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Zusammenfassung 

Die präzise Kontrolle der Porenstruktur ist entscheidend für die Anwendung von 

porösen Strukturen. In der Literatur hat das Gefriergussverfahren gezeigt, dass es eine 

Vielzahl an Möglichkeiten besitzt, um die Porenstruktur und damit verknüpfte 

Eigenschaften, wie die Permeabilität und die mechanische Festigkeit, zu beein-

flussen. Es eignet sich daher besonders für die Entwicklung von Porenstrukturen. 

Polymer-abgeleitete Keramiken haben in Untersuchungen bewiesen, dass sie eine 

einzigartige Kombination von Eigenschaften, wie eine niedrige Wärmeleitfähigkeit, 

einstellbare Oberflächeneigenschaften und die Möglichkeit die chemische 

Zusammensetzung einfach anpassen zu können, aufweisen. Folglich ist die 

Kombination des flexiblen Gefriergusses mit der gut einstellbaren polymer-

abgeleiteten Keramik in hohem Maße vielversprechend, um den Herausforderungen 

unterschiedlichster Anwendungen poröser Monolithe zu begegnen. 

Ziel dieser Arbeit ist die Entwicklung poröser polymer-abgeleiteter SiOC Monolithe 

für Anwendungen im kapillaren Transports und der heterogenen Katalyse. Anpas-

sungen der Prozessparameter des lösungsbasierten Gefriergusses sowie Änderungen 

der Zusammensetzung der Polymerlösung stellen dabei die wesentlichen Variablen 

dar. tert-Butylalkohol und Cylcohexan werden als Lösemittel und Polysiloxane als 

präkeramische Polymere verwendet. 

Im ersten Teil und als Ausgangspunkt für die folgende Konditionierung werden die 

grundlegenden Zusammenhänge zwischen der Zugabe von präkeramischen (SiOC) 

und keramischen (SiO2, Al2O3) Füllern auf die Porenstruktur und Eigenschaften, wie 

Hydrophilizität, mechanische Festigkeit und spezifische Oberfläche, aufgeklärt. In 

Abhängigkeit der chemischen Zusammensetzung der präkeramischen Füller variiert 

die spezifische Oberfläche von 276 m2·g–1 bis 531 m2·g–1 und die Hydrophilizität von 

0,13 bis 2,08. Die Kontrolle und sogar die Vorhersage der resultierenden 

Eigenschaften ist aufgrund der guten Übereinstimmung zwischen experimentellen 

Ergebnissen und der linearen Mischungsregel möglich. Die bemerkenswerte 

Steigerung der Druckfestigkeit um einen Faktor von bis zu 1,9 ist auf die Änderungen 

der Porenmorphologie zurückzuführen. Diese ist wiederum bedingt durch die 

Füllerzugabe und charakterisiert durch eine gesteigerte Isotropie. Bei niedrigen 
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Füllergehalten (1,7 vol%) führen Aluminiumoxid Platelets, die ein geringes 

Aspektverhältnis aufweisen, zu höheren Festigkeiten als sphärische Partikel. So 

ermöglicht die Zugabe von Füllern mit den beobachteten, verschiedenen Auswir-

kungen, die Porenstrukturen sehr flexibel und gezielt anzupassen. Besonders die 

verbesserte Festigkeit stellt einen bedeutenden Schritt in Richtung einer breiten 

Anwendung von porösen gefriergegegossenen SiOC Monolithen dar.  

Das Wissen um die Möglichkeiten, die Porenstruktur durch Zugabe von Füllern zu 

beeinflussen, stellt eine breite Grundlage zur Herstellung von porösen Monolithen 

mit verschiedenen Strukturmotiven sowie zur Erprobung dieser Strukturen 

hinsichtlich ihrer Eigenschaften im kapillaren Transport dar. Das Verständnis der 

Zusammenhänge zwischen Porenstruktur und kapillarem Transport ist essentiell, um 

Komponenten für den kapillaren Transport effizient entwickeln zu können. Um 

unterschiedliche Porenmorphologien und –ausrichtungen zu erzeugen, werden im 

Rahmen dieser Arbeit neben unterschiedlichen Lösungsmitteln zwei Einfrier-

methoden untersucht: nicht unidirektional und unidirektional. Für den kapillare 

Transport bei Raumtemperatur zeigt sich, dass eine hohe Permeabilität zu einem 

schnelleren Transport führt. Obwohl die isotrop-dendritische und die prismatische 

Struktur sehr ähnliche Porenfenstergrößen und Porosität haben, führen Unterschiede 

in der Porenmorphologie und der Tortuosität zu höherer Permeabilität und damit 

auch zu schnellerem Transport in der isotrop-dendritischen Struktur bei nicht 

unidirektionalem Einfrieren. Der kapillare Transport in der dendritischen 

Porenstruktur mit geringer Porosität ist durch einen linearen Massenanstieg 

gekennzeichnet, der sich deutlich von dem idealtypischen gekrümmten Verhalten 

unterscheidet. Bei unidirektional gefrorenen Proben, die eine vollständig 

ausgerichtete Porenstruktur ohne Unterbrechung der Dendriten aufweisen, ist 

hingegen kein lineares Verhalten zu beobachten. Dies legt die Erklärungsansatz nahe, 

dass eine eingeschränkte Interkonnektivität zwischen den einzelnen ausgerichteten 

Porenbereichen der Grund für die Linearität ist. Erste, spezielle Auswertungen von 

µCT-Daten untermauern diesen Ansatz. Während das Einfrieren bei konstanter 

Einfriertemperatur in einem Gradienten der Porenfenstergröße resultiert, erzeugt 

eine konstante Einfriergeschwindigkeit eine homogene Porenstruktur. Wird die 

Einfriergeschwindigkeit von etwa 3,3 µm·s auf 6,8 µm·s reduziert, steigt die Poren-

fenstergröße um 14 % bis 67 % und damit auch die Geschwindigkeit des kapillaren 
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Transports. Die Vorhersage des kapillaren Transports anhand der Lucas-Washburn 

Gleichung stimmt nur bei Proben mit sehr spezifischen Eigenschaften (prismatisch, 

60 % Porosität) mit den experimentellen Ergebnissen überein. Um den kapillaren 

Transport in den untersuchten komplexen dreidimensionalen Strukturen verlässlich 

vorherzusagen, sind die Annahmen der Lucas-Washburn Gleichung zu restriktiv. 

Zusammenfassend erlauben diese umfassenden Erkenntnisse zukünftig die gezielte 

Auslegung von lösungsbasierten, gefriergegossenen Komponenten für den kapillaren 

Transport. 

Kontrolle über die Porenstruktur ist auch bei monolithischen Katalysatoren, die durch 

besseren Wärme- und Massetransport als konventionelle Festbettreaktoren charakte-

risiert sind, essentiell. Zunächst muss aber der inerte Träger mit katalytischer 

Aktivität ausgestattet werden. Dabei sind Trägermaterialien mit einer inhärenten 

katalytischen Aktivität aufgrund einiger Nachteile der kommerziell verwendeten 

Washcoat Beschichtung sehr interessant. In dieser Arbeit werden die zugrunde-

liegenden Prinzipien und Prozesse zur Erzeugung eines makroporösen metallhaltigen 

SiOC Monolithen aufgeklärt. Inhärent katalytisch aktive Monolithe werden mit Hilfe 

der neuartigen Kombination aus lösungsbasiertem Gefriergießen und dem bekannten 

Prinzip der in situ Bildung von Nickelpartikeln in SiOC Matrizes erfolgreich 

hergestellt. Unter vier Komplexierungs- und Vernetzungsmitteln stellt sich 

(3-amino)propyltriethoxysilan als am effektivsten heraus, um kleine und homogen 

verteilte Nickelpartikel zu erzeugen. Partikelgröße von (2.52 ± 0.82) nm können so 

erreicht werden. Die katalytische Aktivität wird in einem Festbettreaktor für die CO2 

Methanisierung bestimmt. Die Umsetzung von Kohlenstoffdioxid  und die Selektivität 

gegenüber Methan nehmen mit sinkender Größe der Nickelpartikel ab und erreichen 

Maximalwerte von 0,49 und 0,74. Diese vielversprechenden Ergebnisse zeigen, dass 

metallhaltige makroporöse SiOC Monolithe, die durch das lösungsbasierte Gefrier-

gussverfahren hergestellt werden, aussichtsreiche heterogene Katalysatoren sind. 

