pyrolyzed materials with varying Ni content 
and annealing times. Asterisks denote spinning side bands while the dashed lines are the 
deconvolution. The annealing time is specified by the addition of -2h (2 hours) or -6h (6 hours) to the 
sample name. The intensity of the Si-CH=CH environment (95-230 ppm) is enlarged by n times (nx). 

The index () indicates erroneous solvent (dimethylsulfoxide) peak introduced after pyrolysis.  
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Table 2. Percent contribution of different silicon environments extracted from deconvoluted single-
pulse (HPDEC) 

29
Si MAS NMR spectra. 

Pyrolysis 
conditions Sample (Csp

3
)Si(H)N2 (Csp

3
)2SiN2 C(sp

2
)Si(H)N2 C3SiN Si-Si Si(H)N2  

25 
o
C Ni-100-RT 51.6 32.6 6.7 5.1 1.9 1.2  

  

(Csp
3
)SiN3 SiN4 (Csp

3
)2SiN2 (Csp

3
)SiO3 C3SiN SiO4 Composition

[a]
 

600 
o
C HTT-1800 43.6 7.57 30.5 7.8 4.8 5.8 SiC0.32N0.91 

(2 hours) Ni-133 42.8 21.7 14.9 9.2 9.0 4.8 SiC0.29N1.23 

 Ni-100 51.9 29.5 11.7 < 1 < 1 1.8 SiC0.38N1.31 

600 
o
C HTT-1800 31.7 20.0 22.7 6.9 10.1 8.4 SiC0.26N1.17 

(6 hours) Ni-133 35.1 28.6 32.9 < 1 < 1 3.3 SiC0.26N1.09 

 Ni-20 19.9 56.1 14.2 < 1 < 1 9.7 SiC0.25N1.38 

[a] Calculated from percentage intensities of C2SiN2, CSiN3, SiN4 (the major Si environments) 
following the method discussed in ref. 54. The contribution of oxygenated Si environments (CSiO3, 
SiO4) and Ni is not shown. 

The most notable trend is the growth in the SiN4 peak intensity with increasing nickel 

content and annealing time, from 7.5% in the pure polysilazane (HTT-1800–2h) to 

56.0% in the case of Ni-20–6h. The corresponding C2SiN2 and CSiN3 intensities 

decrease from 30.5% to 14.2% and 43.6% to 19.9%, respectively (see Table 2). The 

materials obtained from pure polysilazane and Ni-133–2h (low nickel content) 

showed incorporation of oxygen when stored under air most probably by the 

hydrolysis of Si-NH bonds by moisture, as indicated by the appearance of signals at 

−67.0 ppm (CSiO3) and −110.0 ppm (SiO4). The small amount of oxygen might have 

come by the exposure of the samples to the air during their transportation to the 

furnace, as seen in the case of Ni-20. 

The percent composition of each material, summarized in Table 2, is based on the 

relative intensities extracted from integrals of their individual HPDEC 29Si MAS NMR 

spectra, using quantitative methods. The composition of hybrid materials obtained at 

600°C was then calculated assuming the C2SiN2, CSiN3, and SiN4 as the major 

silicon environments, following the procedure as discussed elsewhere.[54] Whereas 

the N/Si ratio in the materials obtained from pure polysilazane is almost equal to unity 

(same as in the polymer), the materials with nickel contain more nitrogen (SiC0.2N1.2, 

in the case of Ni-133) and it increases with the increase in the amount of nickel 

(SiC0.3N1.3 in the case of Ni-100-RT) as well as the holding time at 600°C 
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(SiC0.25N1.38 in the case of Ni-20). The increased nitrogen content suggests that 

transamination reactions[59] during pyrolysis are not favored and the loss of nitrogen 

in the form of ammonia is avoided. On the other hand, the C/Si ratio decreases from 

1.4 in the polymer to 0.2–0.3 in the pyrolyzed materials. This trend might be 

attributed to the loss of methane from the polymeric network during pyrolysis, which 

reduces the carbon content of the Si–C–N network but increases the amount of free 

carbon (graphitic carbon) in the materials. 

6.3.1.2 Fourier Transform Infrared Spectroscopy (FT-IR) 

Ni-100-RT sample pyrolyzed at different temperatures under a nitrogen atmosphere 

was analyzed via FT-IR (Figure 3a). At room temperature, the characteristic 

stretching vibrations assigned to Si–H functions (2117 cm–1) decrease in intensity, 

which is indicative of the hydrosilylation reaction. Moreover, the stretching frequency  

 

 

 Figure 3. a) FT-IR spectra of Ni-100-RT at room temperature (II), 300 (III), 500 (IV), 700 (V) 900 (VI) 
and 1100°C (VII) in comparison to the spectrum of HTT-1800 (I). b) FT-IR spectra of materials 
pyrolyzed at 600°C under nitrogen for 6 hours. 



6. Robust Microporous Monoliths, Catalytically Active Metal Sites, 
129

 Xe NMR 

89 

 

for the N–H bond (3382 cm–1) shifts slightly toward higher wavenumbers. The amido-

metal bond is formed as a result of the transfer of the metal from aminopyridinato 

complexes to the nitrogen functions of the polysilazane, producing a metal-modified 

polymer.[25] The stretching vibration for vinylic linkage (3049, 1404 cm–1) became 

totally absent at 300°C, confirming the completion of cross-linking reactions. In 

particular, almost complete utilization of Si–H (2117 cm–1) and N–H (3382, 1158 cm–

1) functions at a pyrolyzing temperature of 300–600°C is contradictory to the results 

of Trassl et al., who observed the existence of N–H bonds at 800°C in the same type 

of polymer having much fewer N–H bonds, compared to HTT-1800.[57] The utilization 

of these functions provides a clear indication of dehydrocoupling reactions between 

Si–H and N–H functions,[60] along with the operative hydrosilylation. At 500–600°C, 

the materials show a small peak at 1255 cm–1 (Si–CH3) and a broad band at 1200–

600 cm–1due to the stretching of Si–C and Si–N bonds. When samples were held at 

this temperature for 6 h, the peak at 1255 cm–1 almost vanished which is in 

accordance to 13C MAS NMR, where the intensity of Si-CH3 decreased with increase 

in amount of nickel and holding time (see Figure 2a and feature S2 in the Supporting 

Information). In the case of sample without nickel (HTT-1800), the same peak was 

quite prominent. This suggests the formation of more ceramic like materials (SiCN 

ceramics) at as low temperature as 600°C, because of the presence of nickel. At and 

above 700°C, the infrared (IR) spectra show only broad bands characteristic of Si–C–

N ceramics. 

6.3.1.3 Thermogravimetric Analysis (TGA) and Differential Thermal Analysis (DTA) 

Thermogravimetric analysis (TGA) of the sample (Figure 4) with a lower loading of 

nickel complex (Ni-100) shows a mass loss of 16% from 25°C to 600°C and an 

additional 6% loss between 600°C and 1100°C, providing materials in a good yield 

(86% and 80% at 600°C and 1100°C, respectively). The mass loss between 25°C 

and 450°C was related to the loss of hydrogen and oligomeric silazane fragments, 

while that above 530°C is due to the loss of methane. The ceramic yield of Ni-100 

(80%) at 1100°C was found to be higher than the ceramics obtained from pure HTT-

1800 (78%) cross-linked with the addition of dicumylperoxide (DCP). Increasing the 

amount of loaded nickel complex decreases the yield of the materials obtained at 

different temperatures. For instance, Ni-10 (64.8 wt% nickel complex) shows a mass 

loss of 29% and 4% in the temperature ranges of 25–600°C and 600–1100°C, resp- 



6. Robust Microporous Monoliths, Catalytically Active Metal Sites, 
129

 Xe NMR 

90 

 

 

Figure 4. TGA (5 K/ min, N2) of Ni-100 (black line) and Ni-10 (blue line). Percentages are expressed 
as relative yield within set temperature ranges described within the text. DTA of Ni-10 is characterized 
by a sharp endothermic at 1406°C (melting point of silicon, bottom blue line). 

-ectively (see Figure 4). DTA of the gel (Ni-10) showed broad endothermic peaks at 

25–600°C and were attributed to the loss of oligomeric silazane species (25–200°C) 

and methane (600°C) from the polymer. Powder XRD analysis of the Ni-10 pyrolyzed 

at 1100 °C showed the crystallization of silicon nitride (see Figure 5). A sharp and 

intense endothermic peak above 1400°C was assigned to the melting of silicon. A 

weight loss of 13% (TGA) is associated with this peak.[61] Powder XRD analysis of 

the materials analysis of the materials (initially pyrolyzed at 1100°C under nitrogen) 

post-heated to 1500°C (argon) indicates crystallization of silicon carbide (see feature 

S3 in the Supporting Information). 

6.3.1.4 Powder X-ray Diffraction (PXRD) 

The evolution of phases in Ni-10 at different pyrolyzing temperatures was 

investigated by powder XRD studies. The sample remains X-ray amorphous up to 

500°C, above which the graphitic carbon arises at a 2θ value of 26.4° (see Figure 5). 

At 1100°C, the characteristic reflection pattern of β-Si3N4 appears in the 

diffractogram, in accordance to the HPDEC MAS NMR studies, which show an 

increase in the SiN4 sites with nickel content (see Table 2) and DTA studies 

(Figure 4). The samples pyrolyzed at 600°C (under nitrogen) show a broad peak at 

26° (2θ), which was assigned to the amorphous carbon and is in accordance with 
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Figure 5. Powder XRD of Ni-10 pyrolyzed at 600°C (N2 / 2 hours) shows characteristic reflection 
pattern of cubic phase of nickel (PDF: 00-001-1260) and graphite (PDF: 00-003-0401), as indicated by 
red and grey vertical bars, respectively. Crystallization of hexagonal phase (black vertical bars) of 
silicon nitride (PDF: 00-041-0360) takes place at 1100°C (N2)°C.  

the 13C MAS NMR studies. A broad reflection peak at 44.6° corresponds to the (111) 

plane of cubic nickel and the broadening is due to the small size of the particles, as 

seen in TEM images (see Figures 6d and 6f). The size of the nickel nanoparticles 

decreases with decreasing nickel content and in the case of samples with lower 

loadings (Ni-20 and Ni-100-RT), the particles are too small to be detected via powder 

XRD. 

