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Abstract 

 

Preceramic polymers are Si-based organic-inorganic materials that can be converted 

under inert atmospheres in hybrid ceramics with adjustable characteristics and interesting 

physicochemical properties. In this work, Ni-containing hybrid ceramics were prepared 

by pyrolytic conversion of polysiloxanes (with either methyl or methyl-phenyl groups) 

combined with nickel salt in order to evaluate their applicability in the hydrogenation of 

CO2 toward the production of CH4 (CO2 methanation). Bis(trimethoxysilylpropylamine) 

(BisA), an amino-siloxane was used as complexing agent in order to homogeneously 

disperse the metal nanoparticles through the Si matrix. Materials with tailorable 

characteristics were generated by varying the pyrolysis temperature from 400 to 600℃, 

leading to the formation of porous materials in a hybrid state where the polymer is just 

partly converted to ceramic, so-called ceramer. The materials were characterized by 

thermogravimetric analysis (TGA), Fourier-transform infrared spectroscopy (FTIR), N2 

adsorption-desorption isotherms (BET-BJH), water and n-heptane adsorption, X-ray 

diffraction (XRD), scanning and transmission electron microscopy (SEM-TEM). CO2 

methanation tests were performed between 200 – 400℃ at atmospheric pressure. In-situ 

X-ray diffraction analysis (in-situ XRD) was used to evaluate the Ni particle structure and 

size during a simulated CO2 methanation reaction. Porous ceramers with high specific 

surface areas (100-550 m2 g-1), hydrophobic or hydrophilic surfaces and different Ni 

particle sizes (4-7 nm) were obtained by varying the pyrolysis temperature and 

polysiloxane composition. The addition of the complexing agent (BisA) not only 

permitted a good dispersion of the Ni nanoparticles but also enabled the formation of 

hierarchical porosity with micro-, meso- and macropores. Regarding the catalytic 

performance, ceramers prepared from methyl polysiloxane exhibited a more hydrophobic 

surface and, thus, improved catalytic performance compared to the ones preparade from 

methyl-phenyl polysiloxane. A negative effect on the catalytic performance of ceramers 

was observed with increasing pyrolysis temperatures, which led to an increase in the Ni 

particle size (from 4 to 7 nm), and consequently, lower levels of conversion and 

selectivity. The ceramers pyrolyzed at 400℃ exhibited the best catalytic performance, 

showing selectivity up to ~77% and good stability over a 10 h reaction, during which the 

Ni particle size was preserved. Therefore, Ni-containing hybrid ceramics are promising 

materials for catalytic applications as the CO2 methanation, presenting high and stable 

activity.  

 

Keywords: Hybrid ceramics, polysiloxane, polymer-derived ceramic, complexing 

agent, nickel catalyst, CO2 methanation 

 



 
 

Resumo 

 

Polímeros pré-cerâmicos são materiais orgânico-inorgânicos à base de Si que podem ser 

convertidos sob atmosferas inertes em cerâmicas híbridas com características ajustáveis 

e propriedades físico-químicas interessantes. Neste trabalho, cerâmicas híbridas contendo 

Ni foram preparadas através da pirólise de polissiloxanos (com grupos metil ou metil-

fenil) combinados com sal de níquel a fim de avaliar a aplicabilidade desses materiais 

para a produção de CH4 via hidrogenação do CO2 (metanação do CO2). 

Bis(trimetoxisililpropilamina) (BisA), um amino-siloxano foi utilizado como agente 

complexante para dispersar homogeneamente as nanopartículas metálicas através da 

matriz de Si. Materiais com características específicas foram sintetizados variando-se a 

temperatura de pirólise entre 400 a 600℃, levando à formação de materiais porosos em 

um estado híbrido onde o polímero é apenas parcialmente convertido em cerâmica, 

conhecido por ceramer. Os materiais foram caracterizados por análise termogravimétrica 

(TGA), espectroscopia de infravermelho com transformada de Fourier (FTIR), isotermas 

de adsorção-dessorção de N2 (BET-BJH), adsorção de água e n-heptano, difração de 

raios-X (DRX) e por microscopia eletrônica de varredura e transmissão (MEV-MET). 

Testes catalíticos de metanação foram realizados entre 200 - 400℃ à pressão atmosférica. 

A análise de difração de raios-X in-situ (DRX in-situ) foi utilizada para avaliar a estrutura 

e o tamanho das partículas de Ni durante uma reação de metanação simulada. Materiais 

porosos com altas áreas superficiais (100-550 m2 g-1), superfícies hidrofóbicas ou 

hidrofílicas e diferentes tamanhos de partículas de Ni (4-7 nm) foram obtidos variando-

se a temperatura de pirólise e a composição do polissiloxano. A adição do agente 

complexante (BisA) não só permitiu uma boa dispersão das nanopartículas de Ni como 

também possibilitou a formação de uma porosidade hierárquica com micro-, meso- e 

macroporos. Em relação ao desempenho catalítico, ceramers preparados a partir de 

polissiloxanos contendo grupos metil exibiram superfícies mais hidrofóbicas e, assim, 

melhor desempenho catalítico em comparação àqueles preparados a partir de 

polissiloxanos contendo grupos metil-fenil. Um efeito negativo no desempenho catalítico 

dos ceramers foi observado com o aumento da temperatura de pirólise, o que levou a um 

aumento no tamanho das partículas de Ni (de 4 para 7 nm) e, consequentemente, menores 

níveis de conversão e seletividade. Ceramers pirolisados a 400ºC apresentaram melhor 

performance catalítica, com seletividade de até ~ 77% e boa estabilidade por 10 h, 

mantendo o tamanho das partículas de Ni estável. Portanto, cerâmicas híbridas contendo 

Ni são materiais promissores para aplicações catalíticas como a metanção do CO2, 

apresentando alta atividade e estabilidade. 

 

Palavras-chave: Cerâmica híbrida, polissiloxano, cerâmica derivada de polímero, agente 

complexante, catalisador de níquel, metanação do CO2 
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1- INTRODUCTION 

 

Over the past century, growing human demands and the dependence on fossil fuels 

to produce energy have changed the global energetic scenario and induced environmental 

issues by the emission of greenhouse gases (GHG) into the atmosphere. Carbon dioxide 

(CO2) has potentially contributed to this scenario of global warming and climate changes 

corresponding for proximally 78% of the total GHG emissions in the last decades [1]. 

Recent studies estimate that global temperature might increase by more than 2°C by the 

year 2050 and more than 4°C by 2100 if no firm global action is taken against climate 

change. In order to overcome this issue, GHG emissions must be reduced by at least 50% 

by 2050 [2]. Hence, there has been increasing efforts from countries and scientists to limit 

the emissions and develop more efficient systems for CO2 utilization. 

In principle, three strategies for reducing the CO2 concentrations are possible: (i) 

control of the CO2 emissions, (ii) CO2 capture and storage, and (iii) chemical conversion 

and utilization of CO2. The first approach is based on the intensive use of renewable 

energy sources such as wind or solar, and on energy efficient improvements. Carbon 

capture and storage is a relatively well-established process for cutting CO2 emissions 

quickly but has an issue of potential leakage of CO2. Yet the utilization of CO2 as an 

economical, safe, and renewable carbon source, arise as an attractive strategy for 

producing chemicals while reducing the emissions [2, 3]. Hydrogenation of CO2 to value-

added products is one of the most intensively investigated areas of CO2 conversion. 

Catalytic hydrogenation of CO2 to methane, also called Sabatier reaction (CO2 + 

4H2 → CH4 + 2H2O, ∆H0 = −164 kJ mol-1) has attracted attention over the last decades 

by converting a greenhouse gas such CO2 into a valuable-added gas (CH4), that can be 

used as a fuel or raw material for the production of other chemicals [4]. Noble (Rh, Ru, 

and Pd) and transition (Ni, Fe, and Co) metal-based catalysts are the most investigated 

catalysts for the CO2 methanation. Nobel metals are known to be very active at low 

temperatures, however, Ni-based catalysts are most commonly employed and promising 

for industrial applications, owing to the low-cost, abundance and high activity [5]. 

Developing highly active and stable catalysts is a great challenge in current catalysis. The 

support plays an important role in the performance of a heterogeneous catalyst due to the 

metal-support or reactant-support interactions, and adsorption capability [6]. Supports 

with high specific surface area are desired to improve the dispersion of the active phase 
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and to facilitate internal mass transfer. Moreover, the preparation methodology has a 

significant effect on the catalytic performance, influencing the dispersion of the active 

metal as well as the metal-support interaction [7]. It is important to ensure highly 

dispersed and easily accessible nanoparticles in order to improve the utilization of the 

metal catalyst. Furthermore, especially in reactions where water is formed as a product, a 

hydrophobic support is favorable to avoid the hindrance of the further catalytic reaction 

as observed in the CO2 methanation [8]. 

A relatively new concept is the application of metal-containing polymer-derived 

ceramics (PDCs) for heterogeneous catalytic reactions. In general, PDCs were proposed 

over 40 years ago for the production of Si-based advanced materials. The conversion 

process of polymers precursors such as polysiloxanes, polycarbosilanes or polysilazanes 

into ceramic enabled significant technological breakthroughs in ceramic science, offering 

many advantages in terms of high thermal and chemical stability, outstanding oxidation 

and corrosion resistance, low density, high permeability, high thermal shock resistance 

and good mechanical strength [9]. Therefore, they have been used in many applications 

such as for sensors [10], adsorbents [11], anodes [12], coatings [13] and membranes [14].  

The pyrolytic conversion of polymeric precursors under inert atmospheres at 

temperatures of 400-1500°C is a versatile processing route as compared to the much more 

energy consuming traditional ceramic routes. Pyrolysis up to 1000°C leads to the 

formation of amorphous materials, whereas pyrolysis at higher temperatures can generate 

crystalline materials. [15]. The pyrolytic conversion can be used to adjust the ceramic 

characteristics, resulting in interesting physicochemical properties. Pyrolysis at lower 

temperatures (400-800°C) leads to incomplete polymer-to-ceramic conversion, resulting 

in highly porous hybrid ceramics, so-called ceramers, that presents properties related to 

both ceramic and polymeric characteristics [16]. Furthermore, the properties and 

characteristics of the PDCs can also be tailored by the introduction of fillers or precursors 

with different compositions. 

In order to add a catalytic function to the PDCs, metal nanoparticles can be 

incorporated or in-situ generated, leading to catalytically active ceramics. One advantage 

of the PDC route, in comparison to the conventional preparation methods, is the in-situ 

reduction of the metal during the pyrolysis [17], by which the formation of hardly 

reducible mixed oxides can be avoided. With manufacturing of porous hybrid materials 

containing in-situ generated metallic nanoparticles, some enhanced properties are to be 

expected. For instance, the long-term stability should be increased due to a better 
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dispersion of the particles and stronger particle-matrix interaction that avoids extensive 

sintering of the metal particles. At the same time, the adjusted porosity should provide a 

good accessibility of the catalyst particles and facilitate the mass transfer, leading to an 

increased selectivity towards the desired product. Moreover, specific modification of the 

surfaces by changing the chemical nature of the precursor and thereby the hydrophobicity 

behavior of the surface may influence the interaction with gas reagent and products 

formed, avoiding block of the pores.  

Therefore, metal-containing PDCs have been applied in many different reactions 

such as CO oxidation, Fischer-Tropsch, hydrogenation of acetylenes, etc [18-20].  

Specifically, Ni-containing PDC has been investigated for the CO2 methanation [19], 

however, catalytic measurements were only performed with microporous cerames which 

may present a mass transport limitation due to their microporosity. Besides, investigations 

were based on only one type of polysiloxane precursor. 

Thus, the present work aims at the preparation of porous Ni-containing hybrid 

ceramics derived from polysiloxanes and their applicability for use as catalyst in the CO2 

methanation reaction. The effect of the pyrolysis temperature and precursor composition 

on the material properties and catalytic activity is investigated. The purpose was to adjust 

the properties of the ceramers, resulting in improved characteristics such as high specific 

surface area with micro- and mesopores, enhanced hydrophobicity behavior of the surface 

and homogeneous dispersion of the metal particles in the polysiloxane matrix. In order to 

achieve these aims, the following specific objectives were defined: 

 

1. Synthesis of hybrid ceramics from different polysiloxanes precursors in order to 

modify the surface chemical behavior (hydrophobicity/hydrophilicity) by varying 

the organic side groups (methyl or methyl/phenyl groups); 

2. Addition of an amine-containing siloxane, bistrimethoxysilylpropylamine (BisA), 

in order to homogenously distribute the metal particles through the silicon matrix 

by complexing the metal ions and anchoring them to the polysiloxane. BisA was 

selected since it can also induce the formation of mesoporous when combined 

with preceramic polymers; 

3. Investigation of the influence of the pyrolysis temperature (400, 500, 600°C) on 

the structural, chemical and catalytic properties. This range of temperature is 

known to favor the development of high specific surface areas; 
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4. Characterization of the materials by thermogravimetric analysis (TGA), Fourier-

transform infrared spectroscopy (FTIR), N2 adsorption-desorption isotherms 

(BET-BJH), water and n-heptane adsorption, X-ray diffraction (XRD), scanning 

and transmission electron microscopy (SEM, TEM) and in-situ X-ray diffraction 

(in-situ XRD); 

5. Catalytic and stability tests for CO2 methanation (200– 400°C). 
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2. CO2 Conversion 

 

Transformation and utilization of carbon dioxide is considered as a promising 

pathway to reduce CO2 environmental impact (greenhouse gas effect) and generate 

valuable chemicals as raw materials or energy rich compounds, that are not derived from 

fossil sources. The hydrogenation of CO2 has gained attention as an attractive route due 

to the range of products that can be obtained. The present section comprehensively 

discusses some important aspects concerning the hydrogenation of CO2 toward CH4. 

Reaction mechanisms, effects of catalyst and deactivation issues are presented. 

 

2.1 CO2 Hydrogenation  

 

The present technologies for utilization of carbon dioxide have emerged as a 

suitable pathway to reduce CO2 emissions by developing advantageous uses of this GHG. 

The prospect to employ CO2 as a feedstock for synthetic applications in chemical and fuel 

industries is a current challenge that has received great attention. The conversion of CO2 

into valuable compounds, for instance, is of great interest to space agencies like NASA 

(National Aeronautics and Space Administration) due to the possibility of using CO2 

present in the atmosphere of Mars to produce CH4 and H2O (through CO2 methanation 

reaction) for fuel and astronaut life-support systems [21]. Moreover, the German car 

manufacturer Audi, reported the development of the “fuel of future” using catalytic 

chemical conversion of CO₂ into synthetic “e-diesel”, which is currently in the midst of 

demonstration for high scale production [22]. 