Zusammenfassend beleuchtet diese Arbeit die grundlegenden Abhängigkeiten 

zwischen den Prozessparametern, wie z.B. die Zugabe von Füllern oder die Einfrier-

bedingungen und der entstehenden Porenstruktur von lösungsbasiertem Gefrierguss 

von PDCs. Ausgehend davon zeigt sie die erfolgreiche Anpassung und Entwicklung 

der Porenstruktur und/oder der chemischen Zusammensetzung hinsichtlich zweier 

relevanter Anwendungen: kapillarer Transport und heterogene Katalyse.
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Abstract 

The precise control of the pore structure is fundamental for the application of porous 

media. Freeze casting has proved to offer a great variety of possibilities to widely 

change the resulting pore structure and related properties such as the permeability 

and the mechanical strength. Consequently, it is very interesting for the development 

of pore structures. Moreover, polymer-derived ceramics (PDC) are reported to offer a 

unique combination of properties such as low thermal conductivity, tailorable surface 

characteristics and the possibility to easily modify the chemical structure. 

Consequently, the combination of the flexible freeze casting with the tailorable 

polymer-derived ceramics is very promising in tackling the challenges of various 

applications in the field of porous monoliths. 

This work aims to develop porous polymer-derived SiOC monoliths for capillary 

transport and heterogeneous catalysis by adapting the processing parameters of the 

solution-based freeze casting and by altering the chemical composition of the starting 

solution. Hereby, tert-butyl alcohol and cyclohexane act as solvents and polysiloxanes 

are used as preceramic polymers.  

In the first part and as base for the subsequent conditioning, the fundamental 

relationships between the addition of preceramic (SiOC) and ceramic (silica, alumina) 

filler particles and the resulting pore structure and properties such as hydrophilicity, 

strength and specific surface area are elucidated. Depending on the chemical 

composition of the preceramic filler particles, the BET surface area and the 

hydrophilicity vary in a wide range of 276 m2·g–1 to 531 m2·g–1 and 0.13 to 2.08, 

respectively. A linear rule of mixture shows very good agreement with the 

experimental results and enables the precise control and even the prediction of the 

resulting properties. The remarkable increase of the compressive strength by a factor 

of up to 1.9 is attributed to the change in the pore morphology. This change is caused 

by the filler addition and characterized by enhanced isotropy. At low filler 

concentrations of 1.7 vol%, the addition of alumina platelets which exhibit a low 

aspect ratio is more effective in improving the strength than the addition of spherical 

particles. The addition of filler particles and its influence on the pore structure 

represents a versatile toolbox which enables the precise adaption of pore structures. 
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Especially, the improved strength reflects an important step towards a broader 

application of freeze cast SiOC monoliths. 

The knowledge of the possibilities to influence the pore structure by adding fillers is 

an excellent base to manufacture porous monoliths with different structural motifs 

and test these pore structures on their capillary transport ability. The understanding 

of relation between the pore structure and the capillary transport behavior is the key 

for an efficient design of capillary active components. To generate different pore 

morphologies and pore orientation, different solvents as well as two methods of 

freezing are used within this work: non unidirectional and unidirectional freezing. 

Isothermal wicking experiments at room temperature show that a high permeability 

results in fast wicking. Though having a similar pore window size of 5.5 µm to 7.0 µm 

and a similar porosity of 60.8 % to 63.5 %, the differences in pore morphology and 

tortuosity between the isotropic dendritic structure and the prismatic structure lead 

to a higher permeability and consequently faster wicking for the isotropic dendritic 

structure in non unidirectional freezing. The wicking of the dendritic structure with 

a lower porosity is characterized by a linear mass increase and deviates from the 

typical curved wicking behavior. The absence of a linear section in case of 

unidirectional freezing which provides a fully aligned pore structure without any 

interruption of the dendrites, supports the hypothesis of limited interconnectivity 

between aligned pore areas as reason for the linear section. A first particular analysis 

of µCT-data underpins this explanation. While constant freezing temperature 

conditions result in a graded pore window size, a constant freezing front velocity 

generates a homogeneous pore structure. Decreasing the freezing front velocity from 

approx. 3.3 µm·s to approx. 6.8 µm·s leads to an increase of the pore window diameter 

by 14 % to 67 % and consequently causes faster wicking. The prediction of the wicking 

by the Lucas-Washburn equation matches with the experimental data only for 

structures with a very specific set of properties (prismatic structure, 60 % porosity). 

The results clearly show that the assumptions made by the Lucas-Washburn equation 

are too restrictive to reliably predict the wicking in complex solution-based freeze 

cast structures. In summary, these comprehensive findings allow for a targeted design 

of components for capillary transport applications prepared by solution-based freeze 

casting in the future. 
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The control of the pore structure is also essential for monolithic catalysts which are 

characterized by superior heat- and mass transfer compared to packed-bed reactors. 

But before, catalytic activity has to be introduced to the initially inert support. 

Hereby, supports with an inherent catalytic activity are of interest due to some 

drawbacks of the commercially applied method of using a washcoat. Within this work, 

the underlying principles and processes of generating a macroporous metal 

containing PDC monolith are investigated. Inherent catalytic active monoliths are 

successfully prepared by the novel combination of solution-based freeze casting with 

the generally known principle of in situ formation of nickel particles in SiOC matrices. 

Among four complexing and cross-linking agents with amino functionality, 

(3-aminopropyl)triethoxysilane proofs to be most effective in creating small and well 

distributed metallic nickel particles of (2.52 ± 0.82) nm. Evaluation of the 

fundamental catalytic activity was performed in a packed-bed reactor using the CO2 

methanation as a probe reaction. Carbon dioxide conversion and the selectivity 

towards methane increase with decreasing nickel particle size with maximum values 

of 0.49 and 0.74, respectively. These encouraging results proof that metal containing 

macroporous SiOC monoliths prepared by solution-based freeze casting are very 

promising candidates for heterogeneous catalysis. 

In conclusion, this work elucidates the fundamental relationships between the 

process parameters (e.g. the addition of fillers or the freezing conditions) and the 

resulting pore structure of monolithic solution-based freeze cast PDCs. Taking this as 

base, it demonstrates the successful adaption and conditioning of the pore structure 

and/or the composition for two relevant applications: capillary transport and 

heterogeneous catalysis. 
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1 Introduction 

Porous ceramic monoliths are required in a wide range of industries. For applications 

such as water filtration, energy storage/conversion, gas adsorption, catalysis or even 

tissue engineering, a high permeability is a prerequisite to avoid mass transport 

limitations [1-5]. This requirement can be addressed by the introduction of open 

macroporosity. Several methods have been developed for the manufacturing of 

macroporous monoliths: direct foaming, replica method, additive manufacturing and 

sacrificial templating [6, 7].  