6.3.1.5 Nickel Particle Size Distribution 

The microstructure of the nanocomposites was analyzed by transmission electron 

microscopy (TEM). The materials obtained at 600°C show homogeneous distribution 

of nickel particles whose size increased as the nickel content increased (see 

Figure 6). The hybrid materials with lower loading of nickel (Ni-100) show a narrow 

distribution of particle size (2–3 nm), which somehow broadened with increasing 

nickel content (6–9 nm in the case of Ni-10). In order to have an idea about the 

formation and growth of nickel particles with temperature, Ni-100 was pyrolyzed at 

different temperatures, followed by the analysis of the products with TEM. The 

formation of the metal nanoparticles seems to start above 300°C, because they were 

not observed in the samples pyrolyzed below this temperature. The nickel complex 

decomposes in the temperature range of 200–300°C and results in the generation of 
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Figure 6. TEM micrographs of Ni-10 (a and b), Ni-20 (c and d) and Ni-100 (e and f) pyrolyzed at 600 
o
C (2 hours) along with the particle size count (red bars). The size of the particles increased with an 

increase in the amount of nickel complex contained by the materials. 

Ni ions, which are then reduced in the reductive pyrolysis atmosphere, because of 

the emission of hydrogen and methane.[25] At 500°C, small nickel nanoparticles were 

seen which seem to be loosely bonded to the surface as they moved to the copper 

grid used for TEM analysis (see feature S4 in the Supporting Information). The size 

of the particles increased as the pyrolyzing temperature increased. 

6.3.1.6 Stability Studies 

The porous hybrid materials are stable up to 600°C, with regard to mass loss under 

an inert atmosphere, as depicted by the TGA analysis (Figure S5 in the Supporting 

Information). The composites (Ni-133 and Ni-10, 600°C/6 h) were heated up to 

600°C in air and exhibit surface area retention up to 500°C. Increasing the nickel 

content in the materials seemed to enhance the stability as the Ni-10 showed only a 

small change in surface area when heated to 600°C. FT-IR spectra of the composites 

at 500–600°C show the appearance of Si–O and Si–O–Si bonds in the range of 

1000–800 cm–1, which is due to the incorporation of a sufficient amount of oxygen. 

Ni-133 was stirred in water and THF at room temperature for 24 h, followed by 

nitrogen adsorption studies, which show only a small decrease in surface area, 
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indicating the stability of materials in water and organic solvents (see feature S6 in 

the Supporting Information). The remarkable resistivity in an oxidative environment 

and thermal stability of our nickel-containing hybrid material might be attributed to the 

richness in SiN4 sites, which provides robustness (ceramic property) to the material. 

6.3.1.7 Porosity and Surface Studies 

There are few reports about the synthesis of nanoporous metal-free materials from 

oligo or polysilazanes,[62-65] but the resulting silicon imidontride structures are highly 

reactive and prone to hydrolysis, due to the presence of Si–NH functions.[49] The 

hybrid materials reported here offer better stability (hydro (solvo)thermal), compared 

to the aforementioned materials, because of the restructuring catalyzed by nickel 

nanoparticles (NPs). Recently, the synthesis of nanoporous SiOCN ceramics from 

the pyrolysis of a polysilazane modified with a nickel aminoethanol complex was 

reported.[66] Although the generation of metal nanoparticles and the porosity was 

achieved in a single step, a higher amount of oxygen (~30%) coming from the 

complex could not be avoided. 

The nanocomposites were subjected to N2-physisorption studies in order to evaluate  

 

Figure 7. Nitrogen adsorption-desorption isotherm of Ni-100-RT pyrolyzed at 600°C for 2 hours. The 
inset shows the pore size distribution calculated by QS-DFT model for the same sample held at 600°C 
for 2 and 6 hours.  
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Table 3. Specific surface area, average pore width and pore volume of hybrid material pyrolyzed at 
600°C (N2 / 2 hours or 6 hours). 

Sample  SSA 
[a]

 

(m
2
/g) 

Pore width
[b]

 

(nm) 

Pore volume 

(cc/g) 

HTT-1800 
2 hrs 

6 hrs 

294 

382 

1.0 

0.9 

0.119 

0.168 

Ni-10 
2 hrs 

6 hrs 

83 

160 

1.1 

1.0 

0.046 

0.085 

Ni-20 
2 hrs 

6 hrs 

232 

330 

1.1 

0.9 

0.101 

0.139 

Ni-100 
2 hrs 

6 hrs 

323 

217 

1.0 

0.9 

0.126 

0.104 

Ni-133 
2 hrs 

6 hrs 

374 

200 

0.9 

1.1 

0.159 

0.095 

[a] Specific surface area measured by Brunauer-Emmett-Teller method, [b] pore size distribution 
calculated by Quenched Solid Density Functional Theory (QS-DFT) method.  

the generation of porosity under pyrolyzing conditions. It was found that the apparent 

surface area increased with the pyrolyzing temperature up to 500°C (400 m2/g) and 

then decreased to 18 m2/g at 1100°C. The generation of porosity at 500–600°C may 

be related to the loss of methane from the three-dimensional (3D) network of cross-

linked polymer. The hybrid materials obtained at 600°C show typical type-I 

adsorption isotherms (Figure 7) and both surface area and the average pore volume 

of the materials increase as the amount of nickel complex decreases (see 

Figure 7 and Table 3). The dwelling time at 600°C seems to affect the pore volume 

as well as the surface area, both of which increased with an increase in holding time, 

in the case of the materials with high nickel content (Ni-10, Ni-20). However, the pore 

widths slightly decreased when the dwelling time was increased from 2 h to 6 h. It is 

worth mentioning here that the carbon kernel used for the calculation of pore widths 

would be less polar than SiCN, thus a slight underestimation of the pore widths is 

expected. 
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6.3.1.8 129Xe NMR Studies 

The static CF-HP 129Xe NMR spectra for selected nanocomposite materials at 298 K 

are displayed in Figure 8. Xe adsorbed on the Ni-free polymer, pyrolyzed at 600°C 

for 6 h (HTT-1800–6h) shows a narrow gas resonance centered at 0 ppm and a 

broader, yet symmetric resonance at 150.3 ppm, demonstrating the accessibility of 

the pore volume to Xe. As a general rule, the larger the observed shift (δobs), the 

smaller the pore size.[42, 67] Briefly, δobs represents a sum of potential interactions:[68, 

69] δobs = δref + δS + δXe–Xe + δSAS + δE,M, where δref is the gas-phase Xe shift 

extrapolated to zero pressure (0 ppm) and δS is the component arising from Xe 

surface interactions; δXe–Xe refers to contributions from Xe–Xe collisions, δSAS arises 

from its interaction with strong adsorption sites (SAS), and δE,M manifests from 

electric and/or magnetic fields induced by the presence of metal particles acting as 

SAS. HP methods typically employ dilute Xe densities which effectively limits the Xe–

Xe contribution to the δobs at ambient temperature (298 K). It should be noted that 

reducing the sample temperature leads to an increase in either δXe–Xe or δS, 

depending on whether micropores or mesopores are present.[38, 70] 

Because the HTT-1800–6 h sample does not contain any nickel, the observed 129Xe 

chemical shift is attributed to Xe confined within internal voids. However, this shift is 

too large to reflect Xe occupying the pore diameters indicated by N2-adsorption 

measurements. As such, we suggest that this shift arises from Xe interacting with 

organic moieties[71] (e.g., −CH3 groups) lining the pore surface, which solid-state 13C 

and FTIR measurements show are in abundance. Preferred adsorption within organic 

macrocycles has been shown to exhibit similar effects.[72, 73] 

The addition of 2 wt% nickel complex (Ni-133–2h) has a negligible effect on the 

δobs value. The observed decrease in the δobs line width from 701 Hz to 530 Hz may 

indicate a more homogeneous structure of internal voids, compared to the pyrolyzed 

HTT-1800–6h (see Figure 8). A subsequent increase in the nickel content (Ni-100–

2h) induces noticeable broadening in both the adsorbed and gas-phase resonances, 

indicating a strong influence due to the inclusion of Ni particles. The signal for the 

adsorbed Xe remains rather symmetric, while the resonance centered near 0 ppm 

starts to exhibit some asymmetry and a new resonance near 14.6 ppm, indicating the 

presence of larger void space. These features become more pronounced with longer  
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Figure 8. CF-HP 
129

Xe NMR spectra obtained at room temperature for nanocomposite materials 
having different Ni-loading and holding times. The addition of either ‘-2h’ or ‘-6h’ indicates 2 hour or 6 
hour pyrolysis.  

annealing times. The resonance attributed to the adsorbed Xe in Ni-133–6h is further 

broadened to 13 kHz and shifted downfield to 157 ppm (Figure 8). The downfield shift 

may be due to the increase in SiN4units (compared to both Ni-133–2h and Ni-100–2h 

matrices); the removal of larger amorphous voids may promote the formation of more 

ordered phases with condensed void space. As shown previously by TEM images, 

longer annealing times lead to larger Ni-particle aggregates (Figure 6). More 

agglomeration of the nickel particles within the nanocomposite support material 

would likely increase the probability of surface roughness, which have been shown to 

promote the formation of Xe clusters.[74,75] The strong local dipole fields induced by 

the superparamagnetic nature of the nickel particles may be responsible for the 

severe broadening of the resonances due to the shortening of the 129Xe spin–lattice 

relaxation. The paramagnetic nature of the nickel particles near the external surface 

would have an additional depolarizing effect on the HP 129Xe. The higher metallic 

character of the particles will eventually limit the detectable amount of Xe sampling 

the internal voids, because of an increase in the depolarization potential and 

broadening. This justifies our observations on the Ni-20 sample, which contains the 

highest nickel content and largest nickel particle size (among the measured 
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materials) where only a multicomponent asymmetric line broadening around the gas 

phase is observed. A more-detailed discussion is given in the Supporting Information. 