The major concern in the chemical transformation of CO2 lies in the energy 

limitation to overcome the great thermodynamic stability of this gas and its low chemical 

reactivity due to the strong double bond between carbon and oxygen atoms (C=O=C) 

[23]. In general, CO2 conversion reactions into other C1 chemicals such as carbon 

monoxide, formic acid, formaldehyde, dimethyl ether, methanol and methane, commonly 

require a considerable amount of external energy. A commonly alternative to lower the 

energy demand in such reactions is by adding a substance with relatively higher Gibbs 

energy, such as hydrogen (H2), making the CO2 conversion more favorable 

thermodynamically. In addition, the use of an effective catalyst is necessary for further 

lowering the energy barrier and increasing the conversion levels [23]. 
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Hence, catalytic conversion of CO2 using H2 is considered as a potential approach 

for the production of varied chemicals. Indeed, several routes are currently available and 

make use of catalytic hydrogenation reactions for converting the CO2 [24]. The main 

products of CO2 hydrogenation can fall into two categories -fuels and chemicals - as 

depicted in Fig. 2.1. Methanol, dimethyl ether and hydrocarbons, for example, are 

excellent fuels in internal combustion engines and are easy to store and transport. Besides, 

methanol and formic acid are raw materials and intermediates for many chemical 

industries [3].  

The range of products obtained from hydrogenation reactions is associated with 

the properties of the catalyst and the process conditions. Particularly, Ni and nobel-based 

catalysts were found to be very selective to CH4 production over a H2/CO2 ratio of 4:1. 

By employing Cu-based catalysts, instead, and H2/CO2 ratio of 3:1 methanol is mainly 

produced. Co-based catalysts, however, are most popular for reducing CO2 to CO through 

Water Gas Shift Reaction (WGSR) [25]. 

 

 

 

 

Fig 2.1: Conversion of CO2 to chemicals and fuels through hydrogenation. Adapted 

from [2]. 
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2.1.1 CO2 Hydrogenation to Methane (CO2 Methanation) 

 

Methanation was first reported by the French chemist Paul Sabatier in 1902 who 

proposed the conversion of CO2 and CO with hydrogen to form methane (CH4) and water 

using metal-based catalysts (equation 2.1 and 2.2)  [6].  

 

 

CO2 + 4H2 → CH4 + 2H2O, ∆H0 = −164 kJ mol-1                                                                                          (2.1) 

 

CO + 3H2 → CH4 + H2O, ∆H0 = −206.1 kJ mol-1                                                                                   (2.2)        

 

The methane produced from this process presents several advantages over other 

chemicals because it can be used directly as a fuel (Synthetic Natural Gas - SGN), as raw 

material for the production of other chemicals or can be stored in tanks and, when needed, 

used for heat or electricity production. In addition, methanation reaction happens under 

atmospheric pressure and at relatively low temperatures [26]. 

Based on the so-called “power-to-gas” (PTG) technology, CO2 captured from 

biomass, industries or other carbon-containing resources can be converted with hydrogen 

(obtained from renewable sources as water electrolysis) into methane, establishing then a 

renewable and sustainable cycle [27]. Fig. 2.2 shows an overview of the PTG process. 

This technology is a particularly promising system solution, which supports the 

integration of renewable energies and also contributes to reducing the emissions of GHG. 

Since 2009, projects have been conducted in Europe, mainly in Germany, involving the 

production of methane from CO2 at commercial scale or pilot plant with capacity ranging 

from 25 kW to 6300 kW [28]. One important challenge in the search for efficient 

hydrogenation processes is the hydrogen source. In order to be considered a sustainable 

process, H2 must come from non-fossil sources. Possible alternatives are water 

electrolysis to produce H2 using electricity generated by solar, wind or other renewable 

energy, and water splitting using photocatalytic, photoelectrochemical or other 

photochemical processes [29].  
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Fig. 2.2: Schematic illustration of the “Power-to-Gas” process. Adapted from [2]. 

 

 
 

 

The hydrogenation of CO2 to methane (CO2 methanation) is thermodynamic 

favorable and considerably faster than other reactions which form hydrocarbons or 

alcohols [26]. However, during methanation, some side-reactions may occur which 

affects the purity of the CH4 produced. Table 2.1 lists the main possible reactions involved 

in the methanation process. Besides reaction R2, carbon monoxide methanation reaction 

can also occur at lower H2/CO ratio (R3). The Boudouard reaction (R4) is of great 

importance since carbon on the catalyst surface is considered as a necessary intermediate 

during the methanation reaction. In addition, water plays an important role through the 

water–gas shift reaction (R5), which would modify the surface and catalytic chemistry of 

methanation catalysts. Among these reactions, it has to be noticed that R1, R2, and R4 

can be regarded as three independent reactions. The other reactions can be described as a 

linear combination of these three reactions [30].  
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Table 2.1: Main reactions involved in methanation of carbon oxides. Adapted from [6]. 

 

 Reação ∆H298 K (kJ mol-1) ∆G298 K (kJ mol-1) 

R1 CO2 + 4H2 ↔ CH4 + 2H2O - 164.0 - 113.2 

R2 CO + 3H2 ↔ CH4 + H2O - 206.1 - 141.9 

R3 2CO + 2H2 ↔ CH4 + CO2 - 247.3 - 170.4 

R4 2CO ↔ C + CO2 - 172.4 - 119.7 

R5 CO + H2O ↔ CO2 + H2 - 41.2 - 28.6 

R6 2H2 + C ↔ CH4 - 74.8 - 50.7 

R7 CO + H2 ↔ C + H2O - 131.3 - 91.1 

R8 CO2 + 2H2 ↔ C + 2H2O - 90.1 - 62.5 

 

 

The equilibrium constants of the eight reactions involved in the methanation are 

depicted in Fig 2.3 (a) at different temperatures. It can be seen that all the reactions are 

favorable at low temperatures (<400°C) due to their exothermic characteristics. 

Additionally, the product composition distributions are presented in Fig 2.3 (b) and show 

high equilibrium conversions up to temperatures of 400°C, where methane and water are 

the main products at low temperatures (200–250°C). Raising the reaction temperature 

above 450°C results in the increase of the carbon monoxide by-product, due to the reverse 

water–gas shift reaction, and meanwhile, unreacted carbon dioxide and hydrogen also 

increase, along with a decrease in the methane yield [30].  
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Fig 2.3: (a) equilibrium constants (K) of the reactions involved in the methanation 

process, and (b) product compositions for CO2 methanation at equilibrium (0.1 MPa). 

Adapted from [6]. 

 

 

Two different mechanisms are proposed for the CO2 methanation. The first one 

involves the dissociation of CO2 to CO prior to methanation, and in the subsequent 

reaction, CO is converted to CH4 by reacting with H2. The second one does not involve 

the formation of CO as intermediate steps and direct hydrogenation of CO2 to CH4 takes 

place [31]. 

The proposed first path is further suggested to be completed by two different 

mechanisms. The first mechanism involves the associative adsorption of CO2 and H2 

followed by the formation of formiate (CHOO−) species as intermediate, where these 

species are decomposed in CO. The second mechanism suggests the dissociation of CO2 

into CO and O adsorbed species without the formation of formiate [32]. In both 

mechanisms, the intermediate formed is the adsorbed CO, the only difference is the way 

in which this intermediate is formed. Most researchers believe that CO2 methanation 

follows the model involving a CO intermediate without the formation of formiate.  

In general, it can be concluded that CO2 methanation is an exothermic and 

thermodynamically favorable reaction; however, owing to its high stability, the reduction 

of the fully oxidized carbon to CH4 has significant kinetic limitations that require a 

substantial energy input, catalysts with high stability and activity, and optimized reaction 

conditions [33]. 
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2.1.2 Heterogeneous Catalysts for CO2 Methanation 

 

A fundamental aspect of the efficiency of the methanation process is related to the 

catalyst itself, which strongly influences conversion, selectivity and deactivation process. 

Hydrogenation of CO2 toward methane has been investigated using a number of catalytic 

systems based on noble metals such as Pt, Pd, Ru and Rh or transition metals as Ni, Co 

and Fe [34-37]. Noble metals such as Pd, Pt, Ru, and Rh are known to give better activity 

and selectivity as a catalyst, however, the low availability and high price of these metals 

have restricted their uses. Nickel-based catalysts are most commonly employed for CO2 

methanation and promising for industrial applications, owing to the low-cost, abundance 

and high activity [38].  

The addition of a second metal on the surface of monometallic catalysts drastically 

change the electronic, physical and chemical properties of the materials. Ren et al. [39] 

prepared Ni/ZrO2 catalysts with the addition of a second metal (Fe, Co or Cu) by 

impregnation. They concluded that Fe could efficiently enhance the catalytic activity of 

Ni/ZrO2 in CO2 methanation at low temperatures (240°C). The addition of Fe (optimal 

amount of 3 wt.%) not only improved the dispersion and degree of reduction of Ni but 

also enhanced the partial reduction of zirconia.  

The support plays an important role in the performance of a heterogeneous 

catalyst, with the major role to disperse the active component. Porous materials are often 

used as support in order to achieve a larger surface area and thus improve metal 

dispersion, as well as to facilitate internal mass transfer. Commonly, oxides as SiO2, 

Al2O3, CeO2 or zeolites have been extensively studied for the preparation of well-

dispersed catalysts [40]. The support usually affects the morphology of the active phase, 

adsorption capability, metal-support interaction and catalytic properties [41, 42]. Le et al. 

[43] investigated Ni-based catalysts supported on different materials (Ni/SiO2 and 

Ni/SiC) for the CO and CO2 methanation. They concluded that the high Ni dispersion 

coupled with the high thermal conductivity enabled by the SiC was beneficial both for 

CO and CO2 methanation. According to Yan et al. [44], catalysts with moderate Ni-

support interactions show superior activity for CO2 methanation, whereas inferior activity 

is obtained with an overly strong metal-support interaction. 

The surface properties are also a significant factor in addition to the metal– support 

interaction. Especially in methanation reactions where water is formed as a product, a 
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hydrophobic support is favorable to avoid the blocking of the adsorption sites by water 

[45]. Furthermore, to activate the CO2 molecules, it is important to adjust the catalyst’s 

surface chemistry to improve the adsorption capability towards CO2, which can be 

achieved by introducing rare earth or other alkaline metals. Guo et al. [46] prepared Ni-

based catalysts supported in different oxides and test them for the CO2 methanation at 

200-450°C. The differences in catalytic activity could be explained by the basic property 

of the catalysts, indicating that the basic sites should have a positive effect on the catalytic 

activity for CO2 methanation.  

For structure-sensitive reactions such as the CO2 methanation, a serious problem 

is often the sintering of metallic particles at higher temperatures, resulting in a decrease 

in the activity and long-term stability of the catalyst [47]. Thus, an effective highly 

dispersed metal nanoparticles with low or no particle growth at the same time are of great 

interest. Vogt et al [48] reported a series of SiO2-supported Ni catalysts with diameters 

ranging from 1 to 7 nm in size for CO2 methanation reaction. They demonstrated the 

presence of a distinct particle-size effect revealing different activities within a narrow 

particle size distribution. A maximum activity was found for catalysts possessing Ni 

particles with an average size of 2.5 nm. In another work, Kesavan et al. [49] reported the 

catalytic conversion of CO2 to CH4 over five Ni/YSZ samples, with the same nickel 

loading (10 wt%) but different Ni particle size. The results showed that catalytic activity 

and CH4 selectivity depended on size and morphology of Ni particles. Moreover, the type 

and amount of deposited carbon strongly depended on the Ni morphology. The most 

efficient catalyst presented smaller and well-dispersed Ni particles. According to Wu et 

al.  [50], a large difference in Ni particle size strongly affects the kinetic parameters of the 

CO2 hydrogenation and the reaction selectivity. At low Ni loading (0.5 wt%), the catalyst 

showed a comparatively higher catalytic activity for CO2 hydrogenation with high CO 

selectivity. With Ni loading increased to 10 wt% (ca. 9 nm particles), the selectivity was 

switched to favor CH4 formation. It becomes clear, that for each specific catalytic system an 

optimal particle size is aimed in order to improve the activity and selectivity toward the desired 

product. 

Moreover, the preparation methodology has a significant effect on the catalytic 

performance, influencing the metal-support interaction as well as the dispersion of the 

active metal [7]. It is important to ensure highly dispersed and easily accessible 

nanoparticles in order to improve the utilization of the metal catalyst. Various 

methodologies have been investigated for preparing the catalysts, including 
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impregnation, co-precipitation, sol-gel, hydrothermal and combustion method [51-54]. 

Liu et al. [51] reported the synthesis of NiO/SBA-15 catalysts with a three-dimensional 

(3D) network structure by a one-pot hydrothermal method for CO2 methanation and 

compared the results with a catalyst prepared by traditional impregnation. The results 

showed that the catalyst prepared by one-pot method showed higher catalytic activity and 

sintering resistance than the one synthesized by traditional impregnation method, due to 

the higher Ni dispersion in the meso-channels. 

 

 

2.1.3 Deactivation 

 

Catalyst deactivation is a complex process that combines many mechanisms 

together, among which poisoning, coking and sintering are important concerns in the 

methanation process.  

Methanation catalysts are sensitive to different gas impurities containing, for 

instance, chlorine compounds, tars, ammonia, sulfur compounds, or alkalis. Poisoning 

occurs due to the chemisorption of impurities present in the feed stream on catalytically 

active sites, thereby blocking the sites for catalytic reaction. These impurities can also 

modify the chemical nature of the catalysts and result in the formation of new compounds 

that definitively alter the catalyst performance [55]. 

For catalytic reactions involving hydrocarbons (or even carbon oxides) side 

reactions occur on the catalyst surface leading to the formation of carbonaceous residues 

(usually referred to as coke or carbon) which tend to physically cover the active surface 

deactivating the catalyst either by covering of the active sites and by pore blocking. 