Being able to precisely control the pore structure is crucial for the development of 

porous material in order to meet the requirements of the applications. Such 

development includes the adaption of parameters which are characterizing the 

porous structure itself: open porosity, pore window size, specific surface area, pore 

morphology and tortuosity. Additionally, further properties which are describing the 

interaction of the material with the environment have to be taken into account: 

surface characteristics, mechanical strength and reactivity with substances in the 

environment, e.g. catalytic activity.  

Two applications of porous structures and their requirements on the pore structure 

should be considered within this work: capillary transport and heterogeneous 

catalysis. In the challenging niche application of liquid acquisition devices for 

spacecraft, porous screens are used for the separation of liquid from vapor to ensure 

gas free delivery of liquid propellants to the engine. The pore structure determines 

the pressure loss as well as the reliability under different thermal and gravitational 

conditions. The required pore size typically ranges from approx. 5 µm to approx. 

100 µm and depends strongly on the specific operating conditions. To avoid thermal 

losses, materials with a lower heat conductivity than the currently used metallic 

meshes are of interest. A low heat conductivity of the porous structures would reduce 

boil-off of precious propellant which is a critical aspect in the context of cryogenic 

propellants. Additionally, the application of materials with a lower density than the 

currently used stainless steel reduces the system mass which is a crucial factor in 

aerospace. Most important when introducing new materials and processing methods, 

the basic relationships between the pore structure and the resulting capillary 
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performance need to be fully understood in order to enable an effective design of 

components.  

The second application is the commercially important CO2 methanation. While 

packed-bed reactors are the industrial standard, heterogeneous monolithic catalysts 

provide better heat conductivity which is especially important in strong exothermic 

reactions to avoid hot spots. The CO2 methanation is such a reaction. The 

transformation of carbon dioxide to methane or other valuable chemicals is a key step 

in the power-to-gas technology. Conventionally, catalysts are prepared by a two-step 

process. A catalytic inactive ceramic support is coated with the metal containing 

washcoat. Besides the additional costs due to the coating step, ablation is a potential 

risk of the conventional coating process. Hence, it is of interest to develop inherent 

catalytic active materials which provide equal catalytic performance without the risk 

of ablation. 

To meet the requirements of the two mentioned applications, solution-based freeze 

casting of polysiloxanes is used in this work to generate adapted porous SiOC 

monoliths. Freeze casting, which is a sacrificial templating method, enables to vary 

the properties of the pore structure in a wide range and allows to generate the 

required pore sizes [8, 9]. Pores are created by phase separation of a two-component 

system during freezing and subsequent sublimation of the liquid crystals followed by 

a heat treatment to consolidate the structure. 

As a base for the development of structures, the fundamental possibilities to 

influence the properties of a pore structure are investigated in the first part of this 

work. Apart from properties which are characterizing the porous structure itself such 

as pore size and porosity, further properties which are relevant to the applications 

such as mechanical strength and surface characteristic need to be considered. Since 

prediction becomes more important in processing, also the reliability of predicting 

the properties is addressed. 

The knowledge of the relation between the pore structure and the capillary transport 

behavior is of importance for an effective design of capillary active components. The 

second part of this work addresses important aspects of the correlation between pore 

structure and capillary transport. Major properties which need to be taken into 

account are the pore size, the porosity and the pore morphology. The impact of 
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changing these structural properties on the wicking behavior is investigated. In 

addition, the applicability of predicting the wicking performance of complex three 

dimensional structures is evaluated. Besides the influence of the mentioned 

structural parameters, the freezing conditions also strongly affect the capillary 

transport. In terms of the freezing conditions, two aspects need to be considered: the 

direction of freezing and the freezing velocity. Especially the differences between 

constant freezing temperature and constant freezing velocity are addressed. 

Before applying the gained knowledge from the previous sections in order to adapt 

the pore structure of a monolithic catalyst, the underlying principles and processes of 

manufacturing a porous metal containing PDC monolith need to be fully understood 

and controllable. First, suitable complexing- and cross-linking agents need to be 

assessed. Second, the impact of further process parameters such as the nickel 

precursor and the ratio of complexing groups to nickel should be evaluated. The 

results of these investigations are shown in the third part of this work. 
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2 Scientific Background 

2.1 Polymer-derived Ceramics (PDCs) 

2.1.1 Processing of Polymer-derived Ceramics 

Preceramic polymers are used to prepare polymer-derived ceramics via a polymer-to-

ceramic conversion. To a huge extend, the macroscopic chemical and physical 

properties of PDCs can be adjusted by the chemical composition of the molecular 

precursor [1]. Besides the common structural feature which is the Si-based backbone, 

preceramic polymers can be varied in the additional backbone element (e.g. oxygen, 

carbon and nitrogen) and in the organic side group R. Figure 2.1 gives an overview 

over the large variety of preceramic polymers. Altering the additional backbone 

elements results in different classes of preceramic polymers e.g. polysiloxanes, poly-

carbosilanes and polysilazanes [1]. 

 
Figure 2.1 Overview over the variety of preceramic organosilicon polymers with R indicating 
variable organic side groups; Reprint with permission from Wiley [1].  
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Properties of the preceramic polymer such as the solubility, the rheological behavior, 

electronic and optical properties and the chemical and thermal stability can be 

changed by modifying the organic side group [1]. Hydrogen, aliphatic groups and 

aromatic organic side groups are most common as organic side groups [1]. 

Additionally, the carbon content is controlled by organic side groups. Due to their 

well-known chemistry, the synthesis of organosilicon polymers is promoted. This 

makes them the most representative class of preceramic polymers. [1]. Among a 

variety of possible educts, chlorosilanes RxSiCl4-x (x = 0–3) are mainly used as starting 

material due to their low cost and commercial availability [1]. The formation of a 

thermoset by thermal cross-linking below 200 °C after shaping is enabled by the 

incorporation of suitable functional groups (e.g. Si-OH or Si-H) which undergo 

condensation or addition (e.g. hydrosilylation) reactions [1]. In dependence on the 

amount of cross-linking active groups, a linear or branched polymeric network is 

formed. Also further cross-linking methods such as γ-radiation, UV-light, electron 

beam, oxidative curing and reactive gases have been reported [1]. In addition, suitable 

catalysts such as metal salts, acids or bases facilitate the cross-linking reaction [2]. 

Already mild conditions such as room temperature and the presence of oxygen or 

water might be sufficient for the cross-linking of polysilazanes or polysiloxanes, 

respectively. In the case of highly cross-linked preceramic polymers, a polymer-to-

ceramic conversion is possible. As a result, organic moieties e.g. methyl, phenyl and 

vinyl groups decompose and convert [1, 3]. Besides other thermal and nonthermal 

processes, oven pyrolysis in flowing inert gas (nitrogen or argon) is most frequently 

applied for the polymer-to-ceramic conversion [1]. In dependence on the progress of 

the conversion, different products are obtained even from the same precursor. Figure 

2.2 illustrates this issue exemplary on the conversion of polysiloxane.  

200°C 400°C 600°C 800°C 1000°C 1200°C

Cross-linking Decomposition, conversion

Hybrid ceramic
crystalline SiC

Polymer

1400°C

Ceramic materials
amorphous SiOC 

Crystallization

 

Figure 2.2 Products of polymer-to-ceramic conversion in dependence on pyrolysis temperature. 
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Decomposition takes place between 400 °C and 800 °C and results in the formation of 

a hybrid ceramic [4]. Additionally, Si-C and Si-O bonds rearrange and nanodomains 

composed of different SiOC species and free carbon form [5]. At temperatures above 

800 °C decomposition is complete and the incorporation of carbon atoms into the 

Si-O network generates amorphous SiOC. Crystallization to silicon carbide is taking 

place at temperatures exceeding 1200 °C. The involved mechanisms are further 

rearrangement, phase separation and the release of CO formed by carbon from the 

matrix and oxygen [6]. 