Recent work by Clewett et al.[76] on the surface properties of carbon nanotubes laced 

with paramagnetic particles attributes the complex structure around the gas-phase 

resonance to the presence of additional adsorption sites that are not detectable, 

because of strong paramagnetic relaxation effects. This would effectively reduce the 

polarization of Xe adsorbed on the nickel particles and average the remaining 

polarization with that of the gaseous Xe (within the fast exchange regime). The 

weighting factor of Xe adsorbed into these paramagnetic voids is likely to be small 

due to a very short time T1 (on the order of a few nanoseconds),[77] resulting in an 

averaged frequency closer to 0 ppm. As such, we believe that the higher nickel 

content creates additional domains that manifest as asymmetric line broadening and 

additional peaks observed near the gas phase. 

The temperature dependence of the CF-HP 129Xe NMR spectra (Figure 9) was 

investigated for many samples, with the purpose of extracting more-specific 

information on physical parameters typically hidden within possible exchange 

processes.  

 

Figure 9. Variable temperature CF-HP 
129

Xe NMR spectra data of Ni-133-2h. 
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Reducing the sample temperature not only increases the Xe density within the pore 

space, but it also slows the diffusion processes and increases residence times within 

the microporous materials. This makes the identification of additional cavities much 

more likely. Samples Ni-133–2h and Ni-100–2h were chosen for variable-

temperature (VT) analysis, because of their similar temperature treatment (2 h 

annealing time) and comparable surface-to-volume ratios. Monitoring the changes 

due to the inclusion of larger nickel particles is of particular interest as Ni-100–2h 

possesses almost three times more nickel, compared to Ni-133–2h (see Table 1). VT 

CF-HP 129Xe spectra for Xe adsorbed within Ni-133–2h are shown in Figure 9. The 

broad, symmetric line shape of the adsorbed Xe shifts and broadens significantly with 

cooling. Only a moderate shift of the signal is detected between 290 and 240 K. 

Below which, a stronger shift and a multimodal line occurs. Spectral deconvolution of 

the adsorbed 129Xe resonance suggests the presence of three distinct adsorption 

sites at 185 K. 

The amount of Xe within the gas and pore environments are directly proportional to 

their relative integrated spectral intensities, assuming a sufficiently long recycle delay 

and negligible depolarization effects. The extraction of quantitative thermodynamic 

parameters under low loading conditions (high temperatures) can be obtained by 

plotting the adsorbed-to-gas phase ratio (Iads/Ig) as a function of temperature.[70] The 

integrated signal intensities extracted from Ni-133–2h and Ni-100–2h are shown in 

Figure 10. The equilibrium constant describes the activities of the total amount of 

adsorbed Xe with respect to the gas phase and can be used to relate Iads/Ig to the 

standard Gibbs free energy of the adsorption process. Results are evaluated 

according to 

ln (Iads/Ig) = ΔS/R – ΔHads/RT 

where ΔHads is the differential enthalpy of adsorption, R the universal gas constant, 

and ΔS° the temperature-independent standard entropy change. 

The validity of this model to evaluate the thermodynamics of Xe adsorption is limited 

to fast diffusion conditions and often manifests as a positive, linear slope in the 

logarithmic plot. As such, only the linear segment located within the high-temperature 

region is used to extract pertinent thermodynamic parameters. The initial slope 

observed in the Ni-100–2 h sample yields a ΔHads value of −10.0 kJ/mol Xe, and a 

standard entropy change (ΔS°) of −41.8 J/(mol K), which is characteristic of phy- 
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Figure 10. Integrated intensity ratios extracted from variable temperature CF-HP 
129

Xe NMR spectra 
data of Ni-100-2h (open symbol) and Ni-133-2h (closed symbol). Inset: spectra on the upper portion of 
the summary plot refer to the first (Region I), second (Region II) and third (Region III) linear segments 
within Ni-133-2h, as described in the text.  

-sisorption (Figure 10). The turning point at 255 K reflects a diffusion limiting process 

wherein longer residence times limit the replacement of adsorbed gas with freshly HP 

Xe.[78] The fast depolarization observed in Ni-100–2 h is likely due to the elevated 

nickel content, while the substantial broadening of the resonance from 1 kHz at room 

temperature, to 2.6 kHz at 185 K is attributed to paramagnetic relaxation effects that 

are due to increased interactions between Xe and nickel particles with cooling. 

Different behavior is observed for Ni-133–2 h, where multiple linear segments are 

shown to span over several temperature intervals. Similar to Ni-100–2 h, the first 

segment reflects Henry’s law-type behavior (Figure 10, Region I), yielding adsorption 

enthalpy and entropy of −9.0 kJ/mol Xe and −13.9 J/(mol K), respectively. Here, the 

higher ΔS° value (−13.9 J/(mol K) versus −41.8 J/(mol K)) reflects the larger number 

of open end groups (like −CH3), which enhances the flexibility of Ni-133–2 h, 

compared to Ni-100–2 h. The sudden decrease in the Iads/Ig ratio at 240 K with 

cooling (Figure 10, Region II) suggests a possible change within the internal 

structural arrangement. An additional, larger reduction in the integrated signal 
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intensities is detected at 210 K (Figure 10, Region III). Interestingly, previously 

discussed asymmetric contributions to the adsorbed 129Xe line shape correspond to 

each of these two observed transitions. As shown in the three deconvoluted 129Xe 

spectra shown in Figure 10 (Regions, I, II, and III), each depression and subsequent 

buildup within Iads/Ig is associated with the emergence of an additional resonance, 

suggesting some change within Xe exchange processes. The Iads/Ig ratios measured 

near these two observed transitions were found to be both reversible and 

reproducible. These trends are likely more reflective of the relative lifetime of 

adsorbed HP Xe within these domains, rather than its actual distribution. The 

temperature dependence of the adsorption behavior was also analyzed using 

chemical shift analysis (see feature S7 in the Supporting Information). The adsorption 

enthalpies were found to be comparable to those obtained above. 

6.3.2 Catalytic Studies 

Selective hydrogenation of phenylacetylene to styrene is a reaction of great industrial 

importance as the small amount of it present in styrene feed can deactivate the 

polymerization catalysts.[79] Among the other supported noble-metal catalysts,[80-

82] those based on palladium[83-87] are the most active and selective and are used 

industrially for the removal of phenylacetylene from styrene feed.[88] Although other 

catalysts containing inexpensive metals have also been tried, they suffer the problem 

of being less active and specific,[89] and attempts have been made to increase their 

selectivity by alloying them with silicon.[90-91]Nickel nanoparticles supported by porous 

hybrid materials reported here were found to be highly selective in the hydrogenation 

of phenylacetlylene to styrene. The hydrogenation of phenylacetylene in different 

organic solvents was studied at 25°C under a hydrogen pressure of 5 bar. Whereas 

the tetrahydrofuran (THF) and dichloromethane (DCM) afforded better selectivity to 

styrene, hexane and toluene provided better conversions. 

By the adjustment of catalyst amount, hydrogen pressure, volume of toluene, and 

stirring speed, it was possible to get almost 100% conversion of alkynes with high 

selectivity (89–99%) to the alkenes (see Table 4). No catalytic activity was detected 

by applying a SiCN material without nickel. The effect of various substituents on the 

phenyl ring of phenylacetylene was also studied (see Figure 11a). Whereas an elect- 
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Table 4. Hydrogenation of alkynes at 25 
o
C using Ni-10 catalyst 

[a]
. 

Substrate 
Conversion 

(mol%) 

Selectivity [b] 

(mol%) 

C
CH

 

99 97 

C
CH

 

99* 97 

C
CH

 

99 98 

C
CH

 

99 94 

C
CH

F  

99 89 

C
CH

H3CO  

99 99 

[a] Alkyne (0.5 mmol), catalyst (50 mg), Toluene (0. 2 mL), hydrogen pressure (20 bar), stirring 
velocity (1250 rpm). [b] Selectivity in mol% to olefin product. Reaction time (24 hours, * 32 hours). 

-ron donating group (such as methyl) at the para position decreased the activity, the 

electron-withdrawing groups (fluoro and methoxy) and the bulky (tertiary butyl) group 

at the same position were found to increase the activity by many folds. An electron-

releasing methyl group at the meta position was found to increase the conversion. All 

of the aforementioned substrates were hydrogenated to olefins with high selectivity 

(89–99%). The catalyst was consecutively used up to five runs and did not show any 

prominent change in the conversion and selectivity (see Figure 11b). After every 

catalytic run, the catalyst was removed and the filtrate was checked for its catalytic 

activity under the same experimental conditions with the addition of fresh substrate. 

No activity was observed, which suggests either no or very low leaching of nickel. 
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Figure 11. a) Hydrogenation of alkynes (0.5 mmol), catalyst (20 mg), Toluene (0.2 mL), hydrogen 
pressure (20 bar), stirring velocity (750 rpm). Conversion and selectivity (olefin) are given in mol% 
units. (PA) Phenylacetylene, Me (methyl), TB (tertiarybutyl), F (fluoro), MeO (methoxy). b) Recycling of 
the catalyst (Ni-10, 20 mg) for five consecutive runs (0.5 mmol of phenylacetylene in toluene (0.2 mL) 
at 25°C for 24 hours under 5 bar hydrogen). 