Thermodynamically, carbon formation is favorable at high-temperatures (above 450 °C), 

however, due to some mechanisms carbon can be observed at much lower temperatures 

[56]. The formation of such species depends on the operating conditions and catalyst 

formulation. In practice, the coke deposition may be controlled to a certain extent by using 

an optimal catalyst composition (with the addition of suitable promoters) and an 

appropriate combination of process conditions by adding steam or increasing the H2/CO2 

ratio because hydrogen reacts with the carbon deposits and prevents catalyst deactivation 

[55].  
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Another possible deactivation process is the sintering. High reaction temperatures 

can rapidly promote agglomeration and coalescence of small metal crystallites into larger 

ones with lower surface-to-volume ratios, causing a reduction of the activity and catalyst 

lifetime.  Sintering usually refers to the loss of active surface via structural modification 

of the catalyst [57]. To mitigate the metal sintering, common strategies used are 

increasing the metal dispersion through strong metal–support interaction or adding 

catalyst promoters. 

 

 

2.2 Polymer-derived ceramics  

 

Polymer-Derived Ceramics (PDCs) are a relatively new concept of advanced 

ceramics with unique properties and characteristics that have gained great interest in 

many areas of science. The transformation process (polymer-to-ceramic) enabled 

significant technological breakthroughs, offering many advantages compared to the 

traditional ceramics. In this section, some fundamental aspects related to the PDCs are 

described including the structure characteristics, synthesis, processing and conversion 

process. 

 

2.2.1 Preceramic precursors 

 

Preceramic polymers are a class of organosilicon polymers (e.g., polymers based 

on a backbone of Si atoms containing also Caron (C), Oxygen (O), Nitrogen (N), Boron 

(B) and Hydrogen (H) atoms), which can be directly converted into a ceramic material by 

pyrolysis under controlled conditions. The molecular structure and type of the preceramic 

polymer influence not only the composition but also the phases and microstructure of the 

final ceramic produced. Thus, the chemical and physical properties of PDCs can be varied 

and adjusted by the design of the molecular precursor [9]. A simplified representation of 

the molecular structure of a preceramic organosilicon polymer is shown in Fig. 2.4. 
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Fig. 2.4: General simplified formula of silicon-based preceramic polymers. Adapted 

from [9]. 

 

The classification of the organosilicon polymers is based on the (X) group bonding 

to the silicon atoms in the polymer backbone. The main classes are the polysilanes (X = 

Si), polycarbosilanes (X = carbon), the polysiloxanes (X = oxygen), the polysilazanes (X 

= nitrogen), the polyborosilanes (X = boron) or combinations of two of them [9]. Each 

class will derive ceramics with compositions based on the corresponding (X) group. Fig. 

2.5 represents the main classes of silicon-based preceramic polymers.  

 

 

Fig. 2.5: Main classes of silicon-based preceramic polymers in the Si-O-C-N-B system. 

Adapted from [9]. 
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Regarding the side chain functional groups (R1 and R2), mainly hydrogen or 

organic groups such as methyl, vinyl and/or phenyl are used. The nature of these side 

groups is fundamental in determining the global properties and characteristics of the 

polymer, especially during their processing before the pyrolysis step. By modifying the 

R groups, properties like solubility, thermal stability and viscosity as a function of the 

temperature could be easily tailored [9, 15].  

Moreover, suitable functionalities are necessary to achieve the polymer setting 

through cross-linking reactions before the pyrolysis step, which is strictly related to the 

nature of the side groups involved (e.g. condensation reactions in the case of –OH 

functionalities, addition reactions in the case of –vinyl groups). In addition, suitable 

organic groups can be used to control or to incorporate relatively large amounts of carbon 

content on the final ceramic composition [58]. Depending on the carbon content, different 

structural and functional properties can be obtained. Carbon-rich PDCs were shown to 

have a higher resistance against crystallization and a higher ceramic yield than their low-

carbon containing analogs [59]. The direct application of this knowledge is an approach 

to tailor the composition and nanostructure of the resulting ceramic by the manipulation 

of chemistry and molecular architecture of the preceramic polymers. 

In order to be appropriate for the production of polymer-derived ceramics some 

requirements should be fulfilled by the preceramic polymers [9, 60]: (i) the polymers 

should possess a sufficiently high molecular weight in order to avoid volatilization of low 

molecular components; (ii) they should have appropriate rheological properties and 

solubility for the shaping process, and (iii) latent reactivity (presence of reactive, 

functional groups) for the cross-linking step. Furthermore, the possibility to modify the 

molecular structure of the preceramic polymers and the application of shaping 

technologies well known from plastic forming combined with relatively low synthesis 

temperatures, address great advantages to the use of these precursors.  

Among the silicon-based precursors, polysiloxanes represent the most studied 

class of preceramic polymers and will be further discussed in this literature review. 
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2.2.2 Polysiloxanes 

 

Polysiloxanes are versatile materials showing excellent chemical, physical, 

electrical and optical properties. They exhibit outstanding thermo-mechanical stability 

owing to the combination of relatively unique features such as high stability at elevated 

temperatures and in oxidative environments, as well as a pronounced elasticity at low 

temperatures [61]. Therefore, polysiloxanes are widely used in many fields as for coating, 

optical, electronic, high temperature and biomedical applications [62-65]. 

The high-temperature stability of polysiloxanes is related to the inherent strength 

of the siloxane bond as well as to the pronounced chain flexibility (large Si-O-Si angles 

from 140 to 180°). The partial ionic and double bond character of the Si–O bond respond 

to its exceptional strength since both effects increase the binding force between the 

participating silicon and oxygen atoms [66]. Thus, the Si–O bond withstands exposure to 

higher temperatures than the bonds normally found in organic polymers, leading to a 

significantly higher thermal stability of polysiloxanes than that of their organic (C–C) 

counterparts. 

The main reasons for the polysiloxanes widespread utilization are related to their 

generally low cost (the lowest among all Si-based polymers) and their easy and cheap 

synthesis route, which makes this class of precursors very versatile, easy to handle and 

processable under normal conditions without any particular precaution. 

Most commonly, polysiloxanes are synthesized starting from functionalized 

silanes with the general formula: RxSiX4-x, (with X = Cl, OR, OC(=O) or NR2 and R is 

an alkyl or aryl group [60]. One of the most used functionalized silanes for the industrial 

synthesis of polysiloxanes is the dimethyl dichloro silane. The general route used consists 

of two steps: (i) hydrolysis of the dichloro dimethyl silane, which leads to the formation 

of a mixture of linear and cyclic oligosiloxanes (equation 2.3); and (ii) polycondensation 

of hydroxyl-functionalized short-chain polysiloxanes (equation 2.4) or ring-opening 

polymerization process of the cyclic oligomers (equation 2.5), which leads to high 

molecular weight polymers [66].  

 

(m+n) R2SiCl2 + (m+n+1) H2O → HO(R2SiO)mH + (R2SiO)n + 2(m+n) HCl                   (2.3) 
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HO(R2SiO)mH → [R2SiO]n    (Polycondensation)                                                        (2.4) 

 

(R2SiO)n → [R2SiO]n    (Ring opening polymerization)                                               (2.5) 

 

 

Besides linear or cyclic polymers, another important sub-class of polysiloxanes 

are the polysilsesquioxanes, characterized by the general formula –[RSi–O1.5]n– (with R 

being H or an organic aryl or alkyl group) and the high degree of cross-linking [67]. This 

particular class of siloxanes is characterized by a highly-branched molecular structure due 

to the trifunctional nature of the silsesquioxane moieties, which allows for a variety of 

many possible configurations, such as random, “ladder” or “cage” structure [66], as 

depicted in Fig. 2.6. Due to their high branching level, this class of polymers is often 

referred to as silicon resins. They are generally solid at room temperature and 

characterized by very high ceramic yields upon pyrolysis. 

 

 

Fig. 2.6: General structures of polysilsesquioxanes. Adapted from [9]. 
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2.2.3 Processing of Preceramic Polymers 

 

Preceramic polymers are synthesized from tailor-made molecular precursors, 

enabling to control and adjust their chemical composition as well as their architecture. 

The processing of ceramics using preceramic polymers offers many advantages compared 

to the conventional (powder) synthesis procedures, including [68]: (i) low processing 

temperatures, (ii) no additives required for densification, (iii) low-cost plastic-forming 

techniques can be applied with easy control over rheological properties, (iv) utilization of 

unique polymeric properties that cannot be found in ceramic powders, such as appreciable 

plasticity and solubility of precursors in organic solvents, (v) possibility of adding 

different types of fillers, and (vi) ceramic products containing unique combination of 

polymer and ceramic properties (hardness, creep resistance and oxidation resistance) can 

be obtained. 

Manufacturing of engineered ceramic materials from polymer precursor typically 

involves the following steps: (i) polymer synthesis from preceramic precursor compounds 

(silanes); (ii) shaping and thermally cross-linking the polymer (generally at 150-250°C) 

to generate a thermoset material; and (iii) pyrolysis under inert atmosphere between 400-

1500°C, resulting in an amorphous or crystalline ceramic depending on the temperature 

applied.   

 

2.2.3.1 Synthesis of Polysiloxanes 

 

Cross-linked polysiloxanes or silicon resins can be synthesized through sol–gel 

process via hydrolysis and condensation of hybrid silicon alkoxides. In this method, 

colloidal systems in the sol state are converted into gels by the addition of controlled 

amounts of water to a solution of metal-organic monomers (mostly metal alkoxides) 

dissolved in anhydrous organic solvents. The hydrolysis of the metallic species triggers 

the polymerization of those by condensation, leading to the formation of a polymeric gel 

[69].  

The precursors are organically modified silicon alkoxides of the general formula 

R’xSi(OR)4−x (R’ = alkyl, allyl, aryl; R = methyl, ethyl), which are converted into silicone 

resins of composition R’xSiO(4−x)/2 [70]. The reaction is generally divided into two steps: 

hydrolysis of metal alkoxides to produce hydroxyl groups in the presence of water 
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(usually in the addition of acid or base catalyst), followed by polycondensation of the 

resulting hydroxyl groups and residual alkoxyl groups to form a three-dimensional 

network [71] as shown in Fig. 2.7. The hydrolysis and condensation reactions are 

presented in more detail by equations 2.6 – 2.8 [66]. 

 

R’SiOR3 + 3H2O → RSi(OH)3 + 3HOR  (hydrolysis)                                                       (2.6) 

3R’Si(OH)3 → 3R’SiO3/2 + 1.5 H2O  (condensation)                                                  (2.7) 

R’Si(OH)3 + R’SiOR3 → RSiO3/2 + 3HOR  (condensation)                                        (2.8) 

 

As seen above, Si-OR bonds are converted into Si-O-Si via the hydrolysis (2.6) of 

Si–OR into Si-OH, followed by the condensation reactions (2.7) and (2.8) leading to Si-

O-Si networks. 

 

 

Fig. 2.7: Sol-gel hydrolysis and condensation polymerization reaction. Adapted 

from [71]. 

 

Factors such as the nature of the organic group, solvent, temperature, water to 

alkoxide molar ratio, the presence of acid or base catalysts, etc., are known to affect the 
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hydrolysis reaction. In the presence of a base catalyst, for example, the reaction takes 

place through a nucleophilic substitution and the rate of condensation is fast compared to 

hydrolysis, resulting in the formation of higher molecular weight polymers with branched 

chains. On the other hand, if hydrolysis is catalyzed by acids, an electrophilic reaction 

takes place, and the rate of condensation is slow relative to the rate of hydrolysis leading 

to low molecular weight polymers with longer and less branched chains [72]. 

 

 

2.2.3.2 Shaping and Cross-linking  

 

The shaping of preceramic polymer is one of the most advantageous aspects of 

the PDCs route. When compared to common powder processing routes, polymeric 

systems have the potential advantage of adopting plastic-forming techniques to generate 

shaped components.  A variety of ceramic products can be straightforwardly produced 

such as powders, whiskers, fibers, foams and coatings. The techniques applied to 

preceramic polymers manufacturing include: casting [73], tape-casting [74], warm 

pressing [75], coating [76], injection molding [77], extrusion [78] and fiber drawing [79]. 

The possibility of obtaining a machinable component prior to the polymer-to-ceramic 

conversion is a remarkable advantage since it permits a more precise shape control 

without the problems related to ceramic brittleness and tool wear [80]. Moreover, 

processing techniques such as sacrificial template, replica technique, foaming, blowing, 

etching, freeze casting or emulsification combined with controlled pyrolysis conditions 

can be applied to produce porous ceramics with a variety of pore sizes (micro-, meso – 

and macropores) [81, 82]. Another strategy for producing highly porous ceramics from 

preceramic polymers is the mixing of precursors with different molecular architecture 

[83].  

A distinctive drawback of the PDC technology is the poor control of shrinkage 

and structural integrity of the products during the polymer-to-ceramic transformation. As 

a consequence of thermally induced gas releasing reactions, high volume shrinkage is 

observed during pyrolysis by the loss of volatile species, resulting in an increase of the 

density [84]. Moreover, the formation of cracks and/or pores is likely to occur. The 

introduction of fillers has been one of the main strategies followed enabling the 

fabrication of dense, crack-free and strong monoliths with a single ceramization step. 
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Fillers of various nature (polymeric, metallic, ceramic) and shape/dimension (nano- or 

microsized powders, nanotubes, nano- or long fibers) can be added to a preceramic 

polymer before shaping. Generally, the fillers can be inert or active [85]: (a) inert or 

passive fillers do not react with the ceramic residue from the preceramic polymer, the 

decomposition gases or the heating atmosphere (typical examples are SiC or Si3N4 

powders); (b) active fillers, i.e., metallic or intermetallic powders that react with the 

decomposition gases generated during pyrolysis, or the heating atmosphere or (less 

frequently) with the ceramic residue from the preceramic polymer.  

After the shaping process, the cross-linking of the preceramic polymer is 

fundamental for obtaining a thermoset material capable of retaining its shape during the 

pyrolysis step, when the polymer converts into the final ceramic material. Thermal cross-

linking up to 200°C represents one of the most common techniques, which could be easily 

achieved if suitable functionalities are present inside the polymer structure, such as –OH, 

–H or –vinyl groups, that could enable condensation or addition reactions [68]. For 

instance, for polysiloxanes having functional groups in the structure, e.g., hydroxy or 

alkoxy groups, the cross-linking process occurs upon condensation of the silanol groups. 

Furthermore, thermal cross-linking temperatures could be lowered in the presence of an 

appropriate catalyst or radical initiator [86]. Polymer cross-linking is important for 

obtaining high ceramic yields upon pyrolysis. Effective cross-linking reactions lead to 

highly branched and higher molecular weight polymeric molecules, and so to a lower 

content of oligomers and low molecular weight chains that volatilize at higher 

temperatures, thus increasing the final ceramic yield. The degree of cross-linking strongly 

affects the rheological behavior of a preceramic polymer, and therefore it has to be 

carefully controlled especially when plastic forming technologies are used [87]. 