Compared to oxidic ceramics prepared by the conventional powder based route, the 

PDC route offers several advantages:  

• PDCs are additive free. Sintering additives which are necessary in the 

conventional powder based route may restrict technical applications due to 

the contamination of the ceramic material by decomposition products of 

additives [7]. 

• Properties such as surface characteristics and pore size are highly determined 

by the degree of decomposition during polymer-to-ceramic conversion [1].  

• Polymer shaping techniques such as injection molding, extrusion, melt 

spinning, coating and polymer infiltration and pyrolysis (PIP) can be applied 

for PDCs. This enables the generation of complex shapes and shapes which are 

difficult to achieve by powder-based routes such as fibers, layers and 

composite materials. Additionally, the use of active fillers allow for near-net-

shape ceramics as it is described in detail in section 2.1.3 on page 8 [8-11]. 

• The low synthesis temperature of 1100 °C to 1300 °C is of economic interest 

[12]. 

• Ternary compounds such as SiCN and SiOC can only be produced using the 

molecular approach of polymer-derived ceramics. The reason is that the 

corresponding binary compounds e.g. silicon carbide and silica cannot dissolve 

oxygen and carbon, respectively [1].  

• Precursor-derived covalent ceramics generally exhibit enhanced thermo-

mechanical properties with respect to creep, oxidation, crystallization and 

phase separation up to 1500 °C [1]. 

• Samples combining ceramic-like properties with polymer-like nanostructure 

can be prepared [13].  
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2.1.2 Porosity and Surface Characteristic of Polysiloxane-based PDCs 

As a direct consequence of the decomposition/conversion of organic moieties during 

pyrolysis, porosity is generated. In the case of polysiloxanes, water and oligomers are 

released in the temperature range from 200 °C to 400 °C. Increasing temperature 

leads to the elimination of organic functional groups. In the range of 600 °C to 800 °C, 

polymethylphenylsiloxanes and polymethylsiloxanes release C6H6 and CH4, 

respectively [14]. This gas evolution causes the formation of micropores (pore 

size < 2 nm) and/or mesopores (2 nm < pore size < 50 nm) and consequently results in 

very high BET surface areas of 400 m2·g-1 to 650 m2·g-1 [15]. The comparison between 

linear and branched alkoxy-substituted polycarbosilanes Si(OR)2CH2 shows, that only 

micropores form when using the linear polymer. In contrast, micro- and mesoporosity 

can be created in the case of the branched polymer [16]. Additionally, the pyrolysis 

conditions influence the formation of porosity. Fast pyrolysis of polysiloxanes 

induces crack formation and micropore collapse already at 600 °C, whereas slow 

pyrolysis preserves mesopores up to 1200 °C [15]. Collapse of the micro- and/or 

mesopores with diminishing BET surface area usually takes place at pyrolysis 

temperatures higher than 800 °C. Generally, high BET surface area and its control are 

crucial in many applications such as adsorption or catalysis. 

The surface characteristic to which is referred in this work is mainly hydrophilicity/

hydrophobicity. While a water attracting surface is called hydrophilic, the term 

hydrophobic indicates the rejection of water. The underlying physical property which 

determines hydrophilicity/hydrophobicity is the surface energy of the material.  

In general, the most frequently applied preceramic polymers are hydrophobic in the 

pristine as well as cross-linked state. As described above, the hydrophobic organic 

side groups such as methyl and phenyl groups decompose during pyrolysis. An 

extensive decomposition exposes the hydrophilic Si-O backbone and enables the 

tuning of the hydrophilicity by varying the pyrolysis temperature [17]. For poly-

methylsiloxanes pyrolysis below 630 °C results in a hydrophobic surface, whereas 

pyrolysis above 700 °C creates a more hydrophilic surface [18]. Moreover, surface 

modifications such as plasma treatment are widely used to alter the surface 

characteristic of final ceramics. For a polydimethylsiloxane, the formation of a thin 

and brittle oxidation layer results in increased hydrophilicity after plasma treatment 

[19]. More effective in influencing the hydrophilicity/hydrophobicity is the 
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appropriate choice of the precursors and hydrophilic additives. Since the change in 

the surface characteristic is based on the decomposition of the organic side groups, 

the transition temperature can be influenced by altering the preceramic polymers. 

Furthermore, the usage of additives which add hydrophilic silica increases the 

hydrophilicity. Since the amino group of (3-aminopropyl)triethoxysilane (APTES) is 

almost completely decomposed already at 400 °C, blending a polymethylsiloxane 

with APTES leads to an increased hydrophilicity [20, 21].  

Engineering the surface characteristic is crucial in many applications. For example, 

separation of oil from water is required in the case of oil spills. For the adsorption of 

hydrophobic hydrocarbons, a separation medium with a hydrophobic surface is 

needed [22]. Super-hydrophobic polysiloxane-based porous membranes proof an 

effective separation of an oil-in-water emulsion [23]. Also the contrary approach of 

using a hydrophilic membrane to reject the hydrophobic phase is used in oil-water-

separation and desalination [24, 25]. In capillary transport applications, the 

prerequisite is the wetting of the solid by the liquid. Altering the plasma treatment of 

polyester fabrics and cotton fabrics result in a changed surface characteristics and 

significantly different wicking performance [26, 27]. Besides adjusting the pore 

network, controlling the surface characteristics is one of the main aspects when 

designing structures for capillary transport applications. 

 

2.1.3 Effect of Filler Particle Addition 

Fillers of various nature (ceramic, metallic, polymeric) and geometry (powders, 

platelets, nanotubes, nanofibers, chopped and long fibers) are added for different 

purposes to preceramic polymers. In general, the possibility to process preceramic 

polymers either as solution or in the molten state ensures a good dispersion of fillers 

[28]. Inert or passive fillers such as silicon carbide and silicon nitrite powders which 

do not react at all with the preceramic polymer are mainly used for reducing the 

shrinkage of the component during pyrolysis. By providing paths for the escape of 

gases generated upon ceramization, also the formation of macrodefects is avoided 

[29, 30]. Certain properties such as the magnetic characteristics and the electrical 

conductivity can be modified by the incorporation of functional fillers e.g. iron silicide 

[31].  
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In contrast, active fillers are reacting with mainly the gaseous products formed during 

pyrolysis. The transition of these metallic or intermetallic fillers to carbides, nitrides, 

oxides or silicides is accompanied with a large increase in volume (up to 50 vol%) 

which counterbalances the shrinkage of PDCs and allow for the production of near 

net shape components [32]. Additionally, cracks can be avoided and the density is 

increased [32]. However, some residual porosity typically remains. In order to modify 

electrical and/or mechanical properties, carbon nanofibers and nanotubes are added 

[33, 34]. For some fillers, the atmosphere during the heat treatment influences the 

properties of the fillers. While alumina fillers incorporated into polysiloxanes are 

inert in nitrogen and argon atmosphere, they are reactive in oxygen containing 

atmosphere. As a result of the reaction of γ-alumina fillers with the silica containing 

polysiloxane-derived matrix, mullite forms at very low temperatures of 1200 °C in 

oxygen containing atmosphere [35, 36]. This approach of generating compositions 

with a high degree of microstructural control is used for the synthesis of further 

ceramics such as SiAlON, wollastonite and cordierite [37, 38]. Polymeric fillers which 

decompose completely during pyrolysis can act as sacrificial templates for the 

generation of additional porosity. By choosing size and amount of the fillers the 

resulting porosity is adjusted. The usage of expandable polymeric microbeads which 

exhibit a four- to eightfold volume expansion during heating limits the amount of 

organics to be burned [39]. Hence, crack formation and noxious gases are reduced. 