6.4 Conclusions 

Simultaneous generation of the porosity and nickel nanoparticles were achieved by 

the pyrolysis (600°C/N2) of a chemically modified commercial polysilazane. An amido 

nickel complex catalyzes the hydrosilylation reaction, leading to the cross-linking of 

polysilazane at room temperature, which in turn, affords better yields. 

Dehydrocoupling reactions lead to the complete utilization of N–H bonds and an 

enhanced stability of the composites. Increasing the nickel content together with the 

holding time at 600°C increases the population of SiN4 sites at the expense of 
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C2SiN2 and CSiN3 sites. In other words, much of the methyl and methylene groups 

bonded to silicon (C2SiN2 and CSiN3 environments) are lost as methane, producing a 

SiN4 network that renders higher thermal stability to the materials. The surface area 

and the size of the metal particles can be altered by adjusting the amount of added 

nickel complex. Moreover, the presence of nickel lowers the crystallization of silicon 

nitride (at 1100°C/N2). The fabrication of monolithic microporous materials is 

possible, which are thermally robust until 500°C in an oxidative environment and are 

selective hydrogenation catalysts. 

CF-HP 129Xe NMR methods were used to probe the influence of specific thermal and 

Ni-complex treatments on the formation of microporous nanocomposites with 

catalytically active nickel particles. Stronger Xe-nickel interactions are verified by the 

limited detection of adsorbed Xe and appearance of additional peaks near the gas 

phase with increasing metal particle size and concentration. Substantial broadening 

of both adsorbed and gaseous Xe resonances with higher nickel content indicate that 

nickel particles are not only embedded within the SiCN porous network, but located 

near the external surface as well. The negligible change in the adsorption enthalpy of 

Xe with the nickel particle inclusion suggests minimal catalyst support effects. As 

such, the catalytic activity would be dominated by the nickel particles. 

Supporting Information 

Schemetic presentation of various silicon environments, a tablular presentation of 13C 

chemical shift values, powder XRD of the materials treated at 1500°C, TEM 

micrographs of the materials at various pyrolyzing temperatures, and a brief text 

discussion about the variation of Xe chemical shift with temperature, along with 

figures. This material is available free of charge via the Internet at http://pubs.acs.org. 
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6.6 Supporting information 
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Hydrosilylation
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S1. Schemetic presentation of various silicon environments generated by the catalytic effect of Ni 
complex and pyrolysis. The hydrosilylation reaction mainly takes place at room temperature while the 
dehydrocoupling and loss of methane takes place majorly during pyrolysis. 
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S2. 
13

C MAS NMR chemical shifts assigned to various carbon environments. 

Carbon Function Si-CH3 Si-(CH2)n-Si SiC4 CH2=CH- graphite 

Chemical Shift (ppm) [a] -4 to 5 12 (n = 1 or 2) 24 132,141 135 

[a] chemical shift values taken from references 32-38. 

 

S3. Powder XRD pattern of materials pyrolyzed at 1100°C (nitrogen) and post heated to 1500°C 
(argon). 

 

S4. TEM microgrpahs along with the partilcle size count of Ni-100 (600°C/ 2 hours) at room 
temperature (a), 300 (b), 500 (c), 700 (d), 900 (e) and 1100°C (f). The nanoparticles grow in size with 
an increase in annealing temperature. 
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S5. TGA (5 K/min, Ar) of Ni-10 and Ni-100 (a) along with the change in the surface area with 
temperature in an oxidative environment (b). 

 

S6. FT-IR spectra of Ni-133 (II) after stirring in THF at room temperature (under air) for 24 hours (I) 
and heating in air at 200 (III), 400 (IV), 500 (V) and 600°C (VI). 
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6.6.1 129Xe Chemical Shift Analysis 

Evaluation of the thermodynamic properties within the low temperature regime can 

provide alternate information as Xe-Xe,, SAS, and E,M contributions become more 

significant. Slower diffusion rates and higher coverage result in stronger Xe-surface 

interactions. Previous analysis of the ratio of signal intensities examines the total Xe 

uptake with respect to the gas phase. Here we can further elucidate Xe adsorption 

parameters as additional amorphous voids become discernible within emerging 

chemical shifts at higher loadings. The temperature dependencies of the obs in both 

Ni-133-2h and Ni-100-2h are shown in S7. Resonances extracted from deconvoluted 

CF-HP 129Xe spectra (Ni-133) are specified by region (I, II or III), the boundaries of 

which are consistent with previously described phenomena in the high temperature 

limit. Under fast exchange conditions, the temperature and pressure dependence of 

the observed chemical shift can be expressed as (Anedda et al.): 

obs = S + Δ [pk’exp(-ΔHads/RT) / ( T0.5 + pk’exp(-ΔHads/RT)] 

Terms: Δ, p and k’ refer to the total variation in the chemical shift, the relative 

pressure, and extracted pre-exponential factor which is relatable to the standard 

entropy change. The other terms are the same as described previously within the 

main text.  

Thermodynamic parameters extracted from experimental results are tabulated in S8, 

where the S was obtained directly from the fit and ΔS⁰ determined from the 

extracted k’ value. The similar adsorption enthalpies found for Xe in both Ni-133-2h 

and Ni-100-2h are found in the high temperature regime (low loading). The specific 

values are provided with the main text. The slight decrease in the ΔHads value with 

increased nickel-content and SiN4 networking suggests further penetration into 

internal voids. The molecular restriction resulting from sampling more ordered 

amorphous domains can explain the noticeable loss in mobility (negative ΔS value). 

We tentatively assign the asymmetric downfield resonance off the main adsorption 

peak to Xe in more confined pore spaces (region III). Despite the loss in resolution 

due to higher Ni-particle inclusion, a closer examination of the Xe lineshape of Xe 

adsorbed within Ni-100-RT shows downfield asymmetric broadening off the main 

resonance at reduced temperatures, similar to that in Ni-133-2h. The difference in 

ΔS⁰ between these resonances likely reflects the probing of CSiN3 and SiN4 rich 

(1) 
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S7. Variation in the observed CF-HP 
129

Xe chemical shift for Ni-133-2h and Ni-100-2h samples with 
temperature. Open symbols correspond to Ni-100-2h while and symbols to Ni-133-2h. Regions I, II, 
and III refer to the previously discussed linear segments shown in Fig. 10 (VT behavior of Ni-133-2h, 
Fig. 10).  

S8. Experimentally determined thermodynamic parameters obtained from the evaluation of chemical 
shift data (S6). Ni-13-2h and Ni-100-2h. 

 Low Temperature  Regime 

(high Xe loading)  

Sample ΔH’ads ΔS S Δ 

 (kJ/mol Xe) (J/Kmol Xe) (ppm) (ppm) 

Ni-133     

-region I -9.6 -7.5 133.1 161.9 

-region II -14.4 -29.2 146.5 80.5 

-region III -14.5 -29.8 147.1 118.2 

     

Ni-100-RT -10.3 -7.2 143.2 96.2 

     

 

 environments. The upfield resonance (region II-  symbol in S7), may be attributed 

to structural distortions which trap adsorbed Xe within differing amorphous voids. 
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S9. The substantial broadening of the 
129

Xe resonances are observed with cooling. ref (%) refers to 

the peak attributed to the gaseous Xe, and obs () to Xe adsorbed within the porous environment. 
Their corresponding y-axis’ are placed on the left and right side of the graph, respectively. The 
linewidths were obtained assuming two-site exchange between a single adsorption site and the 
gaseous Xe.  

 

S10. Variation in the observed CF-HP 
129

Xe chemical shift for Ni-20-6h with temperature. Ni-20-6h 
possesses the highest nickel content and largest nickel particle size. Only a multi-component 
asymmetric line broadening around the gas phase is observed—cooling significantly enahnces these 
features. 
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The sustainable production of fine chemicals and fuels, from renewable resources is 

a burgeoning and challenging research area.[1] Lignocellulose biomass (cellulose, 

hemiscellulose, lignin), is a key resource whose availability is plentiful and its 

utilization will allay the fears regarding competition with food supplies.[2] Whereas, 

cellulose can be depolymerized in many ways,[3] selective cleavage of aryl ether (CAr-

O) and especially diaryl ether substructure of lignin is challenging.[4] In spite of the 

fact that lignin constitutes almost 15-30% of the woody biomass[5] with an energy 

content up to 40%[6] its depolymerization via  hydrogenolyis is crucial for the 

generation of fuel and chemicals. Selective cleavage of the CAr-O bond of lignin 

model compounds has been reported by the use of both molecular catalysts (V,[7] 

Ru[8] and Ni[9] complexes) or applying heterogeneous catalysts (Ni[10] Zn/Pd[11]). The 

molecular catalysts offer better chemoselectivity in the selective cleavage of CAr-O 

bonds and are operative under mild conditions (80-135°C) but are sensitive to large 

concentration of water whose removal from the crude biomass is challenging and 

uneconomic. The heterogeneous catalysts, on the other hand, require either higher 

reaction temperatures (~250°C) or hydrogen pressure (>30 bar)[9] which leads to 

substantial reduction of arenes (and subsequent hydrogen loss). Interestingly, the 

Lercher group has reported on the use of solid catalysts for the cleavage of ether 

bonds in water.[12-14] The substantial reduction of arenes was also observed. Reports 
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on the reusability of hitherto applied catalysts are rare. Thus, there is a need for a 

reusable robust heterogeneous catalyst offering hydrothermal stability for the 

selective cleave of CAr-O bonds. 