 

 

2.2.3 Pyrolysis (Polymer-to-ceramic conversion) 
 

 

The polymer-to-ceramic conversion is a complex process in which a number of 

simultaneous physical and chemical transformations take place for the formation of the 

ceramic component. Once most of these transformations occur within a given temperature 

range (400-1500°C), a general profile of the polymer-to-ceramic conversion can be drawn 

as a function of the temperature, as seen in Fig. 2.8. The thermal conversion happens 

mainly through structural rearrangements that result in the cleavage of chemical bonds 
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and the release of organic functional groups, which yields a mixture of volatile 

compounds and free (hydro)carbon with the formation of an inorganic network.  

At temperatures up to 400°C the elimination of mainly water, solvent and low 

molecular-weight products from the polymeric matrix occurs while cross-linking of 

siloxanes is accomplished by addition or condensation reactions, accompanied by the 

cleavage of weak bonds (e.g. Si-H, Si-Si and N-H side groups bonds) [88]. In the range 

from 400°C to about 800°C, cleavage of strong bonds (e.g. C-C, C-N, Si-N, Si-C and C-

H side groups bonds) happens. The exact nature of these reactions depends on the type of 

the functional groups bonded to the precursor backbone and the previous handling of the 

system. In the case of polysiloxane resins for example, it has been verified that in the 

600–800°C range, methane is the main volatile species released, while at higher 

temperatures (600–1100°C) the release of hydrogen is observed, resulting from the 

cleavage of Si-H, Si-C and C-H bonds [89]. From 800°C to approximately 1000°C mass 

losses are minimal indicating that organic-inorganic conversion is completed, although 

bonds rearrangements in the amorphous covalent ceramics and consequently 

compositional changes befall [88]. By further increasing the temperature, the 

crystallization process starts, leading to phase separation and formation of crystals.  

 

 

Fig. 2.8: Polymer-to-ceramic conversion and microstructure evolution with pyrolysis 

temperature. Adapted from [9]. 
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PDCs experience a profound microstructural change when exposed to varied 

temperatures. At temperatures between 400–1000°C, the microstructure is composed by 

homogeneous and amorphous phase, consisting of a random mixture of different covalent 

bonds (e.g. Si–O, Si–C, Si–N, etc.)  directly related to the molecular structure of the 

polymer as seen in Fig 2.9. For instance, polysiloxanes lead to the formation of silicon 

oxycarbide (SiOxCy), whereas polysilanes and polycarbosilanes generate silicon carbide 

(SiCx). In this phase, although part of the carbon is bonded to silicone, excessive carbon 

(the carbon that is not linked to silicon atoms) is present as carbon clusters (basic 

structural units, BSU) [90]. 

 

Fig 2.9: Overview of the molecular structure of silicon-based polymers during thermal 

decomposition. Adapted from [9]. 

 

 

 At higher temperatures, the devitrification process begins and the gradual 

redistribution of chemical bonds generates a progressive phase separation process and 
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formation of crystalline structures. Carbon clusters redistribute as well, to generate a 

turbostratic (“quasi-graphitic”) carbon network [91]. The extensive phase separation 

leads to the formation of crystals of SiC, Si3N4, SiO2, B4C, BN, etc., which can increase 

their size by a further increase of temperature or of dwell time [92]. Depending on the 

polymer composition, precipitation of excessive carbon and nucleation and growth of 

crystalline phases occur at different temperatures: at 800-1000°C for Si-C system and 

above 1600°C for Si-B-N-C [93]. 

Furthermore, the pyrolytic conversion can be used to adjust the ceramic 

characteristics, resulting in interesting physicochemical properties. Pyrolysis at lower 

temperatures between 400 and 800°C can lead to very high specific surface areas 

materials (up to 600 m2 g-1) with micro- and/or mesopores, as a result of the 

decomposition reactions and the subsequent release of gaseous products [83]. The 

evolution of volatile species reaches its maximum at approximately 500–700°C and by 

interrupting the pyrolysis at this stage of conversion, the formation of highly porous and 

surface-rich materials in a hybrid state where the polymer is just partly converted to 

ceramics is possible. The derived material, so-called ceramer, presents properties related 

to both ceramic and polymeric characteristics [16]. The well-controlled pyrolytic 

conversion at intermediate temperatures is decisive to change the chemical nature of the 

surface and to develop high porous materials. This porosity generated is however 

transient, once it is eliminated when the pyrolysis temperature is increased leading to the 

completion of the ceramization process. The specific surface area is stable up to the 

pyrolysis temperature reached, even after prolonged heating at the same temperature [94].  

 

 

2.2.4 Metal-Containing PDCs 
 

 

Catalytic functions can be generated in polymer-derived ceramics by 

incorporation of metal precursors during processing. Introduction of such functionalities 

is possible either by (i) integrating the metal precursor to the polymer main chain, or (ii) 

by attaching the metal precursor to the polymer backbone through adequate use of 

complexing precursors with organic moieties attached, normally amino-containing 

siloxane. Such approaches can lead to a homogeneous distribution of the metal through 

the silicon matrix [60]. One advantage of the PDC route, in comparison to conventional 

impregnation methods, is the simultaneous reduction of the metal during the pyrolysis 
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process due to the reductive atmosphere formed by the hydrocarbons and hydrogen 

released during thermal decomposition [17]. 

Some research groups have investigated the modification of preceramic polymers, 

such as polycarbosilanes and polycarbosilazanes, by incorporating metal compounds into 

their main chain. Such polymer precursors exhibit reactive bonds within their structure 

such as Si–H, N–H, Si-vinyl, etc., which allow their reaction with coordination 

compounds and thus the incorporation of late transition metals within the polymeric 

architecture. After cross-linking, the metal compound becomes part of the precursor, and 

the following pyrolysis results in metal-containing polymers which exhibit promising 

catalytic properties [95-99]. Modified SiC materials with tailored porosity and integrated 

Ni nanoparticles were prepared from polycarbosilane-block-polyethylene precursors 

followed by pyrolysis at 700°C, resulting in materials with selectivity for hydrogenolysis 

of aryl ethers [98]. Zaheer et al. [20] reported the synthesis of microporous polysilazanes 

modified by a Ni complex compound under pyrolysis at 600°C, which lead to materials 

selectively active for the semi-hydrogenation of acetylenes. 

Polysiloxanes have also been used as precursors for the preparation of metal-

containing materials. By using copper salts as the metal source, ceramics were generated 

at pyrolysis temperature of 1000-1200°C with the aim to produce electroconductive 

materials which possessed metal particles of 30–80 nm [100]. In other approaches, iron, 

cobalt or platinum-containing materials were produced via inert gas pyrolysis at 1250–

1400°C in which, depending on the atmosphere, SiC or Si3N4 nanowires were generated 

exhibiting an iron, cobalt or platinum tip, respectively [101-103].  

Recent studies have demonstrated that metal-containing ceramers with controlled 

size and homogenous distribution of nanoparticles (Ni, Pt) can be generated by using an 

amine-containing siloxane as complexing precursor at varied pyrolysis temperatures 

[104-107]. In the work reported by Sonström et al. [18], Pt-containing polysiloxanes were 

prepared by mixing the preceramic precursor with a complexing agent (3-

aminopropyltriethoxysilane - APTES) and a solution of H2PtCl6 or preformed Pt, 

followed by pyrolysis at temperatures of 500–1000°C. The results showed that the use of 

APTES enabled to obtain a homogeneous distribution of Pt nanoparticles (particle size 

between 2 – 3.75 nm) in the ceramer matrix up to 1000°C. The catalytic tests showed an 

enhanced CO oxidation activity due to the effective anchoring of Pt particles to the 

precursor matrix. Another related study investigated the formation of Ni and Co-

containing ceramers for CO2 methanation and Fisher-Troopship reactions, respectively 
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[19]. The materials were prepared from a polysiloxane based route using APTES (3-

aminopropyltriethoxysilane) as complexing agent and pyrolysis temperatures of 400 to 

600°C. Microporous ceramers with high SSA were obtained displaying well-dispersed 

particles of ~3 nm (Ni) and 5-10 nm (Co). In contrast to the Ni catalysts, for the Co-

containing ceramers particle formation was dependent on the pyrolysis temperature. The 

catalysts with the lowest tendency to adsorb water showed the highest activity. 

The amine-siloxane agent stabilizes the metal particles during the cross-linking 

process through the complexation of the metal ions, preventing particle from sintering 

and agglomeration. The key to controlling the metal particle size and distribution is the 

atomic dispersion of the metal ions by the amino groups from the complexing siloxane in 

order to coordinate the metallic ions and to anchor the resulting metal complexes to the 

silicon matrix [108], as seen in Fig. 2.10. After cross-linking, the metal complexing 

siloxane is bond to the precursor polymer, which ensures the homogenous distribution 

and thermally stable embedding of the metal particles throughout the matrix. Then, 

pyrolysis under inert atmosphere leads to the formation of a metal-containing PDC 

material with in-situ reduced metal particles [106, 107].  

 

 

 

Fig. 2.10: General overview of a complexing metal precursor and the resultant cross-

linked polysiloxane. 

 

The size of the metal particles can be adjustable by some parameters such as the 

ratio of metal ions and complexing agent, chemical structure of the complexing agent, 

type of metal salt precursor, etc. According to Adam et al. [107], with increasing the 

molar ratio between complexing agent and metal ion (Pt), the particle size decreased 

(from 6.3 to 3.4 nm) while homogeneity was improved. An optimal ratio between the 

complexing agent (APTES) and Pt ions was found to be 8:1. It was also demonstrated 
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that the absence of the complexing agent resulted in a rapid in situ-formation of the metal 

particles, leading to a pronounced heterogeneity of both size and distribution of the 

particles. In the case of Ni-containing siloxanes [106], broader distribution of particle 

sizes in the range of 40–60 nm were observed when increasing APTES:Ni ratio from 1:1 

to 4:1. Higher molar ratio (APTES:Ni 6:1) lead to smaller particles (20–30 nm), but these 

particles were agglomerated to aggregates of around 150 nm in diameter. The addition of 

further phenyl siloxane precursor (PhT) resulted in the formation of smaller nanoparticles 

of 35–45 nm (PhT:APTES:Ni 80:10:10) and  15–20 nm (PhT:APTES:Ni 10:45:45).  In 

another correlated work [109], it was found that for nickel-containing silica the particle 

size was nearly independent of the type and fraction of the complexing siloxane, whereas 

a stronger dependency on the nickel salt used as metal precursor was observed. Particles 

in the range of 3 to 82 nm were detected with smaller particles found for nickel nitrate 

and acetate, and bigger particles for nickel chloride and acetylacetonate. 

Cecci [110] demonstrated that the structure of the amino-siloxane precursor has a 

great influence on the formation of pores and metal particles. Micro- and mesoporous Pt-

containing hybrid ceramics with nanoparticles in the range of 3 to 11 nm were prepared 

using different complexing agents such as: [3-(2-aminoethylamino) propyl] 

trimethoxysilane (AEAPTM), 3- aminopropyltriethoxysilane (APTES), (triethoxysilyl) 

ethane (Bis) and (trimethoxysilylpropyl) amine (BisA). The selection of these siloxanes 

was defined mainly to improve the creation of a mesoporous structure around the 

platinum particles by using precursor without amino groups (Bis), with one (APTES, 

BisA) or two (AEAPTM) amino groups in the molecular structure. Materials preparade 

with Bis/APTES displayed the highest amount of mesopores and pore volume. All 

materials showed particles well-dispersed and no agglomeration. Smaller Pt particles 

were found for the ceramers preparade with a siloxane containing two amino groups 

(AEAPTM), whereas bigger particles were identified for the ones prepared with BisA and 

Bis/APTES. 

Moreover, the combination of complexing siloxanes with preceramic polymers 

can be used for fine-tuning the surface properties of metal-free ceramers, what is 

important for adjusting materials to particular applications. For instance, hybrid ceramic 

materials with amine functionalization were prepared from amino-containing siloxanes 

and polysiloxane precursors for CO2 gas separation. By using BisA as complexing 

siloxane mesoporous materials with hydrophobic surfaces were obtained, whereas 

APTES lead to microporous materials with higher tendency of adsorbing water [111]. 
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3 – MATERIALS & METHODS 

 

In this chapter, the materials used in the experimental procedure are presented as 

well as the preparation route of the hybrid materials. In addition, the characterization 

techniques and the catalytic system used are described. 

 

3.1 Materials  

 

  All chemicals used in the present study were of analytical grade and used as 

received without further purification. For the synthesis of the hybrid ceramics, the 

following commercially available silicon resins (polysilsesquioxane) with hydroxyl and 

ethoxy functional groups (OH, OC2H5) were used as starting materials: 1) methyl-phenyl 

polysiloxane, known as Silres® H44; and 2) methyl polysiloxane, denoted as Silres® 

MK, both purchased from Wacker Chemie. In addition, an amine-containing siloxane, 

Bis(trimethoxysilylpropyl)amine (BisA), purchased from ABCR was also used. The 

molecular structures and some important characteristics of these materials are shown in 

Figure 3.1 and Table 3.1, respectively.  

As solvent, tetrahydrofuran (THF, VWR Chemicals), with a molecular formula of 

C4H8O, molar mass of 72.11 g mol-1, density of 0.889 g cm-3 and a boiling point of 66°C 

was chosen. As metal source, nickel nitrate hexahydrate (Ni, MERCK), with molecular 

formula of Ni(NO3)2·6H2O, molar mass of 290.81 g mol-1 and density of 2.05 g cm-3 was 

used as precursor to generate nickel particles for catalytic activity. An aqueous ammonia 

solution (25% NH3, MERCK) with molecular formula of NH3, molar mass of 17.03 g 

mol-1 and density of 0.903 g cm-3 was used as a catalyst for the hydrolysis and 

condensation reactions during the synthesis.  
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Fig. 3.1: Molecular structure of the siloxanes used: (a) methyl-phenyl siloxane (H44), 

(b) methyl siloxane (MK) e (c) Bis(trimethoxysilylpropyl)amine (BisA). 

 

 

Table 3.1: Siloxanes used in the experimental procedure. 

 

 

*Composition in the cross-linked state based on active cross-linking groups [112]. 