Though filler particles have been used for a variety of purposes, little research is done 

on the effect of filler particles on the surface characteristics of porous polymer-

derived ceramics. As described above, several applications e.g. filtration, oil-water-

separation and desalination require the precise control of the hydrophilicity. Besides 

well investigated techniques such as grafting or coating, the addition of filler particles 

with a different chemical composition represents a straightforward and simple 

approach to alter the surface characteristics of polymer-derived ceramics. 
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2.1.4 In situ Formation of Metal Particles 

In contrast to the addition of metallic fillers, in situ formation of metal particles 

combines a small particles size in the nm-range with a very homogeneous dispersion. 

Different preceramic precursor show the ability to the in situ formation of metal 

particles. However, specific approaches for different preceramic polymers are 

required due to the differences in the reactive components of the preceramic 

polymers. 

Iron atoms were added to the backbone of polysilanes by using ferrocene and ring 

opening polymerization of strained silaferrocenophanes [40, 41]. Soluble high 

molecular weight polyferrocenylsilanes which form ferromagnetic iron crystallites at 

a pyrolysis temperature of 1000 °C are synthesized. Pyrolysis of poly(ferrocene) 

obtained from spirocyclic ferrocenophane at 600 °C results in the formation of small 

superparamagnetic iron clusters, whereas at higher temperatures of 900 °C the 

clusters become larger and thus display ferromagnetic behavior [42]. 

In general, various metals can be incorporated into polymer-derived SiCN by 

modifying the preceramic polymer [43, 44]. The metal containing preceramic 

polymers are called single source precursors. Platinum was added to polysilazanes 

(poly(ureamethylvinyl)silazane) by effective reaction of the allyl group of the 

preceramic polymer with the platinum precursor (dimethyl(1,5-cyclooctadiene)-

platinum) in the presence of a radical initiator (Dicumylperoxide) [45]. Well dispersed 

platinum particles with a size of 1 nm to 2 nm, a BET SSA of 44 m2·g-1 and a mean 

mesopore diameter of 11.0 nm are obtained. In the total oxidation of methane, the 

system achieved a conversion of almost 80 % at 600 °C without any sign of 

degradation.  

Further metals which were incorporated into SiCN by means of the single source 

precursor approach are: iron, cobalt, copper, silver and gold [46]. For the metal 

modification of polysilazane, aminopyridinatocomplexes were used. These 

complexes show a distinct tendency for transferring the metal to the polymeric chain 

which is known to be a combination of a radical polymerization of vinyl functions 

with a hydrosilylation between vinyl and hydride groups [47]. 
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While polysilazanes have highly reactive groups and can form covalent bonds to metal 

atoms, polysiloxanes are known to be less reactive. This requires a different approach 

to incorporate metals to the polymeric network. Two simple strategies to add copper, 

nickel, iron or cobalt are the addition of metal salts as powders and the mixing of 

dissolved preceramic polymers with dissolved metal salts and subsequent extraction 

of the solvent [48-52]. However, these approaches do not provide effective anchoring 

of the metal and consequently result in a inhomogeneous distribution of metal 

nanoparticles. 

In solution, siloxanes with organofunctional groups such as amino groups or other 

nitrogen containing groups can complex metal ions. Reactions of functionalized 

(aminated or thiolated) siloxane which are covalently bound to e.g. a silica support 

with metal ions ensure the anchoring of metal ions on the surface [53]. This strategy 

can also be applied to incorporate metals into the network of polysiloxane-derived 

ceramics. During pyrolysis, gaseous decomposition products such as hydrogen and 

hydrocarbons reduce the metal ions to metallic nanoparticles. For example, metal 

alkoxides allow for introduction of metals such as aluminum, titanium and boron in 

a sol-gel process using polyorganosiloxanes [54]. Furthermore, platinum 

nanoparticles can be incorporated into polymethylsiloxane and polymethylphenyl-

siloxanes. When pyrolyzed at 600 °C, these materials show a BET specific surface area 

between 432 m2·g-1 and 654 m2·g-1 and micro-/mesopores volume ratios in the range 

of 0.41 to 7.85 [4]. Additionally, nickel- and platinum-containing polysiloxanes can 

be used as precursor [55]. After mixing (3-aminopropyl)triethoxysilane with nickel 

acetate tetrahydrate in ethanol, the addition of phenyltrimethoxysilane provides 

further phenyl groups. Subsequent to cross-linking and drying, the precursors can be 

pyrolyzed at temperatures of 400 °C to 600 °C in nitrogen atmosphere. The resulting 

nano-sized metal particles with a size of 15 nm to 20 nm for nickel and 2 nm to 4 nm 

for platinum are homogeneously distributed through the matrix. The conversion in 

CO oxidation shows values up to 100 % at 230 °C. BET specific surface areas of up to 

650 m2·g-1 can be achieved at a pyrolysis temperature of 600 °C.  

Metals in the polymeric network often have an impact on the microstructure. The 

formation of carbon nanotubes during pyrolysis at 1000 °C is facilitated when Ni is 

present in the structure [50]. As a consequence, the electrical conductivity increases. 

The formation of whiskers which have the corresponding silicide of the metal on its 
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top is observed at higher pyrolysis temperatures in iron and cobalt containing PDCs 

[48, 49]. The mechanism of the whisker formation bases on reactions of gaseous 

decomposition products which are catalyzed by the metal. 

In order to obtain macroporous solids, the combination of in situ formation of metal 

particles with a templating method is possible. Platinum containing hierarchically 

ordered macro/micro porous foams using polymethylphenylsiloxane and (3-amino-

propyl)triethoxysilane, platinic acid as platinum precursor and expandable 

polystyrene beads with a diameter of 0.5 mm to 1 mm can be synthesized [56]. Cross-

linking at 100 °C for 10 h is followed by pyrolysis at 500 °C for 4 h in nitrogen 

atmosphere. The resulting pore size is in the range of 1.4 mm to 1.5 mm. Furthermore, 

bimetallic catalytic nanoparticles have been investigated in micro-/ macroporous 

foam structures as schematically shown in Figure 2.3 [57].  

 

Figure 2.3 SEM image of the foam structure (left) and TEM image of the metallic particles in an 
amorphous SiOC matrix (middle) for platinum and zinc containing foams catalytic active in CO 
oxidation; Reprint with permission from Elsevier [57]. 

Platinum and zinc containing foams can be generated by low temperature pyrolysis 

at temperatures of 500 °C and 600 °C in nitrogen atmosphere using a mixture of poly-

methylphenylsiloxane, (3-aminopropyl)triethoxysilane, platinic acid, zinc chloride 

and azodicarbonamide as blowing agent. BET specific surface area, pore size and the 

size of platinum particle varies from 300 m2·g-1 to 500 m2·g-1, 0.3 mm to 3.0 mm and 

2.9 nm to 4.2 nm, respectively.  