In past few years, we and others have developed late transition metals containing 

polymer derived SiCN materials (M@SiCN) as robust heterogeneous catalysts.[15] 

The Wiesner group fabricated Pt@SiCN materials which, despite of the structural 

control over multiple length scales,  showed very low surface area.[16] By the 

controlled pyroylsis of Ni modified polysilazane, we managed to get high surface area 

microporous materials which were found selective catalysts in the hydrogenation of 

phenylacetylene.[17] Unfortunately, the Si-N bonds of the materials pyrolyzed at 

600°C were sensitive to hydrolysis under harsh conditions. SiC materials do not 

contain such bonds and, in consequence, should offer additional hydrothermal 

stability. Commercially available silicon carbide possesses low surface area, which 

limits the effective transport of substances through it for efficient catalysis.[18] Self 

assembly of block copolymers[19] has been applied by Kim and co-workers for the 

fabrication of mesoporous SiC materials and allows fine tuning of pore 

morphology.[20] Porous iron containing SiC materials have been fabricated by 

Manners group via self assembly of metal containing block copolymers.[21]  

Here we report on the synthesis of polymer derived porous SiC composites with 

integrated nickel nanoparticles (Ni NPs) by the self assembly of organic-inorganic 

block copolymers (BCPs). The synthesis, cross-linking and microphase separation of 

BCPs is achieved in a concerted process[22] followed by controlled pyrolysis which 

leads to porous Ni@SiC composite materials. The porosity of the materials can be 

tailored from micro- to meso scale including hierarchical (micro-meso) structures by 

changing the molecular weight of the organic block. In particular synthesis of 

mesoporous Ni@SiC materials with an average pore diameter (2-8 nm) was 

achieved which is challenging due to high Laplace pressure leading to the pore 

collapse.[22] Phenethoxybenzene (PEB) and diphenylether (DPE) mimicking the most 

frequent β-O-4 (45-62%) and 4-O-5 (4-9%) linkages of lignin (see Fig. 1), are used as 

model compounds for the chemoselective cleavage of CAr-O bond. Ni@SiC catalysts 

are active under mild reaction conditions (90-120°C, 6 bar hydrogen) in water 

providing high selectivity for hydrogenolysis of CAr-O bond and reusability.  

The synthesis of Ni@SiC materials is summarized in Scheme 1. An organic-inorganic  
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Figure 1. A fragment of hard wood lignin. 

block copolymer is formed by the reaction (1:1 wt ratio) of polycarbosilane (PCS) with 

hydroxy-terminated polyethylene (PE) via nickel catalyzed dehydrocoupling of Si-H 

and O-H functions.[23] The added nickel complex (see Fig. S1 supporting information 

(SI) for structure) also catalyzes the cross-linking of polycarbosilane block via 

homocoupling of Si-H bonds. As both blocks are immiscible and covalently linked, 

the microphases separate in the presence of a solvent into microdomains providing a 

nanostructured material. The PE block used is inexpensive and can be produced 

efficiently using molecular catalysts.[24] The crystallization behavior of strictly linear 

PE allows good morphology control even in combination with rather ill-defined 

inorganic blocks.[25] The organic block is burnt out during pyrolysis (700°C/ Ar) 

whereas Ni (II) species are reduced to elemental nickel. Thus, porous SiC materials  
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Scheme 1. The synthesis of porous Ni@SiC materials via the self assembly of polycarbosilane-block-
polyethylene (PCS-b-PE). The BCP is synthesized via Ni complex catalyzed dehydrocoupling of 
polycarbosilane (PCS) with polyethylene (PE). 

with integrated Ni NPs are generated. The loading of nickel complex was adjusted so 

that the final materials after pyroylsis contain 4.3 wt% of nickel with a Si/Ni ratio of 

20/1 (Table S2, SI). The molecular weight of the organic block (PE) affects the type 

of porosity generated in the Ni@SiC catalyst. As the high density PE can be 

produced inexpensively using efficient molecular catalysts, we decided to use it for 

the fabrication of SiC materials.[27] The use of a PE (1739 g/mole) after self assembly 

and pyroylsis provided Ni@SiC materials. The structure of the materials was 

investigated by TEM which indicates that Ni NPs with an average size of 3 nm (Fig. 

2c) decorated the porous SiC matrix (Fig. 2). The material is mainly mesoporous as 

shown by N2-adsorption studies. Fig. 2d shows nitrogen adsorption-desorption 

isotherm with type-IV hysteresis indicative of a mesoporous material. Another 

evidence of the existence of mesopores comes from the closure of desorption branch 

at P/P0 ~0.4, which is due to capillary condensation, a process typically known for 

mesoprorous materials. To a BET surface area (SBEt) of 450 m2/g, only 38 m2/g is 

contributed by micropores as calculated by t-plot method (see entry 1, Table S3, 

supporting information). The size of the pores was calculated by NLDFT (adsorption 

branch) and is in 2 to 8 nm size range which is in close agreement with TEM images. 

The presence of Ni NPs was confirmed by PXRD analysis of the materials (see Fig. 

2d) which shows a broad reflection at 44.6° corresponding to 111 plane of cubic 

nickel (ICDD PDF number: 00-001- 1260). A broad reflection at 26.5° corresponds to 

the amorphous graphitic carbon. When molecular weight of the organic block (PE) 

was decreased to 326 g/mole) microporous materials (SBET = 552 m2/g) were 

obtained. The material shows typical type-I adsorption isotherm (see Fig. 3c) with an 

average pore width of 1.3 nm (Fig. S6, SI). The external surface area (69 m2/g) 

shows a little contribution from mesopores as well (entry 2, Table S3, SI). Ni NPs are  
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Figure 2. a-b) TEM micrographs of mesoporous Ni@SiC (SiC-meso) with Ni NPs and c) 
corresponding size distribution. d) PXRD pattern with nickel reflexes and asterisk denoting graphitic 
phases. e) N2-adsorption-desorption isotherm and f) corresponding pore size distribution calculated by 
NL-DFT model using silica kernel with cylindrical pore geometry. 

of smaller size (2.3 nm, Fig. 3b) as compared to the mesoporous materials and are 

uniformly distributed over the material as shown in TEM images (Fig. 3a). PXRD 

analysis of the material (Fig. S7a) confirms the presence of Ni NP. At this stage, it 

seems that porosity of the Ni@SiC materials can be tailored by varying the molecular 

weight of PE used. Whereas, lower molecular weight PE (326 g/mole) provides 

microporous materials, mesoporous materials can be obtained by higher molecular 

weight PE (1739 g/mole). We expected to get a hierarchical (micro-meso) material by  
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Figure 3. a) TEM micrograph with inset HR-TEM, b) particle size distribution and c) N2-adsorption 
isotherm for SiC-mcro material. d) TEM micrograph with particle size count and HR-TEM insets, e) N2-
adsorption isotherm and f) pore size distribution calculated by NLDFT method for SiC.hier material. 

the use of a PE with intermediate chain length. When PE with a molecular weight of 

550 g/mole was used, materials with hierarchical porosity (SiC-hier) were obtained. 

The formation of amorphous SiC was confirmed by FT-IR and solid state 29Si NMR 

analysis of the materials (Figure S8, SI). The later shows broad peaks at -16 and -65 

ppm assigned to SiC4 and CSiO3 environments respectively.[26] A slight amount of 

oxygen in the materials comes from the hydroxy-terminated PE. As shown in Fig. 3, 

materials containing nickel particles with an average size of 2.5 nm were obtained. 

High uptake of nitrogen both at lower and higher relative pressure values (Fig. 3e) is 
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indicative of the existence of both micro and meso pores. The NLDFT model applied 

to the N2-adsorption isotherm (Fig. 3f) suggests the presence of micro and 

mesopores. Contributions to the total surface area of SiC-hier (552 m2/g) came partly 

from the micropores (326 m2/g) and partly from mesopores (202 m2/g) as tabulated in 

Table S3 (entry 3, SI). The pores are produced by the gasesous emission (mostly 

hydrocarbons) from the burning of the organic block (see Fig. S9 for TGA of all the 

materials). 

The selective hydrogenolysis of lignin model compounds mimicking the most 

abundant β-O-4 (phenethoxybenzene) and 4-O-5 (diphenylether) linkages was 

studied in water under 6 bar hydrogen pressure.  The activity comparison of all the 

three type of Ni@SiC materials was tested in hydrogenolysis of benzylphenylether at 

110°C for 20 hours. SiC-hier with hierarchical porosity was found to be the most 

active catalyst providing 99% conversion (Entry 2, Table 1) while in the case of 

microporous SiC-micro, the conversion of substrate ether was 75% (Entry 1). 

Mesoporous Ni@SiC (SiC-meso) showed only 26% conversion (Entry 3). The 

selectivity towards aromatic products (phenol and toluene) was high in all the three 

catalysts tested. As the aryl ethers are insoluble in water, the addition of a phase  

Table 1. Hydrogenolysis of benzylphenylether (BPE) with Ni@SiC catalysts in water for 20 hours
[a]

. 

O
OH

+

 

Entry catalyst T 

(
o
C) 

Base 

(equi) 

TBAB 

(equi) 

Conv 

(%) 

Sel
[b]

  

(%) 

1 SiC-micro* 110 - - 75 94 

2 SiC-hier* 110 - - 99 81 

3 SiC-meso* 110 - - 26 98 

4 SiC-micro 90 1 0.3 90 99 

5 SiC-hier 90 1 0.3 99 99 

6 SiC-meso 90 1 0.3 64 99 

[a] Conditions: 0.5 mmol of ether was mixed with either 15 mg of catalyst (1.17×10 
-5

 mole  Ni) or *40 
mg catalyst (3.13×10

-5
 mole Ni) in 2 mL water at a hydrogen pressure of 6 bar (*10 bar) and  stirred 

(1000 rpm) at a specified temperature for 20 hours.[b] Selectivity to phenol in mol%. 
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Table 2. Hydrogenolysis of phenethoxybenzene (entries 1-9) and diphenylether (entries 10-11) with 
Ni@SiC catalysts in water for 20 hours

[a]
. 