 

 

 

  H44 MK BisA 

Molecular Formula 
(C6H5)0,62(CH3)0,31R0,07SiO1,5 

R = -OH, OC2H5 

(CH3)0,96R0,04SiO1,5 

R = -OH, OC2H5 
C12H31NO6Si2 

 Molar Mass (g 

mol-1) 
108,15* 70,29* 341,55 

Density (g cm-3) 0,45 0,5 1,04 

Melting Point (°C) 45 - 60 35 - 55 - 

Boiling Point (°C) - - 152 

Appearance White powder White powder 
Colorless to 

Yellow liquid 
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3.2 Approach of the Work 

 

             In order to develop improved hybrid ceramics with adjustable properties different 

approaches were established for conducting this work: 

 

1. By using different polysiloxane precursors (H44 or MK), interesting possibilities 

arise in order to modify the properties such as porosity and surface chemical 

behavior (hydrophobicity/hydrophilicity) by varying the organic side groups 

(methyl or methyl-phenyl groups); 

2. Addition of an amine-containing siloxane is proposed in order to homogenously 

distribute the metal particles through the silicon matrix by complexing the metal 

ions and bonding to the polysiloxane. BisA was selected since it can induce the 

formation of mesoporous when combined with preceramic polymers; 

3. By varying the pyrolysis temperature (400, 500, 600°C) modifications on the 

structural and chemical characteristics are expected and may influence the final 

properties of the ceramers. This range of temperature was selected since it is 

known to favor the development of high specific surface areas. 

 

           Therefore, by establishing such approaches is expected to develop tailored 

ceramics with enhanced properties such as chemical and thermal stability, high specific 

surface area and hierarchical porosity, hydrophobic surface, homogeneous distribution of 

metal particles, and, consequently, improved catalytic performance.  

             The process of development and application of the hybrid ceramics consists of 

forth general steps: (i) synthesis from preceramic polymer precursors, (ii) polymer-to-

ceramic transformation by pyrolytic conversion, (iii) characterization of the ceramics, and 

(iv) catalytic testing. Fig. 3.2 shows a schematic overview of the steps adopted in the 

process of this work. 
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Fig. 3.2: Schematic overview of the processing route. 

 

 

3.3 Composition 

 

Hybrid ceramics were prepared by using either methyl-phenyl polysiloxane (H44) 

or methyl polysiloxane (MK) as polymeric precursors and 

Bis(trimethoxysilylpropylamine) (BisA) as complexing agent. A molar ratio of nickel 

ions to the complexing siloxane was adjusted to 1:4, to ensure the complete complexation 

of metal ions. Furthermore, samples without any metal content were also produced using 

a ratio of polysiloxane to BisA of 1:0.4. The hydrolysis and condensation reactions were 

catalyzed under basic conditions by the addition of aqueous 0.2 M-NH3 with 7.5 times 

molar excess of water per hydrolyzable group of the precursor. The compositions of the 

materials are given in Table 3.2 including the samples nomenclature.  

 



51 
 

 

Table 3.2: Chemical composition and pyrolysis temperature of the hybrid ceramics. 

 

 

 

 

 

Samples 

Nomenclature 

Polysiloxane 

Type 

Polysiloxane 

(mol) 

Complexing Agent 

BisA (mol) 

Ni Nitrate  

(mol) 

Molar ratio (mol) 

BisA:Ni 

Pyrolysis 

Temperature (°C) 

H44+BisA-400 

H44 

1 0.4 - - 400 

H44+BisA-500 1 0.4 - - 500 

H44+BisA-600 1 0.4 - - 600 

MK+BisA-400 

MK 

 

1 0.4 - - 400 

MK+BisA-500 1 0.4 - - 500 

MK+BisA-600 1 0.4 - - 600 

Ni/H44+BisA-400 

H44 

 

1 1.2 0.3 4 400 

Ni/H44+BisA-500 1 1.2 0.3 4 500 

Ni/H44+BisA-600 1 1.2 0.3 4 600 

Ni/MK+BisA-400 

MK 

 

1 1.2 0.3 4 400 

Ni/MK+BisA-500 1 1.2 0.3 4 500 

Ni/MK+BisA-600 1 1.2 0.3 4 600 
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3.4 Preparation route  

 

The synthesis procedure carried out is similar to previous works [19]. Initially, the 

polysiloxane precursor (H44 or MK) is dissolved in THF until the solution is completely 

homogenous (solution A). Simultaneously, nickel (II) nitrate hexahydrate and BisA are 

separately dissolved in THF. Afterward, the nickel solution is added to the amino-

siloxane solution very slowly to form a complex (solution B). Subsequently, both 

solutions (A and B) are slowly mixed (solution C) and then a 0.2 M NH3 solution is added 

dropwise. The whole solution is stirred at 85°C for 72 hours under reflux. The solvent is 

removed under reduced pressure at moderate temperature (ca. 350 mbar and 40 °C) in a 

rotary evaporator (Büchirotavapor R-124, Büchi Corporation) and the solid obtained is 

dried completely at 70°C for 12 hours. Thereafter, the samples are further cross-linked in 

a preheated oven at 200°C for 2 hours (air atmosphere) and cooled in the oven to room 

temperature. Next, the samples are crushed and sieved (< 300 μm) and then pyrolyzed at 

400, 500 or 600°C under N2-atmosphere (flow of 100 L/h). The heating rate for the 

pyrolysis process is 120°C h-1 to 100°C below the final temperature and 30 °C h-1 to reach 

the maximum temperature with a dwelling time of 4 hours, followed by a cooling ramp 

of 120°C h-1 until room temperature. Ceramers with ~ 5 wt% of Ni after pyrolysis were 

prepared for both polysiloxanes precursors. 

Figure 3.3 (a) and (b) shows the schematic flowchart of the synthesis route and 

the pyrolysis ramps applied in the heat treatment of the specimens, respectively. For 

comparison of catalytic performance, a standard catalyst with ~5 wt% of Ni was prepared 

by wet impregnation of nickel (II) nitrate hexahydrate (Merck) on a commercial fumed 

silica support (Aerosil-380, Evonik Industries AG), followed by drying at 70°C for 12 h 

and pyrolysis at 400°C using the same conditions described above. The characterization 

results for this catalyst, denoted as Ni/SiO2-400, can be found in the supplementary data. 
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Fig. 3.3: (a) Schematic flowchart of the synthesis route and (b) temperature ramps applied during pyrolysis. 

(a) (b) 
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3.5 Characterization Techniques 

 

3.5.1 Thermogravimetric Analysis (TGA) 

The decomposition and thermal behavior of the cross-linked ceramers were 

analyzed by thermogravimetric analysis in a STA 503 thermal analysis system from 

BÄHR Thermoanalyse GmbH. This technique is of great importance to evaluate the 

ceramic yield of the product formed after pyrolysis and to help to understand the polymer-

to-ceramic conversion and decomposition process. The analysis was carried out from 

room temperature up to 1000°C with a heating rate of 120ºC h-1 and flow rate of 2 L h-1 

of N2. About 10 milligrams of each sample was used. In order to calculate the metal 

content, firstly, the amount of inserted metal was calculated from the amount of metal salt 

added. The metal content could be calculated by determining the weight loss during 

pyrolytic conversion according to equation 3.1. For this purpose, isotherms were carried 

out for 4 hours at each pyrolysis temperature (i.e. 400, 500 and 600°C) in order to simulate 

the pyrolysis conditions used in the preparation of the materials.  

 

𝑁𝑖 (𝑤𝑡%) =
𝑀𝑎𝑠𝑠𝑁𝑖 𝑛𝑖𝑡𝑟𝑎𝑡𝑒 ∗ (1 −  𝑊𝑒𝑖𝑔ℎ𝑡 𝑙𝑜𝑠𝑠𝑁𝑖 𝑛𝑖𝑡𝑟𝑎𝑡𝑒)

(𝑀𝑎𝑠𝑠𝑃𝑜𝑙𝑦𝑠𝑖𝑙𝑜𝑥𝑎𝑛𝑒 + 𝑀𝑎𝑠𝑠𝑁𝑖 𝑛𝑖𝑡𝑟𝑎𝑡𝑒) ∗ (1 −  𝑊𝑒𝑖𝑔ℎ𝑡 𝑙𝑜𝑠𝑠𝑠𝑎𝑚𝑝𝑙𝑒)
∗ 100       (3.1) 

 

 

3.5.2 Fourier-Transform Infrared Spectroscopy (FTIR) 

FT-IR spectroscopy was used for structural analysis of the cross-linked samples 

and pyrolyzed ceramers. The IR measurements were conducted on a Shimadzu 

IRPrestige-21 spectrophotometer using the standard KBr pellet technique in the range 

from 4000 to 400 cm-1.  

 

3.5.3 Adsorption/desorption of Nitrogen (BET/BJH) 

The specific surface area, pore volume, and pore size distributions were 

determined by nitrogen adsorption-desorption isotherms in a Belsorp-Mini device from 

Bel Japan, Inc. The isotherms were measured under relative P/P0 pressures between 0.1 

and 0.99 at 77K. Surface areas were calculated from adsorption data using BET 
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(Brunauer-Emmett-Teller) method at P/P0 ranging from 0.1 to 0.3, while pore volume and 

pore size were determined from desorption data based on BJH (Barrett-Joyner-Halenda) 

method. Previously, the samples were outgassed for 12 h at 120°C under vacuum, for the 

removal of gases and moisture from the surface of the solids. 

 

 

3.5.4 Surface Characteristic Analysis 

In order to investigate the surface sorption properties (hydrophilicity and 

hydrophobicity), water and n-heptane vapor adsorption measurements were determined. 

First, ca. 0.5 g of each sample (particle sizes ≤300 μm) were dried at 70°C for 24 hours 

and then stored inside closed Erlenmeyer flasks at room temperature under water or n-

heptane vapor atmosphere (~ 20 mL). After 24 hours, the weight of the samples was 

measured and the amount of adsorbate was determined. The values of the specific surface 

areas were used to calculate the maximum amount of water and n-heptane adsorbed per 

square meter according to equations 3.2 and 3.3, respectively. The amount of water and 

n-heptane adsorbed at ambient pressure displays the maximum adsorption capacity, and 

the ratio of the two adsorbates gives a first (non-quantitative) idea of the degree of 

hydrophilicity according to equation 3.4. 

 

 𝐴𝑑𝑠𝑜𝑟𝑏𝑒𝑑𝐻2𝑂 (
𝑚𝑚𝑜𝑙

𝑚2
) =

1000 ∗ 𝐴𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑔)

 𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐴𝑟𝑒𝑎𝑠𝑎𝑚𝑝𝑙𝑒  (
𝑚2

𝑔
) ∗  𝑆𝑎𝑚𝑝𝑙𝑒 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑔) ∗  𝑀𝑜𝑙𝑎𝑟 𝑀𝑎𝑠𝑠 𝐻2𝑂  (

𝑔
𝑚𝑜𝑙

)
        (3.2) 

 

𝐴𝑑𝑠𝑜𝑟𝑏𝑒𝑑𝐻𝑒𝑝𝑡. (
𝑚𝑚𝑜𝑙

𝑚2 ) =  
1000 ∗ 𝐴𝑑𝑠𝑜𝑟𝑏𝑎𝑡𝑒 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑔)

𝑆𝑢𝑟𝑓𝑎𝑐𝑒 𝐴𝑟𝑒𝑎𝑠𝑎𝑚𝑝𝑙𝑒   (
𝑚2

𝑔
) ∗  𝑆𝑎𝑚𝑝𝑙𝑒 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑔) ∗  𝑀𝑜𝑙𝑎𝑟 𝑀𝑎𝑠𝑠𝐻𝑒𝑝𝑡.  (

𝑔
𝑚𝑜𝑙

)
    (3.3) 

 

𝑅𝑎𝑡𝑖𝑜 =  
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐴𝑑𝑠𝑜𝑟𝑏𝑒𝑑𝐻2𝑂

𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐴𝑑𝑠𝑜𝑟𝑏𝑒𝑑𝐻𝑒𝑝𝑡𝑎𝑛𝑒
                                                                                                                                 (3.4) 
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3.5.5 Scanning Electron Microscopy (SEM) 

In order to investigate the texture, shape and morphology of the samples scanning 

electron microscopy images were taken. The micrographs were obtained using a SSX 550 

SuperScan Shimadzu microscope with tungsten filament operating at 15 kV. Previously 

to the analysis, the samples were covered with a thin layer of gold by sputtering.  

 

3.5.6 Transmission Electron Microscopy (TEM) 

             The distribution and size of the nickel particles were determined by transmission 

electron microscopy. The images were acquired using a FEI Titan 80/300 microscope 

coupled with an image filter operating at a voltage of 300 keV. The samples were 

suspended in ethanol and left for 5 min in an ultrasonic bath. Subsequently, a drop of this 

solution was placed on copper-coated disk-shaped grids (200 mesh, Ø 3,05 mm) and 

allowed to dry. The size of the nickel particles was calculated based on 100 particles and 

then statistically analyzed. The samples were analyzed after different pyrolysis 

temperatures (400 and 600°C). 

 

 

3.5.7 X-Ray Diffraction (XRD)  

 The structure of the Ni-containing ceramics was analyzed by X-ray diffraction 

(XRD) in a Shimadzu diffractometer model XRD 7000. Measurements were obtained 

using Cu-Kα radiation (λ = 1.5409 Å) operating at 40 kV and 30 mA. The scans were 

determined in the 2θ range from 10 to 80° in steps of 0.02° and a counting time per step 

of 2° min-1. The positions and peak intensities observed were compared with data 

provided by the Joint Committee on Powder Diffraction Standards (JCPDS) contained in 

the 2003 International Center for Diffraction Data (ICDD) database, thus allowing the 

correct identification of the phases formed. The crystallite size (Tc) of the nickel was 

estimated based on the most intense peak (111) according to the Scherrer’s equation (Eq. 

3.5).  

 

𝑇𝐶 =  
0,89 𝜆

𝛽𝑐𝑜𝑠𝜃
                                                                                           (3.5) 
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where: λ is the wavelength of X-ray; β is the width at half height of the diffraction angle 

(FWHM - Full Width at Half Maximum) after subtracting the instrumental influence 

(alumina was used as reference); and θ is the diffraction angle. 

 

3.5.8 Catalytic Test  

In order to compare the activity and selectivity of each sample, catalytic tests were 

carried out at atmospheric pressure in a tubular fixed-bed reactor as represented in Fig. 