Until now, hierarchical macro- and microporous metal containing polymer-derived 

ceramics were only prepared by templating using polystyrene beads as described 

above. The required decomposition of the polystyrene causes several drawbacks such 
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as potential deposition of decomposition products on the pore walls covering the 

metal sites and crack formation due to intense gas evolution. Additionally, many 

applications such as monolithic catalysis usually demand structures with lower 

tortuosity. Hence, it is worthwhile to extend the range of possible macroporous pore 

morphologies for metal containing polymer-derived ceramics. 

 

2.2 Macroporous Ceramic Structures 

2.2.1 Fabrication by Sacrificial Templating Methods 

In the last decades, an increasing number of applications which require porous 

ceramics have appeared. Especially for harsh conditions e.g. high temperature, 

extensive wear and corrosive media ceramics are promising. Exemplary applications 

are high temperature insulation, filtration of molten metals, filtration of hot corrosive 

gases and support for catalytic reactions [58-60]. By incorporating porosity to a 

ceramic component, properties such as low dielectric constant, low thermal mass, low 

thermal conductivity, controlled permeability and low density can be added or 

altered. The processing method has a huge impact on the resulting character of the 

porosity. Besides replica techniques, partial sintering, direct foaming, extrusion, 

additive manufacturing and weaving of ceramic fibers, sacrificial templating methods 

are widely used to generate porous ceramic components [61, 62]. 

Compared to other processes, the appropriate choice of the template in sacrificial 

templating allows to deliberately tailor important properties such as pore 

morphology, pore size and porosity. As porosity and pore size only depend on the 

volume fraction and the size of the template, a large range of porosity and pore size 

can be covered [62]. Figure 2.4 illustrates the flexibility of the sacrificial templating 

method in terms of porosity and pore size. A hierarchical pore structure and various 

porosity levels can easily be achieved by using templates of different size and 

different volume fraction of templates, respectively. Furthermore, the sacrificial 

templating method is very flexible regarding the chemical composition of the 

material [62]. A large variety of oxides (e.g. alumina, silica, calcium carbonate, 

hydroxyapatite and mullite) have been processed using starch particles as templates 

which can easily be dispersed in water and are highly available at different sizes and 

morphologies [63-66]. 
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Figure 2.4 Typical porosity and average pore size achieved via the replica, sacrificial templating, 
and direct foaming processing routes; Reprint with permission from Wiley [62]. 

Sacrificial templating leads to a pore structure which is a negative replica of the 

sacrificial template. Usually, the homogeneously distributed sacrificial phase is 

dispersed in a continuous matrix of ceramic particles or a ceramic precursor and 

finally is extracted to form pores. Common ways to prepare this biphasic composite 

are the pressing of a two component powder mixture, the formation of a two phase 

suspension and the impregnation of previously consolidated preforms of the 

sacrificial template with a ceramic suspension or a preceramic polymer [62]. Prior to 

extraction, the continuous phase has to be solidified in order to avoid a collapse to 

the structure during extraction. Possible consolidation mechanisms are: sol-gel 

transition, the formation of a stiff attractive network of particles, cross-linking and 

the use of setting agents or binders [63, 67-69]. The method to extract the liquid 

mainly depends on the type of the template which can vary from natural and synthetic 

organics to liquids, metals, salts and ceramic compounds [62]. Salts, metallic and 

ceramic templates are usually extracted by chemical processes. Repeated washing 

with water easily removes salts [70]. In contrast, more aggressive media such as acidic 

leaching is necessary to extract metallic and ceramic particles [71, 72]. Pyrolysis at 

temperatures between 200 °C and 600 °C are applied to decompose synthetic and 

natural organics [73]. Main drawbacks of organic materials as sacrificial template are 
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crack formation due to a high amount of gaseous decomposition products and long 

heat treatment times to avoid crack formation. In order to overcome these drawbacks, 

liquid pore formers can be used. The removal of liquids such as water and oil is 

possible at mild conditions without the generation of toxic gases and pronounced 

stresses during the extraction [74, 75]. Also the extraction of solidified liquids by 

sublimation in the freeze casting process allows the removal under gentle conditions 

[76-78]. 

 

2.2.2 Solution- and Suspension-based Freeze Casting 

In freeze casting, the sublimation of solidified liquids which act as sacrificial 

templates creates macroporous structures. Subsequent thermal treatment 

consolidates and densifies the walls [79]. Depending on the condition of the solid, two 

subcategories of freeze casting has to be separated: solution-based and suspension-

based freeze casting. The process for both subcategories is schematically shown in 

Figure 2.5. 

 
Figure 2.5 Schematic illustration of the freeze casting process for both suspension- and solution-
based systems starting with a suspension (1a) or a solution (1b), respectively; Reprint with 
permission from Cambridge University Press [80]. 
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While dispersed particles are used in suspension-based freeze casting, a 

homogeneous polymeric solution is present in solution-based freeze casting. In both 

cases, the starting point is the liquid state of a dispersion or a solution. Upon freezing 

the sample, liquid crystals nucleate and grow. In general, solidification of the 

suspension or solution is the critical stage where the characteristics of the future pore 

structure are determined.  

In the case of suspension-based freeze casting, the dispersed particles are rejected by 

the moving solidification front. Further governing mechanisms are the breakdown of 

the solidification front to a nonplanar morphology and the concentration and 

entrapment of the particles in between the solidified crystals [81]. For all these 

mechanisms it is valid that the interactions of the particles with the solidification 

front are of physical nature and they determine the resulting structure.  

The rejection of a particle from the advancing solidification front and the entrapment 

between the growing crystals is ensured if there is an overall increase of surface 

energy for the engulfment of the particle, i.e., ∆𝜎 =  𝜎𝑠𝑝 − (𝜎𝑙𝑝 + 𝜎𝑠𝑙) > 0 
(2.1) 

where σsp, σlp, and σsl and are the interfacial free energies associated with the solid-

particle, liquid-particle and solid-liquid interface respectively [79]. For Δσ > 0, a liquid 

film exists around the particle which enables the transport of molecules towards the 

growing crystal. With increasing freezing front velocity the thickness of this film 

decreases. At a critical velocity, the film is not thick enough to provide sufficient flow 

of molecules. Consequently, the particle becomes encapsulated by the crystal. The 

critical velocity depends on the viscosity of the liquid, the particle size and the 

variation of the free energy defined in Equation 2.1 [82]. A further requirement for the 

collection of particles between crystals is a nonplanar solidification front. In the case 

of a planar front, all particles are collected at one side of the sample. Thus, the 

morphology of the front dictates the architecture of the final pore structure. At the 

initial stage of freezing, the solidification front is planar and needs to transform 

towards an irregular morphology [79]. Two mechanisms are proposed in the 

literature. According to the first mechanism, instability is generated due to the 

reversal of the thermal gradient in the liquid ahead of the interface and behind the 
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particle [83, 84]. The second mechanism relies on the inherent instability of the 

interface, known as Mullins-Sekerka instability [85].  

In contrast to suspension-based freeze casting, the separation mechanism in 

solution-based freeze casting bases on thermally induced phase separation [80, 86]. 

Especially, spinodal phase separation is thermodynamically preferred which results 

in a bicontinuous structure composed of a solvent-rich and a polymer-rich phase [87]. 

Clear polymer solutions which are observed ahead of the freezing front indicate that 

the solid-liquid phase separation is only occurring in conjunction with crystal growth 

at the freezing point of the solution [80]. However, the phase separation in the liquid 

state is still possible due to limited solubility in the case of poor solvents or high 

polymer concentrations [80]. In solution-based freeze casting, considerations on the 

morphology of the solidification front and on mechanisms causing a nonplanar 

solidification front such as the Mullins-Sekerka instability are equal to the ones in 

suspension-based freeze casting [88].  