 

Entry catalyst Base   (equi) TBAB 
(equi) 

Conv 
(%) 

Sel
[b]

 
(%) 

1 SiC-hier - - 0 0 

2 SiC-hier - 0.3 0 0 

3 SiC-hier NaOH (1) - 27 99 

4 SiC-hier NaOH (1) 0.3 93 92 

5 SiC-hier K2CO3(1)  0.3 71 84 

6 SiC-hier NaOtBu(1)  0.3 89 94 

7 SiC-hier KOtBu (1) 0.3 99 96 

8 SiC-micro NaOH (1) 0.3 78 95 

9 SiC-meso NaOH (1) 0.3 25 99 

10 SiC-hier KOtBu (1) 0.3 50 98 

11 SiC-hier* KOtBu(2.5) 1.0 96 97 

[a] Conditions: 0.5 mmol of ether was mixed with either 15 mg of catalyst (1.17×10 -5 mole Ni) or *30 
mg (3.42 ×10-5 mole Ni) in 2 mL water at a hydrogen pressure of 6 bar and then stirred (1000 rpm) at 
a specified temperature for 20 hours. [b]Selectivity to phenol (ethylbenzene/benezene selectivity > 
99% in all cases) 

transfer catalyst could be advantageous. With the addition of 0.3 equivalents of 

tetrabutylammoniumbromide (TBAB), hydrogenolysis of benzylphenyl ether was 

achieved even at 90°C. Again, SiC-hier showed the highest activity (Entry 5) than 

SiC-micro (90%) and SiC-meso (64%, see entries 4, 6 in Table 1). At this 

temperature no further hydrogenation of phenol to cyclohexanol was observed provi- 
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-ding phenol in 99% selectivity. Hierarchically porous SiC-hier, because of its higher 

activity than the other two catalysts (SiC-micro and SiC-meso) was chosen for the 

selective cleavage of β-O-4 linkage to phenol and ethylbenzene (see Fig. S10, SI). 

No conversion was observed at 120°C in the absence of base and TBAB (Entry 1, 

Table 2) or in the presence of TBAB alone (Entry 2). A minor conversion (27%) was 

achieved by the addition of a base (Entry 3) which increased by many folds (93%) 

upon the addition of both the base and TBAB (Entry 4). Whereas lower conversion 

and selectivity was obtained using K2CO3 as base (Entry 5), other bases (NaOtBu 

and KOtBu) provided good yields and selectivities (Entries 6-7). In comparison to 

SiC-hier, the other two materials (SiC-micro and SiC-meso) had lower activities 

(Entries 8-9). A minor conversion of phenol (hydrogenation product of phenol) was 

observed in all cases indicating a high chemoselectivity of hydrogenolysis over 

hydrogenation provided by the catalysts. 

The effect of the amount of TBAB and base was also investigated. On increasing the 

amount of TBAB, conversion increased with up to 0.3 mole equivalents of the ether 

used and then became almost constant (see Fig. S11a, SI). Keeping the amount of 

TBAB to 0.3 equivalents, an increase in the concentration of base (NaOtBu) 

increased the overall conversion up to 1 mole equivalent of base relative to the ether. 

With more than 1 equivalent of base, the conversion decreased (see Fig. S11b, SI).  

These optimized conditions were also applied to selectively cleave the 4-O-5 linkage 

of DPE, the model compound for 4-O-5 linkage (see Fig. 1). 50% of DPE was 

converted into phenol and toluene (Entry 10) with very high selectivity (98%). The 

phenol selectivity was nearly quantitative. By doubling the amount of the catalyst, 

base and phase transfer catalyst, almost quantitative conversion of DPE was 

achieved (Entry 11). The selectivity towards phenol and benzene was again as high 

as 97%. These results showed the hierarchical Ni@SiC materials to be highly 

selective towards hydrogenolysis of CAr-O bond without hydrogenation of aromatic 

ring(s). In comparison to previous works, we have achieved the selective cleavage of 

CAr-O in water (avoiding the use of organic solvents) and with a lower nickel content 

(4.3wt %). 

The recycling of the catalyst (SiC-hier) was tested at almost 50% conversion of PEB 

at 120°C under 6 bar of hydrogen. No prominent loss in the activity was observed up 

to five consecutive catalysts runs (see Fig. S12, SI). 
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In summary, we have developed a robust porous SiC materials with integrated Ni 

NPs. A tunable porosity could be accomplished via the self assembly of organic-

inorganic block copolymers. Depending upon the molecular weight of the organic 

block (inexpensive polyethylene), the fabrication of micro-, meso- and hierarchically 

porous Ni@SiC catalysts is possible. All catalysts were found to be active in ether 

hydrogenolysis. Hierarchical Ni@SiC materials were found to be the most active 

catalyst. It is a reusable catalyst and is efficient in the selective hydrogenolysis of 

diaryl ethers, a challenging lignin model compound.  

7.1 Experimental 

The starting materials 4-methyl-2-((trimethylsilyl)amino)pyridine,[27] the Ni complex[28] 

and phenethoxybenzene [13a] were synthesized following reported methods. 

Micro (SiC-micro) and hierarchical (SiC-hier) Ni@SiC materials were fabricated by 

the reaction of PE-326 and PE-550 with polycarbosilane in THF respectively. In a vial 

placed in a Schlenk tube, PE (1 g) was dissolved in THF (8 mL) followed by the 

addition of polycarbosilane (1 g) and Ni complex (0.400 g, 4.79 × 10-4 mole, Ni/Si = 

1/20). The solution was annealed at 80 ˚C for 24 hours during which the solvent 

comes out of the vial into the Schlenk. Finally the solid was slowly cooled to room 

temperature. 

For the synthesis of mesoporous (SiC-meso) materials, polycarbosilane SMP-10 (1 

g) and PE-1739 (1 g) were dissolved in 10 mL of cumene at 150 ˚C. Afterwards, Ni 

complex (0.400 g, 4.91×10-4 mole) solution in 7 mL of cumene was added. The 

mixture was cooled to 140 ˚C and annealed at this temperature for 24 hours. Lastly, 

obtained solid was slowly cooled to room temperature and traces of the solvent were 

removed under vacuum. 

The catalytic selective hydrogenolysis of lignin model compounds was done in Parr 

autoclave under a hydrogen pressure. A glass tube was charged with magnetic bar 

and milled catalyst (particle size: <100 µm) and placed in the reactor which was then 

filled with hydrogen at room temperature. The reactor was heated to respective 

temperature within 20 minutes and stirring was continued at this temperature for 20 

hours. Afterwards, dodecane was added and mixture was extracted with ethylacetate 

(3×2 mL). The conversion and selectivity were determined by GC.  
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For the reusability studies, catalyst was washed with ethanol and water and dried at 

80 ˚C under vacuum. 
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7.3 Supporting data 

7.3.1 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. Deutrated solvents obtained from Cambridge Isotope Laboratories were 

degassed, dried using molecular sieves and distilled prior to use. 2-amino-4-picoline, 

chlorotirmethylsilane, (Sigma-Aldrich), n-butyllithium, dodecane, benzylphenyl ether 

(ACROS Chemicals) and diphenylether (Alfa Aesar) were used as received without 

any further purification. Polycarbosilane (SMP-10) was purchased from Starfire 

Systems, New York, USA. PE-326 (NACOL-22-98, 326 g/mole), and PE-550 (Unilin-

550, 550 g/mole) were received from Sasol Germany GmbH and Baker Hughes, 

respectively. 

7.3.2 Characterization 

BET. The specific surface area measurements were carried out on Quantachrome 

(NOVA 2000 e) surface area and pore size analyzer. The pore width and average 

pore volume was calculated using nonlocal density functional theory (NLDFT, 

adsorption branch) and silica kernel (cylindrical pore geometry) was applied. 

 PXRD. All X-ray powder diffractograms were recorded by using a STOESTADI-P-

diffractometer (CuKα radiation, 1.54178 Å) in θ-2θ -geometry and with a position 

sensitive detector. All powder samples were introduced into glass capillaries (ø = 0.7 

mm, Mark-tubes Hilgenberg No. 10) in a glove box and sealed prior to the 

measurements.   

Solid state NMR. Pyrolyzed samples were characterized by ramped 29Si{1H} cross-

polarization (CP) MAS NMR techniques, recorded on a commercial Avance II 300 

Bruker spectrometer equipped with a standard triple resonance 7-mm MAS probe. 

Thermal analysis. (TGA/DTA) was performed over Thermowaage L81 (Linseis 

Germany). 

TEM. Transmission electron microscopy (TEM) was carried out by using a Varian 

LEO 9220 (200 kV) instrument. The sample was suspended in chloroform and 
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sonicated for 5 min. Subsequently a drop of the suspended sample was placed on a 

grid (Plano S 166–3) and allowed to dry.  

GC. Gas chromatography (GC) analyses were performed by using an Agilent 6890N 

gas chromatograph equipped with a flame ionization detector (FID) and an Agilent 

19091 J-413 FS capillary column using dodecane as internal standard. 

Catalysis. The catalytic selective hydrogenolysis of lignin model compounds was 

done in Parr autoclave under a hydrogen pressure (6 bar). A glass tube containing 

milled catalyst (particle size: <100 µm) was charged with magnetic bar and placed in 

the reactor which was then filled with hydrogen at room temperature. The reactor 

was heated to respective temperature within 20 minutes and stirring was continued at 

this temperature for 20 hours. Afterwards, dodecane was added and mixture was 

extracted with ethylacetate (3×2 mL). The conversions and selectivities were 

determined by GC (Agilent 1100 series) using FID detector.  

For the rusablity studies, catalyst was washed with ethanol and water and dried at 

80°C under vacuum. 

 

 

 

 

Figure S1. Molecular structures of nickel complex and polycarboliane (SMP-10). 
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Table S2. Tabular presentation of samples codes, PE to PCS ratio, molecular weights of different 
PEs, yield of ceramics and corresponding metal loading. 