3.4. Accordingly, 50 mg of the powder catalyst (sieve fraction of 100-200 µm) were 

diluted in 300 mg of an inert material (Al2O3) to facilitate heat transfer and avoid hotspots 

during reaction. The powders were fixated with quartz wool in a quartz-glass tube reactor 

(inner diameter of 6 mm). The total flow rate was set at 50 mLN min-1 composed of 

H2/CO2/Ar = 4/1/5, which gives a weight hourly space velocity (WHSV) of 60 L gcat
-1 h-

1. The catalysts were tested between 200-400°C in intervals of 50°C. Each temperature 

was held for 42 minutes and the outflowing gas was continuously monitored with an on-

line compact gas chromatograph (Global Analyser Solution) equipped with a thermal 

conductivity detector. Two columns were used, a RT-Molsieve 5 Å column (15 m) to 

detect CO and CH4, and a RT-Porabond column (30 m) for the detection of CO2. The 

CO2 conversion, as well as CH4 yield and selectivity, were determined according to the 

following equations: 

𝑋𝐶𝑂2
=  1 − 

𝑐𝐶𝑂2,𝑜𝑢𝑡

𝑐𝐶𝑂2,𝑜𝑢𝑡
+ 𝑐𝐶𝐻4,𝑜𝑢𝑡

+ 𝑐𝐶𝑂,𝑜𝑢𝑡

                                                                                         (3.6) 

 

𝑌𝐶𝐻4
=  

𝑐𝐶𝐻4,𝑜𝑢𝑡

𝑐𝐶𝑂2,𝑜𝑢𝑡
+ 𝑐𝐶𝐻4,𝑜𝑢𝑡

+ 𝑐𝐶𝑂,𝑜𝑢𝑡

                                                                                                          (3.7) 

 

𝑆𝐶𝐻4
=  

𝑌𝐶𝐻4

𝑋𝐶𝑂2

                                                                                                                                            (3.8) 

 

In pre-experiments, no higher hydrocarbons were found. The catalysts were 

activated in-situ by flowing H2 at 430°C for 10 h (heating ramp 1 °C/min). Afterward, the 

reactor was cooled down in inert gas atmosphere. All tubing was heated to prevent water 

from condensing in the experimental set-up. 
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Fig. 3.4: Representation of the catalytic system used. 

 

 

3.6.9 In-situ X-Ray Diffraction (In-situ XRD)  

In-situ X-ray diffraction analysis was performed in order to evaluate possible 

phase changes and the evolution of nickel crystallite size during a simulated CO2 

methanation reaction at 400°C for 1 h. The measurements were performed on a XPD-10B 

beamline from the Brazilian Synchrotron Light Laboratory - LNLS. The samples were 

placed in a furnace installed in the goniometer (Hubber model) operating in Bragg-

Brentano geometry (θ-2θ) and equipped with a Mythen-1 K detector (Detris) located on 

a meter of the oven. Scans were performed in the 2θ range from 35 to 65º to verify the 

formation of the main peaks, using a radiation with a wavelength of 1.7712 Å and energy 

of 7000 eV. The crystallite size was calculated from the Scherrer’s equation based on the 

main peak (111). The experiment was conducted under the following conditions: (i) 

activation using a mixture of 5% H2/He with a flow rate of 75 ml min-1 up to 430°C for 1 

h; (ii) cool down to 400°C while purging with He for 30 min; and (iii) start of reaction by 

flowing a mixture of 40% of H2, 10% of CO2 and 50% of He (flow rate of 50 ml min-1) 

at 400°C for 1 h.  
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4.1 Pyrolytic Conversion 

 

The high thermal stability of polysiloxanes is one of the most important properties 

of this class of polymers and is directly related to the high energy and ionic character of 

the Si-O bond. The thermal degradation happens mainly through the cleavage and 

reorganization of the organic groups and several bonds (Si-CH3, Si-C6H5, Si-H, Si-CH2-

Si, etc), which yields a mixture of volatile compounds and free (hydro)carbon 

accompanied by a weight loss [113, 114]. The decomposition behavior of the cross-linked 

polysiloxanes and ceramers was investigated by thermogravimetric analysis up to 1000°C 

as shown in Fig. 4.1.  

At temperatures below 400°C the evaporation of mainly cross-linked products 

(water and alcohols), oligomers and solvent are observed, which are released while the 

cross-linking of siloxanes is accomplished [115]. At higher temperatures (~450-800°C) 

the decomposition of the organic groups takes place by breaking the Si-H, Si-C and C-H 

bonds with the release of typical hydrocarbons, CH4, H2 or other volatile compounds. At 

temperatures beyond 800°C mainly H2 is eliminated [116]. Regarding the pure 

commercially available polysiloxanes H44 and MK, a higher overall thermal stability is 

observed for MK. The onset of significant decomposition of H44 and MK starts around 

500°C and 600°C, respectively, with H44 presenting a higher weight loss at 1000°C 

(~24%) compared to MK (~17%). Phenyl groups have a higher carbon content and, 

although more carbon will remain in the structure, the overall weight loss for H44 is 

higher. The residue after pyrolysis for H44 corresponds to the atomic proportions of 

18.7% Si–28.7% O–52.6% C, while that for MK is 31.6% Si–48.1% O–20.2% C [115]. 

This could be explained by the higher decomposition of the phenyl groups present in H44 

as well to a decrease in molecular weight and increased loss of small oligomers formed 

by depolymerization [116].  

By analyzing the metal-free ceramers (H44+BisA and MK+BisA) a decreased 

thermal resistance is observed with decomposition starting at approximately 400°C, 

characterized by a strong weight loss. This indicates a reduced thermal stability of the 

complexing agent compared to the groups of the polysiloxanes. At about 600°C the 

weight loss levels off, indicating that the majority of the polymer-to-ceramic conversion 

has occurred.  The ceramers prepared from methyl polysiloxane (MK) present a higher 
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ceramic yield when compared to the ones prepared with methyl-phenyl polysiloxane 

(H44). 

By adding nickel, the decomposition during the pyrolytic conversion is slightly 

shifted to lower temperatures indicating that nickel catalyzes the decomposition process 

to a certain extent. After the initial weight loss, the decomposition continues with 

increasing the temperature. The overall weight loss for the Ni-containing ceramers is 

about 15-23% at 400°C and increases to 25-30% at 600°C, resulting in a slightly higher 

Ni content (wt%) at 600°C, as seen in Table 4.1. This behavior has also been observed 

for polysiloxanes containing others metal as reported in the literature [104, 106, 107].  

 

 

 

 

Fig. 4.1: Thermogravimetric analysis of cross-linked precursors under N2 atmosphere. 
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Further investigation on the structure of the polysiloxanes was performed by 

Fourier-transform infrared spectroscopy.  FT-IR spectra of ceramers after cross-linking 

at 200°C (denoted as Ni/H44+BisA-CL and Ni/MK+BisA-CL) and at different pyrolysis 

temperatures (400-600°C) are displayed in Fig. 4.2 (a,b). The FT-IR spectra presented 

similar peaks and comparable intensities. The broad intense peak centered at 1100 cm-1 

is attributed to Si–O–Si asymmetric vibration which is typical of any siloxane [117]. For 

ceramers prepared with methyl-phenyl polysiloxane (H44), the peaks observed at 1430 

cm-1, 740 cm-1 and 695 cm-1 are attributed to Si–C6H5 vibrations as seen in Fig 4.2 (a). 

The peaks located at 1272 and 885 cm-1 are related to Si-CH3 vibrations present in both 

polysiloxanes precursors (H44 and MK) [118]. Moreover, Si-C and C–H stretching 

vibrations are observed at 789 and 2960 cm-1, respectively. The peak at 1622 cm−1 is 

attributed to N-H vibration from the amino-siloxane precursor (BisA) [119]. 

It can be seen that by increasing the pyrolysis temperature the intensity of the 

peaks attributed to Si-C6H5 at 1439 cm-1; 740 cm-1; 695 cm-1, and the peaks at 2960 cm-1 

related to C-H vibrations in C6H5 decrease, indicating a higher decomposition of the 

organic groups with increasing the temperature. At 600°C, these peaks disappear, 

revealing that most of the phenyl groups have been decomposed. The situation is different 

for the methyl groups, as the peaks associated with Si-CH3 vibrations remain nearly 

constant up to 600°C, demonstrating their higher thermal stability, in agreement with the 

TGA results.    

Therefore, the thermal stability and decomposition behavior are intrinsically 

influenced by the pyrolysis temperature and composition of the material.  

 

 

 



63 
 

 

Fig. 4.2: FT-IR spectra of ceramers (a) Ni/H44+BisA and (b) Ni/MK+BisA cross-

linked at 200°C and pyrolyzed at 400-600°C. 
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4.2 Porosity 

 

For catalytic applications, a high specific surface area material with hierarchical 

porosity is desired to improve the dispersion of the active phase and to facilitate internal 

mass transfer, leading to increased catalytic activity. The porosity in polymer-derived 

ceramics can be further engineered by developing micro- and mesopores through a 

controlled pyrolytic treatment as a result of the decomposition of organic groups and 

release of volatiles. N2-adsorption/desorption isotherms were measured to evaluate the 

pore structure and the specific surface area (SSA). Fig. 4.3 (a-d) shows the obtained N2-

isotherms. The corresponding BJH plots, illustrating the respective pore size distribution, 

are shown in Fig. 4.4(a-d). 

The isotherms for both metal-free and Ni-containing ceramers reveal an 

intermediate state of type II behavior but also partly of type IV at all pyrolysis 

temperatures, which are typical for macro- and mesoporous materials, respectively [120]. 

Additionally, a considerable amount of micropores is expected as indicated by the 

significant adsorption at relatively lower pressures (p/p0). The hysteresis can be correlated 

with a type H3 found for materials with aggregates of plate-like particles giving rise to 

slit-shaped pores [103]. Therefore, the resulting materials show hierarchical porosity 

formed by micro- (d < 2 nm), meso- (2-50 nm) and macropores (d > 50 nm), which is 

important for many applications such as catalysis and adsorption [121]. 

The pure polysiloxanes H44 and MK are known to present isotherms of type I 

after pyrolysis [16] (not shown), which is related to the predominat presence of 

micropores. The addition of the complexing siloxane BisA, though, leads to the formation 

of further meso- and macropores at all temperatures of 400-600°C as seen in Fig 4.3. 

Furthermore, cross-linked samples (Ni/H44+BisA-CL and Ni/Mk+BisA-CL) also show 

meso- and macropores as evidenced by the isotherms and pore size distributions in Fig. 

4.5. The isotherms present the same characteristics as for the pyrolyzed samples, 

indicating an intermediary type II and type IV behaviors, and pore sizes with average 

diameters of 5.47 and 9.25 nm for Ni/H44+BisA-CL and Ni/Mk+BisA-CL, respectively. 

These results reveal that the introduction of BisA is responsible for inducing the evolution 

of meso- and macroporosity even before pyrolysis. During pyrolytic conversion, such 

porosity is increased by the formation of new pores in the micro and mesopore range, 

whereas maintaining the pores already formed in the cross-linked stage. Prenzel et al. 
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[111] also reported the preparation of ceramers with mesoporosity by combining MK and 

BisA as polysiloxane precursors and pyrolyzing the samples at temperatures of 350-

600°C.  

The corresponding BJH plots, illustrating the respective pore size distribution for 

the pyrolyzed ceramers, are shown in Fig. 4.4 (a-d). For ceramers prepared with methyl 

polysiloxane (MK+BisA and Ni/MK+BisA), a higher pore volume with the presence of 

bigger pores is observed, as indicated by the strongly increased adsorption in the range of 

p/p0 ~ 1 (Fig. 4.3 (b and d)). The addition of Ni led to an increase in pore size and pore 

volume as shown in Table 4.1 for both types of ceramers. This could be caused by an 

enhanced decomposition of the siloxanes around the Ni nanoparticles. Considering that 

the nickel ions are surrounded primarily by the complexing siloxane chains and that an 

increased decomposition is observed when BisA is present, the formation of a higher 

porosity directly around the nickel can be expected, what explains the development of 

larger pores and improved metal accessibility with the presence of the complexing 

siloxane. Broader pore size distribution was observed for Ni/MK+BisA ceramers with 

bigger pores up to 90 nm, an average pore size of 18.37 nm and pore volume up to 1.1 

cm3 g-1 (see Table 4.1). On the other hand, a narrow distribution was observed for 

Ni/H44+BisA ceramers consisting of pores up to 35 nm, an average pore size of 5.46 nm 

and pore volume up to 0.59 cm3 g-1. Regarding the metal-free ceramers, MK+BisA 

materials presented larger pore sizes and pore volumes compared to H44+BisA ceramers, 

both revealing narrow distributions. The BJH profiles for the metal-free and Ni-

containing ceramers confirm the presence of mesoporous, revealing the same overall 

trend at temperatures of 400-600°C. The average pore size was not affected by the 

increased temperature, however, the pore volume increased from 400 to 500°C, and 

decreased from 500 to 600°C, following the same trend as the specific surface area (see 

Fig. 4.6). 
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Fig. 4.3: N2-adsorption/desorption isotherms for (a) H44+BisA, (b) MK+BisA, (c) Ni/H44+BisA and (d) Ni/MK+BisA ceramers 

pyrolyzed at 400-600°C.
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Fig. 4.4: Pore size distribution (inset from 2 to 11 nm) of (a) H44+BisA, (b) MK+BisA, (c) Ni/H44+BisA and (d) Ni/MK+BisA ceramers pyrolyzed at 400-600°C.
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Fig 4.5: (a) N2-adsorption/desorption isotherm and (b) pore size distribution (inset from 

2 to 11 nm) of Ni/H44+BisA and Ni/MK+BisA cross-linked at 200°C. 
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Table 4.1: Average pore size and pore volume, Ni average crystallite and particle size, 

and Ni content of ceramers cross-linked and pyrolyzed at 400, 500 and 600°C. 