Since the pore structure is a replica of the original solvent crystals, variations of the 

solvent, the solidification conditions and the slurry/solution composition change the 

resulting pore structure. Most investigations on freeze casting have been performed 

on water-based systems. A lamellar pore morphology with lamellar channels between 

the ceramic walls is characteristic for water-based freeze casting. Basic 

crystallographic considerations and fundamental mechanisms of crystal growth 

explain the characteristic pore morphologies of different liquids. As an example, 

heavily anisotropic crystal growth of ice crystals results in significant differences of 

crystal growth along certain crystal axes. This leads to the formation of vertically 

lamellar crystals [79]. Similar considerations apply also for other liquids which are 

used in freeze casting. For example, the solidification of liquid camphene causes the 

formation of dendrites and a prismatic/honeycomb pore shape is obtained by using 

tert-butyl alcohol [89]. Figure 2.6 shows pore morphologies which can be generated 

by using different organic liquids. 
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Figure 2.6 Overview of microstructures obtained using organic fluids under directional freezing 
conditions. Red arrows indicate the direction of freezing for cross sections taken parallel to the 
solidification direction; cross sections taken perpendicular to the solidification direction are marked 
with a circle [90]. Dendritic structures are shown in (a-c), where (a) is sintered, 50 vol% alumina 
templated with camphene [91], (b) is sintered, 20 wt% silicon oxycarbide (SiOC) obtained using 
cyclohexane [92], and (c) is polyurethane templated with dioxane [93]. Honeycomb structures are 
shown in (d-f), where (d) is 30 wt% polystyrene obtained with a fluid mixture of polyethylene glycol 
and dioxane [94], (e) is sintered 10 vol% alumina-zirconia obtained using tert-butyl alcohol [95], and 
(f) is poly (L-lactic acid) obtained using dimethyl sulfoxide (DMSO); Reprint with permission from 
Elsevier [96]. 

As a consequence, manipulating the crystal growth enables to adjust the final pore 

structure. Different approaches have been used e.g. mixtures of liquids, the use of 

cryoprotectants or the addition of alcohols or salts to water-based systems [97-101]. 

By this means, the pore morphology of water can be changed from originally lamellar 

to rectangular or cellular with distinctive faceted pores [97, 100, 101].  

Furthermore, the direction of the thermal gradient governs the orientation of the pore 

channels. In contrast to random quenching which results in colonies of locally aligned 

pores without any long range order, controlling the direction of freezing allows to 

generate axial, radial or even mixed orientations [102, 103]. In the case of uniaxial 

freeze cast structures, pore channels run straight through the entire sample and result 

in a tortuosity close to 1. In addition, templating the cold surface to create specific 

topographies or locally manipulating the temperature gradient allows for an 

additional control of the crystal nucleation and consequently the lamella orientation 
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[101, 104, 105]. Solid loading and freezing front velocity are further parameters which 

drastically influence the microstructure. In general, faster freezing leads to smaller 

pores [15, 103, 106]. For water-based systems this can be empirically described with a 

simple power law. Since the liquid is removed in the sublimation step, the final 

porosity is directly related to the volume of liquid in the suspension or solution. 

Furthermore, the possible pore size depends on the solid loading. While small pore 

sizes can be obtained with all solid loadings, large pores are only possible with a low 

solid loading [107]. 

Combining the factors which influence the microstructure leads to a very large 

flexibility in terms of the pore structure. Porosity and pore size were found to be 

adjustable from 5.5 % [108] to 99.88 % [109] and from 0.01 µm [110] to 1200 µm [111], 

respectively. Furthermore, the physical nature of the pore forming mechanism allows 

to use a large variety of materials. Besides ceramics such as alumina, zirconia, silicon 

carbide, silicon nitride, mullite, hydroxyapatite, lead zirconate titanate, titania, 

chromium carbide, sialon, lithium iron phosphate, yttrium orthosilicate, cordierite, 

iron oxide and bioglass, metals such as titanium, nickel, copper, iron, tungsten, and 

various alloys or graphene and carbon nanotubes can be processed [90]. Also, 

composites containing different material classes have been prepared. Polymers which 

have been used in freeze casting are e.g. cellulose, chitosan, collagen, gelatin, PLLA, 

PU, PVA, PS and preceramic polymers [90]. In 2007, Yoon et al. firstly investigated 

solution-based freeze casting of preceramic polymers [112]. A polycarbosilane 

dissolved in camphene acts as preceramic polymer and lead to a highly aligned porous 

silicon carbide sample with a dendritic pore morphology as can be seen in Figure 2.7.  

 

Figure 2.7 SEM images of porous polycarbosilane monoliths prepared at freezing temperatures of 
(A) 20 °C, (B) 0 °C, and (C) –20 °C at a solid loading of 10 wt%; adapted; Reprint with permission 
from Wiley [112]. 
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Naviroj et al. changed the preceramic polymer to a polymethylsiloxane and obtained 

amorphous SiOC [88]. While the two solvents cyclohexane and camphene result in a 

dendritic structure, tert-butyl alcohol creates cellular pores. Furthermore, decreasing 

the solid loading increases the pore size. Porosity and pore size change from 61 % to 

91 % and 4 µm to 32 µm, respectively.  

Besides by solution-based freeze casting, polymer-derived ceramics were also 

prepared by suspension-based freeze casting. Zhang et al. pyrolyzed and ground a 

polymethylphenylsiloxane in order to increase the hydrophilicity. As a consequence, 

the received filler particles can be used together with silica sol as a binder in a water-

based process [17]. Depending on the pyrolysis temperature and the freezing 

conditions, a hierarchically-ordered pore structure is obtained. While freezing at 

–150 °C leads to tubular pores also termed columnar pores, samples frozen at –80 °C 

and –20 °C display characteristic lamellar macropores. The pore size decreases with 

increasing freezing rate and ranges from less than 10 µm to 20 µm. Porosity between 

45 % and 70 % is achieved by varying the solid loading from 40 wt% to 10 wt%. The 

presence of meso- and microporosity which results in relatively high BET specific 

surface area of 47 m2·g-1 to 350 m2·g-1 is due to the decomposition of the preceramic 

polymer during heat treatment and the use of silica sol. Details on the bakcground of 

processing and the characteristics of polysiloxane-based preceramic polymers are 

given in section 2.1 on pages 4 to 12.  

In another study, Zhang et al. changed the preceramic polymer to polymethylsiloxane 

[20]. Rather than pre-pyrolysis, chemical modification with (3-aminopropyl)-

triethoxysilane (APTES) is used to increase the hydrophilicity and enable water-based 

freeze casting. A ratio of MK:APTES = 1:1 increases the hydrophilicity most 

efficiently. Additionally, a heat treatment to partially decompose the precursor is 

necessary. This changes the surface charge from negative to positive which is 

compatible with the silica sol. A lamellar pore structure with the pore size ranging 

from 20 µm to 50 µm is obtained as can be seen in Figure 2.8. Depending on the 

chemical composition, the BET specific surface area and the pore size of the meso- 

and microporosity are 25 m2·g-1 to 130 m2·g-1 and 4 nm to 10 nm, respectively. 
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Figure 2.8 SEM images of SiOC monoliths prepared by water-based freeze casting using modified 
preceramic polymer fillers. (A) Cross section parallel to the lamellar pores, (B-C) cross sections 
perpendicular to the lamellar pores; adapted; Reprint with permission from Wiley [20]. 

In contrast to the very smooth pore walls in solution-based freeze casting (Figure 2.9 

b), the pore walls in suspension-based freeze casting are rough since they are 

constructed from particles as can be seen in Figure 2.9 a and Figure 2.8 c. 