Entry Sample PE:PCS
[a]

 PE mol wt 

(g/mole) 

Yield
[b]

 

(%) 

Ni loading 

(wt %) 

1 SiC-meso 1:1 1739 54 4.3 

2 SiC-micro 1:1 326 57 4.3 

3 SiC-hier 1:1 550 50 4.3 

[a]PE:PCS stands for polyethylene to polycarbosilane weight ratio. [b] Yield of final materials based on 
total weight of PE and PCS blend. 

 

 

Table S3. Nitrogen physisorption analysis of composite materials showing surface area (micro and 

external), pore volume (micro and total) and average pore diameter. 

 

Entry Sample SBET
[a]

 

(m
2
/g) 

Smicro
[b]

 

(m
2
/g) 

Sext
[b]

 

(m
2
/g) 

Vmicro
[b]

 

(cc/g) 

Vtotal
[c]

 

(cc/g) 

1 SiC-meso
[d]

 450 38 413 0.016 0.332 

2 SiC-micro
[e]

 552 482 69 0.198 0.249 

3 SiC-hier
[f]
 527 326 202 0.147 0.333 

SBET: Surface area, Smicro: Microporous surface area, Sext: External surface area (meso and 
macropores), Vmicro: Microporous volume, Vtotal: Total pore volume, D: Pore diameter.[a] BET 
method,[b] t-plot method, [c] DFT method (NLDFT adsorption branch on silica kernel with cylindrical 
pore geometry). Hydroxy terminated polyethylene (PE) was added in 1:1 weight ratio to 
polycarbosilane (SMP-10), the molecular weights of PE used are [d] 1739, [e] 326 and [f] 550 g/mole. 
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Figure S4. TEM micrographs of mesoprorous Ni@SiC (SiC-meso) with high resolution insets. 
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Figure S5. a) TEM micrographs of microprorous Ni@SiC (SiC-micro), b) hierarchical Ni@SiC (SiC-
hier). The inset show the higher magnification of selected regions with particles. 

 

 

Figure S6. Pore size distribtution of microporous Ni@SiC (SiC-mcro) as calculated from NLDFT 
model applied to N2-adsorption isotherm.  
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Figure S7. a) PXRD pattern of SiC-micro and b) SiC-hier. The asterisk denotes the graphitic carbon 
phase.  

 

Figure S8. a) Solid state 
29

Si MAS NMR of SiC-hier shows characteristic peaks for SiC4 (~ -16 ppm) 
and CSiO3 (-65 ppm) silicon environments. b) FT-IR spectrum of SiC-hier showing peaks typical of 
stretching vibrations of Si-O (960 cm

-1
) and Si-C (760 cm

-1
) bonds. 
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Figure S9. TGA (5 K/min, Ar) of polyethylene (PE) and polycarbosilane in comparison to that of micro, 
meso and hierarchical Ni@SiC materials. PE-micro: polyethylene (326 g/mole); PE-hier: polyethylene 
(550 g/mole); PE-meso: polyethylene (1739 g/mole); PCS: polycarbosilane. 

 

Figure S10. Schemetic presentation of hydrogenolysis of the lignin model compounds with Ni@SiC 
materials in water. Catalysts show chemoselectivity for hydrogenolysis over hydrogenation. 
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Figure S11. a) Effect of the amount of TBAB and b) base on the conversion of phenethoxybeneze 
(PEB). Conditions: 0.5 mmol of ether was mixed with 15 mg of catalyst (SiC-13, 1.17×10 

-5
 mole  Ni) in 

2 mL water at a hydrogen pressure of 6 bar and then stirred (1000 rpm) at 120°C for 20 hours.  

 

Figure S12. Recycling of SiC-hier (15 mg: 1.17×10 
-5

 mole Ni) in successive hydrogenolysis of PEB 
(0.5 mmol) in water (2 mL) at 120°C under 6 bar of hydrogen for 8 hours. Stirring velocity: 1000 rpm 
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To be submitted: 

Palladium nanoparticles (PdNPs) supported on various solid supports find intensive 

applications as recyclable catalysts in organic synthesis and in the production of fine 

chemicals.[1] Among others (PdNPs supported on metal oxides,[2] zeolites,[3] clay,[4]  

MOFs[5] and polymers[6]) palladium supported on activated carbon/charcoal (Pd/C) is 

perhaps the most widely used heterogeneous catalyst. It is used, for instance, in 

hydrogenation,[7] oxidation,[8] coupling (C-C,[9] C-S,[10] C-P[11]), hydrodechlorination 

(HDC)[12] alkylation,[13] cyanation,[14] dehydrogenation,[15] electrocatalysis,[16] organic 

synthesis[17] and more recently in deriving fuels from biomass.[18] The activity of the 

supported catalysts is broadly affected by the factors like the size, shape and the 

dispersion of metal NPs[19] polarity, porosity and size of the pores contained by the 

support, acid-base and redox properties of support and metal-support interactions.[20] 

High surface area allows effective mass transport,[21] while with the decrease in the 

size of metal NPs, altered electron structure plays a part in the enhancement of their 

catalytic activity.[22] Pd/C is very often used as catalyst because of its high surface 

area (> 800 m2/g) exclusively contributed by micropores (< 2 nm in diameter),[23] the 

stability at higher temperatures and under harsh chemical environment,[24] as well as 

the rather low cost of the support. Nevertheless, leaching of PdNPs from supported 

carbon catalysts cannot be avoided because of the lack of metal-support interaction 

necessary to anchor NPs.[25] Another challenge is the stabilization of very small NPs 

on carbon support, in particular when the metal loading is high due to the tendency of 
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NPs towards agglomeration.[26] Furthermore, carbon support is simply burnt off in the 

presence of oxygen at higher temperatures which makes them unfit for the high 

temperature oxidation catalysis[27] and restricts catalyst recycling. Recently we have 

successfully used metal organic frameworks (MOFs) for the stabilization of very small 

palladium particles[28] but MOFs are limited only to low temperature catalytic 

transformations. On the other hand, polymer derived M@SiCN catalysts possess 

high thermal stability, oxidation resistance and can withstand harsh chemical 

environment.[29] Unfortunately, these catalysts are highly dense nano-composite 

materials possessing very low surface area. Moreover, during polymer to ceramic 

transformations at 1100°C, the alloying of noble metals (for instance Pd) with silicon 

leads to the formation of metal silicides.[30] By performing the controlled pyrolysis of 

metal modified silazane polymer in the presence of Ni, others and we recently 

managed to get microporous materials at lower temperatures.[31] Unfortunately, this 

material is rather sensitive to hydrolysis and was found to be more like a highly 

cross-linked silazane polymer than a robust SiCN material.  

By fine tuning of the pyrolysis we managed (here) to synthesize nanoporous SiCN 

materials with small and highly dispersed palladium NPs. The size of the NPs 

remained small (~2.5 nm) even with a palladium loading as high as 14 wt%. In 

comparison to the commercial Pd/C (10 wt%), the SiCN-support can resist oxidation. 

Moreover, the materials can be nicely dispersed in water and therefore can be used 

as potential catalysts for green oxidation of substances. 

The oxidation of alcohols to carbonyl compounds is a fundamental transformation in 

synthetic organic chemistry and allows the synthesis of a wide variety of compounds. 

Tremendous efforts have been devoted to the design of catalysts that can oxidize 

aliphatic, cyclic and aromatic alcohols to their corresponding carbonyl counterparts 

under mild and environmentally benign conditions.[32] The dehydrogenative oxidation 

of alcohols is interesting in particular in the sense that it avoids the use of hazardous 

oxidizing agents and the liberated hydrogen can be used as a green source of 

energy. Homogeneous catalysts in this regard provide high activity and selectivity 

under mild reaction conditions but are active mostly in basic conditions.[33] 

Heterogeneous catalysts (Ag[34a-b] Au[34c], Cu[34d-e] Co[34f], Ni[34g], Pt[34h]) on the other 

hand offer an ease of separation and reusability but are rather less active and require 
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organic solvents and high reaction temperatures (˃100°C). Here we report on a 

nanoporous Pd catalyst which can efficiently dehydrogenate alcohols at near ambient 

conditions without the use of a base in a green solvent (water). To the best of our 

knowledge there are no reports on the base free acceptorless dehydrogenation of 

alcohols at near ambient conditions using heterogeneous catalysts. The base free 

dehydrogenation of alcohols is advantageous in the sense that it avoids the formation 

of unwanted side products via condensation reactions. 

Nanoporous Pd@SiCN materials were synthesized by the pyrolysis of palladium 

modified polysilazane (HTT 1800) under argon atmosphere at 700°C (Fig. 1). An 

amido palladium complex, upon its reaction with HTT 1800, initiates the cross-linking 

of the polymer along with the transfer of palladium to its nitrogen functions providing 

a metallopolymer. The loading of palladium was adjusted in terms of palladium to 

silicon ratio and ranged from 1/10, 1/40 and 1/100 (Table S1, supporting data (SI)). 

The emission of gases (ammonia and hydrocarbons) during pyrolysis generates 

micropores within the materials which can be retained even up to 700°C via con- 

 

Figure 1. Synthesis of nanoporous SiCN materials containing Pd NPs via the pyrolysis of palladium 
modified polysilazane. 
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-trolled pyrolysis of the metallopolymer. Slow heating rates (1K/min) and long 

dwelling times (4 hours each at 200, 300, 400, 500 and 600°C) were used to avoid 

pore collapse due to the rapid escape of gases. FT-IR analysis of the final materials 

showed broad bands in 1200-700 cm-1 range corresponding to Si-C and Si-N bonds 

of SiCN network (Fig. S2, SI). The microstructure of the Pd-10 (14 wt% Pd) as 

investigated by TEM, shows homogeneous distribution of palladium particles all over 

the surface (Fig. 2a-b) with an average size of ~2.5 nm (Fig. 2c). Despite of high 

metal loading and longer holding time during pyrolysis, synthesis of small sized Pd  

 

Figure 2. a-b) Pd-10 material as investigated by TEM, (b) Particle size distribution, d) PXRD and e) 
N2-adsorption isotherm and f) pore size distribution calculated by NLDFT method. 
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NPs was achieved. The formation of very small PdNPs can be explained in terms of 

coordinative saturation of the isolated metal ions during the cross-linking and 

pyrolysis steps. Nitrogen functions of the polysilazane covalently bond with the 

palladium ions which upon their reduction to elemental PdNPs, are capped by the 

nitrogen functions of the SiCN network which would have avoided their possible 

agglomeration during heating. The presence of palladium was confirmed by PXRD 

which shows a broad reflection at 40.4° corresponding to (111) plane of cubic 

palladium (ICDD PDF Card No. 00-001-1201) (Fig. 2d). N2-adsorption studies 

showed that materials possess porosity with an apparent surface area of 290 m2/g. 