 

Sample 

Specific 

Surface Area 

(m2 g-1) a 

Average 

pore 

size 

(nm)b 

Average 

pore 

volume 

(cm3/g)b 

Ni average 

crystallite 

size (nm)c 

Ni 

average 

particle 

size (nm)d 

Ni 

content 

(wt%)e 

H44+BisA-400 99.06 3.75 0.1792 - - - 

H44+BisA-500 558.95 3.75 0.5365 - - - 

H44+BisA-600 546.11 3.75 0.1951 - - - 

MK+BisA-400 374.39 9.23 0.8374 - - - 

MK+BisA-500 527.77 9.23 0.9428 - - - 

MK+BisA-600 470.88 9.23 0.8019 - - - 

Ni/H44+BisA-CL 146.01 5.47 0.3496 - - - 

Ni/MK+BisA-CL 124.91 9.25 0.4826 - - - 

Ni/H44+BisA-400 273.19 5.46 0.4580 4.9 4.3 4.41 

Ni/H44+BisA-500 435.17 5.46 0.5959 7.8 - 4.81 

Ni/H44+BisA-600 457.62 5.46 0.4081 13.5 7.3 5.01 

Ni/MK+BisA-400 329.92 18.37 0.9479 4.3 4.0 5.08 

Ni/MK+BisA-500 335.40 18.37 1.1411 7.6 - 5.36 

Ni/MK+BisA-600 381.79 18.37 1.1240 11.5 7.0 5.51 

[a] calculated by BET method from N2-adsorption 
[b] calculated by BJH method from N2-desorption 
[c] calculated from XRD based on Scherrer’s equation 
[d] calculated from TEM images based on 100 particles for materials pyrolyzed at 400 and 600°C 
[e] calculated from TGA at 400, 500 and 600°C for 4 hours 
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The specific BET surface areas calculated from the nitrogen adsorption isotherms 

are shown in Fig. 4.6. Surface areas of approximately 100–550 m2 g-1 and 330–530 m2 g-

1 were generated for ceramers prepared using H44 and MK as polysiloxanes, respectively. 

Porosity is generated through the gas released during the polymer-to-ceramic 

transformation due to the decomposition of the CH3, C3H6-NH2 and C6H5 organic groups 

present in the polysiloxanes, resulting in a porous structure with high SSA. This porosity 

is however transient since the pores are only stable at temperatures as high as their initial 

pyrolysis temperature [82, 83]. By analyzing the metal-free samples, a dependency of the 

SSA over the pyrolysis temperature was observed. With increasing pyrolysis temperature 

from 400°C to 500°C the SSA increases, what can be explained by the decomposition of 

the organic groups, leading to the development of porosity and high SSA. The highest 

surface areas are detected for the metal-free samples after pyrolysis at 500°C in the range 

of 500 m2 g-1. However, a further increase in the pyrolysis temperature leads to a decrease 

in the surface areas, since the pores start to collapse [81]. Regarding the Ni-containing 

ceramers, the same trend is observed, with increasing pyrolysis temperature the SSA 

increases. However, lower surface areas are observed for the ceramers pyrolyzed at 500 

and 600°C compared to the metal-free samples. This can be explained by the fact that Ni-

containing materials show a higher material density, and also by the influence of Ni on 

the decomposition behavior of the precursors during pyrolysis, as observed in the 

thermogravimetric measurements. This behavior also has been observed for 

polysiloxanes containing others metal as reported in the literature [104, 105]. 

Summarizing, these results demonstrate that the microstructure of the material can 

be tailored by varying the pyrolysis temperature, by the addition of metal salt and the 

polysiloxane composition. Therefore, materials with high surface area and hierarchical 

porosity can be developed by pyrolyzing polysiloxanes combined with amino siloxanes. 
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Fig. 4.6: Specific BET surface areas of metal-free and Ni-containing ceramers 

pyrolyzed at 400, 500 and 600°C. 

 

 

4.3 Surface Characteristics 

 

In catalysis, especially for methanation reactions where water is formed as a 

product, a hydrophobic support is favorable to avoid the blocking of adsorption sites by 

water. Therefore, it is of great interest to investigate how the precursor composition and 

the pyrolysis temperatures influence the surface characteristics of the materials. Thus, the 

surface hydrophilicity and hydrophobicity were analyzed by water (which is mainly 

polar) and n-heptane (which shows mainly dispersive interaction [121]) adsorption 

measurements. This method provides a simple way to obtain initial information about the 

hydrophobicity/hydrophilicity of porous media. The ratio of adsorbed water/n-heptane 

for all prepared ceramers is shown in Fig. 4.7. The values of the specific BET surface 

areas were used to calculate the amount of solvent adsorbed per square meter of the 

ceramers surface area. 
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The hydrophobicity can be adjusted by varying the pyrolysis temperature. At 

400°C, the ceramers are strongly hydrophobic showing a predominant adsorption of n-

heptane in contrast to the lower adsorption of water. Decomposition of the organic 

compounds starts at around 450°C, converting the organic part into free (hydro)carbon, 

with a still hydrophobic matrix. During pyrolysis of phenyl and methyl-group containing 

polysiloxanes, the phenyl groups are easily converted at lower temperatures than the 

methyl groups. Therefore, the conversion from strongly hydrophobic to hydrophilic starts 

at different pyrolysis temperatures, for H44 at around 600°C and for MK above 630°C 

[122]. Thus, the metal-free and Ni-containing ceramers prepared with MK show a more 

hydrophobic behavior compared to the ones with H44. For the metal-free ceramers, there 

is a low uptake of water but an increased uptake for n-heptane. The situation is different 

for the Ni-containing ceramers where the ratio of water to n-heptane adsorption is 

inverted, revealing more hydrophilic materials. Ni catalyzes the decomposition reaction 

of the hydrophobic organic groups, as shown in the thermogravimetric measurements, 

leaving behind a higher amount of inorganic parts remaining in the material. Regarding 

the pyrolysis temperature, with increasing the temperature a significant increase in water 

and decrease in n-heptane adsorption is found, since less hydrophobic organic groups are 

present due to the loss of the methyl and phenyl groups, resulting in a more hydrophilic 

surface. This is sustained by comparing the weight losses at 400 and 600°C (Fig. 4.1) 

taken from the TGA profile, where the weight loss for all samples is about 5-17% at 

400°C and increases to 12-30% at 600°C. 

Accordingly, these results demonstrate that the surface properties are influenced 

by the precursor composition, by the metal addition and strongly by the pyrolysis 

temperature. Therefore, this preparation route is suitable for generating hydrophobic as 

well as hydrophilic catalytic materials. 
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Fig 4.7: Ratio of maximum water and n-heptane adsorption for ceramers pyrolyzed at 

400, 500 and 600°C.  

 

 

 

 

4.4 Surface Morphology 

 

The morphology of the Ni-containing ceramers was analyzed by scanning electron 

microscopy (SEM). The micrographs are presented in Fig. 4.8 (a-f) and reveal powders 

with aggregates of irregular sizes and shapes. The pyrolysis temperature and polysiloxane 

composition did not show a clear effect on the morphology of the powders. 
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Fig. 4.8: SEM micrographs of Ni/H44+BisA (a-c) and Ni/MK+BisA (d-f) pyrolyzed at 

400, 500 and 600°C. 
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4.5 Metallic Nanoparticles 

 

For heterogeneous catalytic applications, it is important to ensure highly dispersed 

and easily accessible nanoparticles with low or no particle growth at the same time in 

order to improve the utilization of the metal catalyst and increase the catalytic activity. 

The key to controlling the metal distribution is the atomic dispersion and complexation 

of the metal ions by the amino groups of the complexing agent, which after cross-linking 

are anchored throughout the silicon matrix, preventing the particles from sintering and 

agglomeration [108].  

The formation and distribution of Ni nanoparticles were investigated by TEM 

analysis of the fresh ceramers pyrolyzed at 400 and 600°C, and after 10 h of reaction as 

shown in Fig. 4.9 (a–f). The particle size distributions are presented in Fig 4.10 (a-f). The 

effect of the pyrolysis temperature on the size and distribution of nanoparticles is clearly 

demonstrated. Similar Ni particle sizes are found for both types of ceramers, whereas 

MK-based ceramers present narrower particle size distribution. The complexing siloxane 

BisA seems to effectively stabilize and homogeneously disperse the nickel nanoparticles 

at low pyrolysis temperatures of 400°C, resulting in an average particle size of ~4 nm. At 

higher pyrolysis temperature of 600°C, a still homogeneous distribution is observed, 

however with the formation of bigger particles with an average size of ~7 nm. This is an 

unexpected result as in similar siloxane-based catalysts the use of a complexing agent 

with amino groups was essential for the generation of well-distributed metal nanoparticles 

(Ni, Pt) and for the suppression of particle clustering during varied pyrolysis temperatures 

[104-107].  

This unforeseen result could be addressed probably due to the higher local 

temperature caused by the pyrolysis of a greater number of organic groups. Harms et al. 

[123] reported in their work the preparation of siloxane-based electrocatalysts with 

platinum nanoparticles (2.5–3.4 nm) homogeneously distributed on the support at 

pyrolysis temperatures of 500°C, whereas a higher pyrolysis temperature of 600°C led to 

agglomeration of the metal particles. Complexing agent free samples showed larger 

particles (4.7 nm) and agglomerates.  

Images of ceramers (pyrolyzed at 400°C) which were obtained after testing the 

samples during 10 hours for the CO2 methanation at a temperature of 350°C are presented 

in Fig. 4.9 (c,f). No sign of sintering of the Ni particles was found, demonstrating a good 
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stability of the ceramers, which displayed an average particle size of 4.6 and 4.3 nm for 

Ni/H44+BisA and Ni/MK+BisA, respectively. 

A further investigation allowed to observe that the increase of the pyrolysis 

temperature to 600°C led to the formation of carbon nanotubes (CNTs) for both ceramers 

types (more prominently for H44-based ceramers). The diameters of the CNTs are in the 

range between 3 and 7 nm which corresponds to the size of the nickel particles, as 

depicted in Fig. 4.11 for Ni/H44+BisA-600.  

As reported in previous investigations, Ni acts as a catalytic active phase for the 

formation of CNTs during pyrolysis of polysiloxanes. The hydrocarbons released during 

the thermal decomposition allow the CNT formation under chemical vapor deposition 

conditions [124, 125]. The temperature of the maximum hydrocarbon release rate 

depends on the organic substituent and is located at ~750°C for methyl polysiloxanes and 

at ~600°C for methyl-phenyl polysiloxanes [115]. By adding nickel acetate to a methyl-

phenyl polysiloxane, Scheffler et al. [91] obtained metallic Ni particles of 40–60 nm 

during the pyrolytic conversion at temperatures of 700–1000°C, which led to the 

formation of carbon nanotubes and turbostratic carbon inside the material. Terry et al. 

[126] investigated the in-situ formation of CNT in Ni-containing polysiloxanes over 

temperatures of 500-1200°C. Higher pyrolysis temperature (starting at ~800°C) were 

found to increase the formation of CNTs, which were ascribed to be end-capped, thus 

limiting the access to the interior.  

Two types of growth mechanisms for the formation of nanotubes on metal-

containing substrates have been reported. Firstly, when the interaction between the metal 

particle and the substrate is strong, a base-growth model of CNTs is favored, resulting in 

the formation of closed-carbon structures. In this type of model, nanotube growths above 

the particle that remains attached to the substrate. Secondly, when the interaction metal-

substrate is weak another mechanism overcomes, the tip-growth model. Here, the 

mechanism pushes the catalyst particle that resides at the growing tip further away from 

the substrate [127, 128].  

In sum, the results demonstrate that Ni nanoparticles were homogeneously 

dispersed through the matrix by using BisA as complexing precursor. Moreover, a 

temperature-dependence was observed for the particle size, with smaller particles formed 

at lower pyrolysis temperatures. 
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Fig. 4.9: TEM images of the fresh Ni-containing ceramers pyrolyzed at 400°C (a,d), 600°C (b,e)  and the spent catalysts after 10 h stability test (c,f). 
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Fig 4.10: Particle size distributions of Ni-containing ceramers pyrolyzed at 400°C (a,d), 600°C (b,e)  and the spent catalysts after 10 h stability test (c,f). 
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Fig. 4.11: TEM image of CNT formed in Ni/H44+BisA-600. 

 

4.6 Crystalline Structure 

 

X-ray diffraction analysis was performed in order to further investigate the 

formation of Ni particles and to quantify their crystallite sizes. XRD patterns of the fresh 

Ni-containing ceramers pyrolyzed at temperatures of 400, 500 and 600°C are shown in 

Fig. 4.12. The XRD patterns presented broad reflections between 15-30° 2θ indicating 

the formation of Si-based amorphous phase for all ceramers [129]. Moreover, the 

materials presented characteristic diffraction peaks corresponding to the crystallographic 

planes of cubic Ni structure with Fm-3m symmetry (JCPDS No. 89-7128) around 45°, 

52° and 77° 2θ, indicating the formation of metallic Ni crystallites. No diffraction peaks 

related to secondary phases (such as Ni2Si) were detected, revealing the efficiency for 

generating in-situ metallic particles. The pyrolytic conversion of metal-containing 

polysiloxanes under an inert atmosphere is found to lead to an in-situ reduction of the 

metal precursor to metal nanoparticles since hydrocarbons and hydrogen released during 

pyrolysis constitute a reductive atmosphere [17].  

By increasing the temperature, the intensity of the Ni peaks increases and the 

width decreases, which is associated with an increase in the crystallite size as seen in 
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Table 4.1, indicating a remarkable increase of nearly 60% in crystallite size at higher 

temperatures. The smallest crystallites were found for the samples pyrolyzed at 400°C 

with 4.9 and 4.3 nm for Ni/H44+BisA and Ni/Mk+BisA, respectively. With increasing 

pyrolysis temperature to 600°C, the crystallite sizes increase to 13.5 and 11.5 nm, 

respectively. These results are in agreement with the TEM images presented in Fig. 4.9. 

The crystallite size calculated for ceramers pyrolyzed at 400°C is almost the same as the 

particle size calculated from TEM, indicating the formation of single crystallite Ni 

particles. However, the crystallite size for ceramers pyrolyzed at 600°C differs from TEM 

data, possibly due to the formation of Ni agglomerates consisting of several Ni 

crystallites. 

Thus, these results demonstrate that Ni nanoparticles can be in-situ generated 

during pyrolysis, which represents a significant advantage of the PDC route in 

comparison to the conventional preparation methods. 

 

Fig. 4.12: XRD patterns of the Ni-containing ceramers pyrolyzed at 400, 500 and 600 

°C. 
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4.7 Catalytic Activity 

 

CO2 methanation measurements were performed in order to analyze the 

applicability of the Ni-containing ceramers for catalytic purposes, considering the 

influence of the polysiloxane composition and the pyrolysis temperature on the catalytic 

activity. According to the characterization results, the ceramer’s properties are influenced 

by the polysiloxane composition, and further, strongly dependent on the pyrolysis 

temperature. Therefore, different behaviors and catalytic performances are expected. The 

CO2 conversion and CH4 selectivity of the ceramers are displayed as a function of 

temperature (200−400°C) in Fig. 4.13, along with results for the standard catalyst 

Ni/SiO2-400.  