Typical type-I adsorption isotherm is indicative of the existence of micropores with an 

average size of 1.4 nm as calculated by NLDFT method (see Fig. 2e-f).  

When the loading of palladium was decreased, the size of the particles increased 

(see Fig.S3, supporting data) from 2.0 nm (Pd-10) to 2.5 nm (Pd-40) and 3.5 nm (Pd-

100). Whereas the pore width decreases with increasing palladium content (see Fig. 

S3, SI and table 1), apparent surface area however increases (Table 1) which shows 

the role the palladium content in the retention of the porosity. The palladium content 

would increase the formation of sp2 carbon which would provide mechanical strength 

to material so that they resist the pore rapture during rapid gaseous emissions.  

Table 1. Nitrogen adsorption analysis of Pd@SiCN materials. 

Entry Material SBET
[a]

 (m
2
/g) Pore volume

[b]
 (cc/g) Pore width 

[b]
 (nm) 

1 Pd-10 290 0.244 1.4 

2 Pd-40 158 0.088 2.0 

3 Pd-100 70 0.056 2.1 

[a] Apparent surface area calculated by BET method [b] pore volume and pore size distribution was 
calculated by NLDFT (adsorption branch) on silica kernel with cylinderical pore geometry. 

Metal dispersion (active metal sites on surface) was determined by pulse titration 

analysis using hydrogen as titration gas. As compared to the fresh sample, metal 

dispersion increased from 0.25% to 22% when catalyst was activated at 90°C for 24 

hours in a basic methanol-water mixture. In comparison to commercial Pd/C (10 wt% 

Pd), Pd-10 material (14 wt% Pd) showed higher metal surface area (14 m2/g), higher 
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accessibility of surface palladium (22%) and smaller crystallite size (~2.5 nm) as 

calculated by hydrogen pulse titration (see Table S4, SI).   

The catalytic activity of Pd-10 material was tested in dehydrogenation of 1-phenyl-1-

propanol (PP). The conversion increased with temperature from 14% at room 

temperature to 99% at 90°C (Entries 1-4, Table 2). Amount of water seemed to play 

a vital role in the dehydrogenative oxidation of alcohols as very low conversions were 

observed in the absence of it (Entry 5). The optimum conversion was obtained by the 

use of 1 mL of water (Entry 7) and it decreased with further dilution of substrate with 

water (Entries 8-9).  

Table 2. Optimization of reaction conditions in the oxidant free dehydrogenation of 1-phenyl-1-
propanol in water. 

OH O

 

Entry Temperature (°C) Water (mL) Conversion (%) Yield (%) 

1 RT 5 14 99 

2 50 5 62 91 

3 70 5 99 96 

4 90 5 99 92 

5 50 - 9 99 

6 50 0.5 74 98 

7 50 1 85 98 

8 50 3 68 97 

9 50 5 62 91 

Conditions: 1-phenyl-1-propanol (1mmol), Pd-10 (20 mg, 26 µmol Pd), stirring speed (1100 rpm), 
reaction time (20 hours), argon atmosphere. Conversion and yield of the ketonic product were 
calculated by GC using dodecane as standard. 

The conditions optimized for the dehydrogenation of PP were extended to other 

alcohols (see Table 3). It was found that under the experimental conditions a variety 
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of alcohols including artomatic (Entries 1-3) and cyclic (Entries 4-5) ones can be 

dehydrogenated to their corresponding carbonyl compounds with high selectivity.  

Table 3. Acceptor free dehydrogenation of alcohols in water catalyzed by Pd@SiCN at 50 °C. 

R1 R2

OH

R1 R2

O
H2

 

Entry Substrate  Conversion (%) Yield (%) 

1 OH

 

99 97 

2 OH

 

95 90 

3 OH

 

99 98 

4 OH

 

56 

98* 

97 

97 

5 OH

 

66 

97* 

96 

96 

Conditions: Substrate (0.5 mmol), Pd-10 (20 mg, 26 µmol Pd), stirring speed (1100 rpm), water (1 
mL), reaction time (20 hours), argon atmosphere. Conversion and yield of the ketonic product were 
calculated by GC using dodecane as standard.*90°C. 

In summary we have successfully developed highly robust nanoporous SiCN 

materials with integrated PdNPs by the pyrolysis of a Pd modified polysilzane. 

Controlled pyrolysis plays a vital role both in the generation of porosity as well in the 

stabilization of small Pd NPs. Despite of the high metal loading (14 wt% Pd) the 

agglomeration of NPs was avoided due to the stabilization effect of the nitrogen 

functions of SiCN network. The materials were found efficient catalysts in 

acceptorless and oxidant free dehydrogenation of alcohols to the carbonyl 

compounds in a green solvent with high selectivity at near ambient conditions. 
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8.2 Supporting data 

8.2.1 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. 

2-amino-4-picoline, chlorotirmethylsilane, (Sigma-aldrich), n-butyllithium, and 

dodecane were used as received without any further purification. Polysilazane (HTT 

1800) was provided by Clariant GmbH, Germany. Dichloro(1,5-cyclooctadine) 

palladium (II) was synthesized from palladium (II) chloride (Alfa Aesar) by a reported 

method.[1] The starting material 4-methyl-2-((trimethylsilyl)amino)pyridine[2] and 

palladium complex (I)[3] were prepared as reported. 

8.2.2 Characterization 

BET. The specific surface area measurements were performed on Quantachrome 

(NOVA 2000 e) surface area and pore size analyzer. The pore width and average 

pore volume was calculated using non localized density functional theory (NLDFT, 

adsorption branch) and silica kernel (cylindrical pore geometry) was applied. 

Pulse titration analysis. Pulse titration of the material with hydrogen was performed 

over ChemBET Pulsar TPR/TPD (Quantachrome). 100 mg of the materials was first 

heated at 300°C for 4 under helium stream. A known volume of hydrogen (74 µl) was 

injected via a precalibrated injection loop and amount of hydrogen chemisorbed by 

the material was calculated by TCD. Metal surface area, average crystallite size and 

metal dispersion were calculated by the software provided with the instrument.  

 PXRD. All X-ray powder diffractograms were recorded by using a STOESTADI-P-

diffractometer (CuKα radiation, 1.54178 Å) in θ-2θ -geometry and with a position 

sensitive detector. All powder samples were introduced into glass capillaries (ø = 0.7 

mm, Mark-tubes Hilgenberg No. 10) in a glove box and sealed prior to the 

measurements.   

Elemental analysis. The samples were digested with HF followed by their analysis 

with inductively coupled plasma optical emission spectrometry (ICP-OES) using a 

Varian, Vista-Pro radial. 
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TEM. 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 166–3) and allowed to dry.  

GC. Gas chromatography (GC) analyses were performed by using an Agilent 6890N 

gas chromatograph equipped with a flame ionization detector (FID) and an Agilent 

19091 J-413 FS capillary column using dodecane as internal standard. 

Catalysis. Dehydrogenation of alcohols was performed under argon in a Schlenk 

tube. The catalyst was weighed in a prebacked Schlenk tube followed by the removal 

or air by argon-vaccum cycle. Finally, water and alcohol were added via a septum 

and tube was agitated in a preheated oil bath. Afterwards, the mixture was extracted 

with diethylether (6 mL) and products were quantified by GC (Agilent 1100 series) 

using dodecane as standard.  

 

Table S1. Table shows the sample IDs, amount of palladium complex reacted with polysilazane, yield 
of materials at 700°C and amount of palladium contained by the materials. 

Entry Material HTT 1800 
(g) 

Pd complex 
(g) 

Pd/Si Yield (%) Pd loading (wt %) 
  theoretical Actual 

1 Pd-10 3.218 2.325 1/10 62 14.1 14.0 
2 Pd-40 3.218 0.581 1/40 73 4.7 4.0 
3 Pd-100 3.218 0.232 1/100 79 1.9 1.8 

 

 

Figure S2. FT-IR spectra of Pd@SiCN materials showing broad bands assigned to Si-C and Si-N 
bonds. A very weak peak at 1250 cm

-1
 shows the existence of Si-CH3 groups. 
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Figure S3. a-c) TEM micrographs, particle size and pore size distribution of Pd-40 and d-f) Pd-100. 

Table S4. Metal surface area, average crystallite size and dispersion of palladium at surface calcuated 
by hydrogen pulse titration. 

Entry Material Smetal
[a]

 (m
2
/g) Crystallite size (nm) Metal dispersion (%) 

1 Pd-10 14 1.6 22 

2 Pd/C 9 3.3 20 

[a] Metal surface area 

8.2.3 References 

[1] J. Wiedermann, K. Mereiter, K. Kirchner, J. Mol. Catal. A: Chem. 2006, 257, 

67-72. 

[2] R. Kempe, P. Arndt,  Inorg. Chem. 1996, 35, 2644-2649. 

[3] A. Spannenberg, P. Arndt, R. Kempe, Angew. Chem. Int. Ed. 1998, 37, 832-

835. 
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