It is clearly observed that CO2 conversion and CH4 selectivity increase with 

increasing the temperature, reaching the maximum rate at a reaction temperature of 

400°C. In thermodynamic equilibrium, CO2 conversion increases as the reaction 

temperature increases, while the selectivity of CH4 increases by increasing reaction 

temperature to a certain limit and then starts decreasing at elevated temperatures [130]. 

Regarding the ceramers, the highest conversion (~52%) and selectivity (~77%) are 

observed for the ceramers pyrolyzed at 400°C. The situation is different for ceramers 

pyrolyzed at 600°C showing the lowest activity with a decrease of ca. 20% and 50% in 

conversion and selectivity, respectively. Meanwhile, intermediate performance was 

found for ceramers pyrolyzed at medium temperatures (500°C). The explanation for such 

behavior is ascribed, mainly, to the Ni particle size and dispersion. Due to the structure-

sensitivity of the reaction, the metal particle size greatly influences the catalytic activity, 

in which an improved performance is achieved with an optimum particle size [48, 49]. 

According to the XRD and TEM results, smaller (~4 nm) and better dispersed Ni particles 

were found for ceramers pyrolyzed at 400°C, thus, justifying the highest conversion and 

selectivity, once smaller particles offer a large number of surface atoms [131]. At higher 

pyrolysis temperatures (600°C) larger particles were formed (~7 nm), leading to a lower 

metal surface, possibly explaining the lower conversion and selectivity levels.   

 

 

 



82 
 

 

Fig. 4.13: (a) CO2 conversion and (b) CH4 selectivity for Ni-containing ceramers 

pyrolyzed at 400, 500 and 600°C and standard catalyst Ni/SiO2 pyrolyzed at 400°C. 
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Analyzing the ceramers pyrolyzed at the same temperature, a clear trend is 

evident, characterized by the higher CO2 conversion and CH4 selectivity found for 

ceramers prepared from methyl polysiloxane (MK). For instance, comparing the ceramers 

pyrolyzed at 600°C at a reaction temperature of 300°C, Ni/MK+BisA exhibits 10% higher 

conversion and 18% higher selectivity than Ni/H44+BisA. The same trend is found for 

ceramers pyrolyzed at 400 and 500°C. When analyzing the characteristics of such 

ceramers, similar Ni particle size and comparable surface areas (see Table 4.1) are found 

at each pyrolysis temperature. One first explanation for the better results of the MK-based 

ceramers is attributed to the larger pore sizes and pore volumes of these materials, which 

possibly improved the nickel particles accessibility, resulting in a higher catalytic 

performance. Moreover, the surface hydrophilicity plays a crucial role in the catalytic 

activity. It is known that water produced during the reaction has an inhibiting effect on 

the methanation activity, hindering the accessibility of the active sites and, thus, 

decreasing the reaction rate and selectivity [45]. By using a catalyst with a less 

hydrophilic surface this effect can be repressed and the amount of blocked active sites 

can be reduced. Hence, the more hydrophobic MK-based ceramers show a better catalytic 

activity and selectivity. The organic groups present in the polysiloxane precursors favor 

the hydrophobic behavior of the ceramers, therefore, since the phenyl groups in H44 are 

more easily decomposed then the methyl groups, more hydrophilic surfaces are obtained. 

This behavior was also verified by Schubert et al. when testing Ni and Co-containing 

ceramers for CO2 methanation and Fisher-Tropsch reactions, respectively [19]. The 

difference in catalytic activity was related to the different surface hydrophilicity. The 

highest activity was found for the catalysts with the lowest tendency to adsorb water 

(hydrophobic behavior). 

Therefore, the order of activity and selectivity for CO2 methanation can be 

assigned as Ni/MK+BisA-400> Ni/H44+BisA-400 > Ni/MK+BisA-500 > Ni/H44+BisA-

500 > Ni/MK+BisA-600 > Ni/H44+BisA-600. Moreover, in order to compare the 

performance of the ceramers with those of existing catalysts, a standard catalyst Ni/SiO2-

400 was prepared and analyzed. Hence, it was possible to properly compare both 

materials under the same reaction conditions. With respect to the Ni/SiO2-400 catalyst, 

the same dependency on the reaction temperature is observed, with maximum conversion 

and selectivity at 400°C. The CO2 conversion is low up to 300°C, whereas from 350°C 

on, an increase in conversion is observed revealing a better activity than ceramers 

pyrolyzed at 600°C, however lower than ceramers pyrolyzed at 400 and 500°C. In relation 
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to the selectivity, Ni/SiO2-400 showed comparable performance to the ceramers 

pyrolyzed at 500°C and improved selectivity than ceramers pyrolyzed at 600°C. 

Although, selectivity up to 18% lower than ceramers pyrolyzed at 400°C was obtained. 

This behavior may be intrinsically related to the accessibility and size of Ni particles as 

well as to the surface properties. Despite the fact of showing a hydrophilic surface and 

agglomerated Ni particles of about 8 nm (see supplementary data, Fig. S1 – S3), the 

impregnation method used to prepare the standard catalyst produces Ni enrichment on the 

surface of the support [132], which possibly favors the performance, leading to better 

results than ceramers pyrolyzed at 600°C. However, the more hydrophobic surface of 

ceramers pyrolyzed at 400°C associated with well-distributed and smaller Ni particles (4 

nm), led to an improved performance due to the structure-sensitivity of the CO2 

methanation. 

Ni catalyst can deactivate even at low temperatures due to sintering of Ni particles 

or carbon deposition, affecting its performance and stability [133]. Therefore, in order to 

investigate the stability during the methanation reaction, catalysts pyrolyzed at 400°C 

(Ni/H44+BisA-400, Ni/MK+BisA-400 and Ni/SiO2-400) were tested at 350°C for 10 

hours as depicted in Fig. 4.14. The catalysts exhibited performance fairly close to the 

measurements in Fig. 4.13, indicating a good reproducibility within the experimental 

error.  The standard catalyst showed continued conversion and selectivity, revealing a 

good stability of its Ni particles. In the same way, virtually constant conversion and 

selectivity during the entire test were displayed by the ceramers. The long-term 

performance of ceramers can be related to the improved dispersion of Ni particles and 

better particle-matrix interactions. As shown by the TEM images (Fig. 4.9c and 4.9f) after 

the 10 h test, no sintering of the Ni particles was observed indicating their good stability.  
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Fig. 4.14: CO2 conversion (black) and CH4 selectivity (blue) for catalysts 

pyrolyzed at 400°C during test at 350°C for 10 h. 

 

 

In summary, it could be seen for the catalytic activity that the polysiloxane 

composition and pyrolysis temperature influence the catalysts behavior. Small and finely 

dispersed nickel particles in hydrophobic ceramers are more suitable for CO2 

methanation, showing good stability and improved conversion and selectivity when 

compared to a standard catalyst. A decrease in pyrolysis temperature from 600 to 400°C, 

decreases the Ni particle size and increases the catalytic performance. A further 

optimization of the ceramers based e.g. on the formation of smaller and well-distributed 

Ni particles is expected to further improve the catalytic activity. 
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4.8 In-situ Analysis 

 

In-situ diffraction analysis was conducted during a simulated methanation 

reaction in order to verify possible phase changes and the evolution of the Ni crystallite 

sizes over the catalytic test. This investigation allows a better understanding on the 

stability of the metal particle during the reaction. The measurements were conducted 

under the same conditions of the catalytic test during a shorter period. Fig. 4.15 (a-d) 

shows the in-situ XRD patterns of the ceramers pyrolyzed at 400 and 600°C during the 

first hour of CO2 methanation reaction.  

The diffraction peaks of Ni are shifted to higher angles located at approximately 

51 and 60° 2θ, once a radiation with a higher wavelength of 1.7712 Å was applied in the 

diffractometer. The peaks did not suffer substantial changes and no undesired phase 

formation was observed during the reaction, demonstrating that the structure is preserved. 

The utmost interesting aspect observed from the in-situ XRD experiments is the stability 

of the Ni crystallites during the reaction as depicted in Fig. 4.15(e), revealing constant 

values with no further growth during the entire test, corroborating with the TEM analysis 

of the spent ceramers. The crystallites are stable at temperatures as high as their initial 

pyrolysis temperature. For both H44 and MK-based ceramers at 400 and 600°C, the 

crystallite sizes of Ni are maintained constant. At 400°C both ceramers present similar 

crystallite sizes (5.8 nm), whereas at 600°C, Ni/MK+BisA-600 shows smaller crystallites 

(~10.8 nm) compared to Ni/H44+BisA-600 (~13.3 nm). These results are in good 

agreement with the diffraction data presented early (see Table 4.1 and Fig 4.12). A small 

difference in crystallite sizes comparing both XRD and in-situ XRD is to be expected 

once different devices were used to measure the samples.  The influence of the pyrolysis 

temperature is also clearly observed, revealing peaks more intense and with narrower 

width at pyrolysis temperature of 600°C (Fig. 4.15 (c,d)), indicating the presence of 

bigger particles and/or the formation of agglomerates.  

Accordingly, it could be shown that the structure and crystallite sizes of Ni are 

stable during the catalytic reaction, indicating no sintering effects.  
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Fig. 4.15: In-situ XRD during simulated CO2 methanation reaction at 400°C for (a) Ni-

H44+BisA-400, (b) Ni-MK+BisA-400, (c) Ni-H44+BisA-600 and (d) Ni-MK+BisA-

600 ceramers; and (e) crystallite size versus time on stream. 
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In this work, it could be demonstrated that it is possible to generate a material with 

tailored hydrophilicity, hierarchical porosity and high specific surface area containing 

nanodispersed nickel particles. The easily adjust of the materials characteristics provides 

a good control of the catalysts’ properties with increased activity. Long-term stability and 

improved catalytic performance could be achieved due to the high porosity, well-

dispersion of the small particles and solid particle-matrix interaction, which provided a 

good accessibility of the catalyst particles, facilitating the internal mass transfer and 

leading to an increased activity, besides avoiding extensive sintering of the metal 

particles. Also, specific modification of the surfaces by changing the hydrophobicity 

behavior of the surface influenced the levels of conversion and selectivity. Therefore, the 

metal-containing ceramers are promising materials for catalytic applications. 
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V – Conclusions & Outlook 
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5. Conclusions 

 

In this work, Ni-containing hybrid ceramics were prepared by a simple route using 

commercially available and low-cost polysiloxane under low pyrolysis temperatures. By 

using different precursors (either methyl or methyl-phenyl polysiloxanes) and varied 

pyrolysis temperature (400-600°C), it was possible to adjust the ceramers properties, 

leading to porous materials with high specific surface areas, finely dispersed metal 

particles and tunable surface characteristics, resulting in improved catalytic activity 

toward the CO2 methanation. 

 Hierarchical porosity (formed by micro-, meso- and macropores) and high specific 

surface areas (100 – 550 m2 g-1) could be induced through the pyrolytic conversion of 

polysiloxanes with BisA, providing a good accessibility of the catalyst particles and 

facilitating the internal mass transfer. Due to the use of BisA as complexing siloxane, Ni 

particles were homogeneously distributed, showing average sizes of 4–7 nm. Their stable 

embedding avoided extensive sintering of the particles even during long hours of reaction. 

A decrease of pyrolysis temperature lowered the Ni particle size and changed the 

hydrophobicity behavior of the surface, increasing the catalytic performance. Ceramers 

prepared with MK as polysiloxanes showed a more hydrophobic surface owing to the 

better thermal resistance of the methyl groups, which improved the catalytic activity since 

water presents an inhibiting effect during the methanation reaction. 

 CO2 conversion and CH4 selectivity could be improved by increasing the reaction 

temperature and decreasing the pyrolysis temperature of ceramers. Therefore, ceramers 

pyrolyzed at 400℃ exhibited the highest CO2 conversion with selectivity up to ~77% and 

an overall good stability during 10 h of reaction. For structure-sensitive reactions, as e.g. 

CO2 methanation, the catalytic performance is closely related to the intrinsic properties 

of the catalyst. Thus, a less hydrophilic surface with smaller and finely dispersed Ni 

particles showed a positive effect on the stability and activity. The opposite situation was 

found for ceramers with bigger Ni particles and more hydrophilic surfaces, leading to a 

significantly lower conversion and selectivity.  

In summary, it could be demonstrated that metal-containing ceramers with highly 

dispersed metal particles and tunable properties are promising materials for catalytic 

applications, especially for low-temperature reactions, in which the particle size may 

affect the catalytic performance and where a hydrophobic material is preferable to avoid 

the blocking of the adsorption sites by water. 
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6. Outlook 

 

Although the first results showed promising application of the hybrid ceramics as 

catalysts, further investigations may be conducted in order to optimize the ceramers 

properties and improve their catalytic performance.   

One first approach is centered on investigating different complexing siloxane 

precursors. By varying the composition of the complexing agent and/or its molar ration 

to metal ions, it is expected to change the interaction metal-polymer and therefore 

improve the stabilization and anchoring of the metal ions, leading to a controlled metal 

size and distribution at even higher temperatures.  Siloxanes containing one (3-

aminopropyltriethoxysilane) or two (3-(2-aminoethylamino)propyltrimethoxysilane) 

amino groups could be further considered. 

A second approach consists on mixing precursors with different molecular 

architecture in order to enhance the porosity and surface area of ceramers. When mixing 

two precursors with different weight loss and structures, pores of different sizes can be 

formed during pyrolysis, because of the different behavior that the two polymers display.  

A third approach involves the development of monoliths structures since for 

industrial applications, monolithic catalysts offer several advantages (e.g., lower energy 

input, controllable mass transport, easy catalyst separation) and are in many cases 

preferable compared to classical powder materials. Processing techniques such as 

sacrificial template, replica technique, foaming, blowing, self-assembly and freeze 

casting combined with controlled pyrolysis conditions can be applied to produce monolith 

porous ceramics with a variety of pore sizes. 
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Appendix A 

 

 

Characterization results for the standard catalyst Ni/SiO2 pyrolyzed at 

400°C are presented below in Fig. S1 to S3. 

 

 

 

Fig. S1: Ratio of maximum water and n-heptane adsorption for Ni/SiO2 catalyst 

pyrolyzed at 400°C. (Data from ceramers pyrolyzed at 400, 500 and 600°C are shown 

for comparison).  
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Fig S2: (a) N2-adsorption/desorption isotherm and (b) pore size distribution (inset from 

2 to 11 nm) of Ni/SiO2-400 catalyst. 
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Fig. S3: (a) TEM image and (b) particle size distribution of Ni/SiO2-400 catalyst. 
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