The literature provides detailed descriptions on the mechanisms of the evolution of 

the pore structure both for suspension- and solution-based freeze casting of 

preceramic polymers. However, the impact of microstructural changes on the 

mechanical properties has only been discussed for suspension-based systems [113, 

114]. Such investigations are crucial for the understanding of structure-property-

correlations, but they are missing for solution-based freeze casting. 

 

Figure 2.9 Surface morphology of pore walls of (a) sintered suspension-based alumina samples and 
(b) pyrolyzed solution-based preceramic polymer samples freeze cast with cyclohexane; adapted; 
Reprint with permission from Cambridge University Press [80]. 
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2.3 Materials for Capillary Transport 

2.3.1 Wicking in Porous Media 

Many applications in science, industry and daily life rely on porous structures. Liquid 

flow driven by capillary forces represent such an application. Heat pipes, marker pens, 

candle wicks and sponges are examples for the wide use of capillary action in daily 

life as well as in technical settings. In general, imbibition is defined as the 

displacement of one fluid by another fluid which is immiscible and has a higher 

viscosity taking place in a porous medium [115].  

2Rs

g
h(t)

liquid

 
Figure 2.10 Liquid rise in a capillary tube of inner radius Rs. The gravity vector g is parallel to the 
tube. The height of the liquid column is a function of time and denoted h(t). 

If the driving force is the capillary pressure created at the liquid-air interfaces, such 

an imbibition is called wicking [116]. A schematic of this process is shown in Figure 

2.10. Changes in the surface energy of the solid induced by wetting result in a capillary 

pressure and pull the invading liquid into the porous structure [117]. In general, 

wicking depends on time, the pore structure and the characteristics of the liquid and 

the solid [116]. Wettability which is the tendency of a liquid to be attracted by the 

surface of a solid phase is a main property causing wicking. To quantify wettability, 

contact angle measurements are performed with high angles indicating bad 

wettability. In dependence on the specific application and the operating conditions, 

the required pore size typically ranges from a few micrometers to a few hundred 

micrometers. 
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The well-known Young-Laplace equation for capillary pressure in a tube derives from 

the combination of the force balance of the meniscus in a capillary tube with the 

capillary pressure.  

∆𝑝 =  2𝜎 cos 𝜃𝑅𝑠  
(2.2) 

where θ is the contact angle, σ is the surface tension and Rs is the static radius which 

describes the radius of the capillary. Hereby, the capillary pressure originates from 

the differences in pressure across the interface of two immiscible fluids Δp. The 

estimation of the static radius might be challenging when using the Young-Laplace 

equation. Mostly, real porous structure are not composed of a straight bundle of 

capillaries. Moreover, they are characterized by a complex pore morphology and 

tortuous, interconnected fluid paths. Several methods to determine the static radius 

of a complex pore structure have been investigated. Capillary rise experiments are the 

most accurate method [118]. But also analysis of SEM images with different fitting 

principles such as fitting of circles into pores was used [119]. 

Since several hundred years, the maximum achievable height and correlations 

between time and height are investigated using mathematical as well as physical 

explanation [120, 121]. The first analytical explanation for the observed velocity of 

capillary rise was presented by Lucas and Washburn [122, 123]. Both authors provided 

an analytic solution giving the meniscus height as a function of time with the 

assumption of a bundle of capillary tubes.  

The corresponding Lucas-Washburn equation with gravity effects is derived from the 

momentum conservation on a single capillary. The capillary pressure is balanced by 

viscous forces and hydrostatic pressure [116, 123] 2𝜎 cos 𝜃𝑅𝑠 = 𝜙𝜇𝑙ℎ̇ℎ𝐾 + 𝜌𝑙𝑔ℎ. (2.3) 

Where σ is the surface tension, θ the contact angle, Rs the static radius, Φ the porosity, 

μl the dynamic viscosity of the liquid, h the wicking height, ℎ̇ the interstitial velocity, 

K the permeability, ρl the density of the liquid and g the gravitational acceleration. To 

improve the consistency with real porous structures, studies on nonuniform capillary 

tubes e.g. varying in diameter have been conducted [124-126]. Further studies added 

missing or neglected terms to the momentum balance.  
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Apart from the Lucas-Washburn approach, another method to determine the viscous 

friction losses is proposed. This alternative bases on Darcy’s law and is not using the 

capillary tube analogy [127]. The Darcy law is given as [128] ∆𝑝∆𝐿 = − 𝜇𝐾 𝑢𝑠. (2.4) 

with the pressure drop Δp, the length ΔL, the permeability K, the dynamic viscosity μ 

and the superficial velocity us. Wicking is seen as a single-phase flow through the 

porous medium [129]. An analytic model based on this approach shows good 

accordance of modeled wicking rates with wicking experiments on a metallic weave 

[130]. However, complex pore structures need to be described by only one constant. 

Merging several geometry parameters into a single constant which should reliably 

represent the structure is challenging.  

Due to increasing performance of computers, it has become possible to numerically 

solve differential equations or to perform simulations of capillary transport. One 

example to model capillary transport is the control volume approach. This integral 

method allows to balance properties such as mass, energy and momentum inside the 

control volume [131, 132]. However, the boundary conditions need to be carefully 

selected, e.g. the assumption of constant fill level of the reservoir. Especially the 

consideration of the momentum balance enables to derive the governing equation of 

capillary motion. The resulting full linear momentum balance contains all known 

terms to describe the movement of the meniscus [133]. Following terms are 

represented in the full linear momentum balance: the local acceleration of the liquid 

inside the tube, the capillary pressure, the local acceleration of the liquid below the 

tube, the viscous losses below the tube, the convective flow losses at the entrance of 

the tube, the viscous losses in the tube, the hydrostatic pressure and a term describing 

the entrance function.  

The high complexity of the control volume approach can be reduced by neglecting 

certain terms which only have a minor impact on the result for certain experimental 

conditions. For small capillary radii, entry effects can be neglected. As a consequence, 

the total viscous pressure loss is given by the Hagen-Poiseuille law and the viscous 

friction force can be simplified. Furthermore, a constant capillary pressure with a 

constant contact angle can be assumed. The viscous and local acceleration terms in 

the liquid reservoir can be neglected since they are typically small compared to the 
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losses in the tube. To conclude, in the simplified momentum balance, the capillary 

pressure is balanced by the sum of inertia, viscous and hydrostatic forces [133]. While 

inertia, viscous and hydrostatic forces depend on the wicking height, the capillary 

pressure is constant.  

When investigating wicking not by means of simulation and modelling but 

experimentally, several potential sources of measurement errors have to be 

considered. Though the contact angle should be constant during the wicking, 

deviations were found involving spreading liquids and higher angles as expected 

during the experiment [134, 135]. Additionally to this issue, the microstructure of 

porous media can show great variations. While most models to describe capillary flow 

assume a capillary with constant diameter, this is only valid for a few experimental 

cases. Consequently, the determination of the correlation between porous medium 

and wicking rate is very challenging [136].  

Most experimental research on capillary transport was conducted on metal weaves, 

fabrics and polymers. But also capillary action in porous nonmetallic inorganic 

materials was tested. For example, the capillary rise of liquid silicon in a carbonaceous 

preform with a pore size from 2 µm to 10 µm was investigated [137]. The evaluated 

effective pore radius is one to two orders of magnitude lower than the particle size, 

the particle spacing and the average pore size. When considering the varying pore 

sizes by using a two-sized single pore model, the predicted infiltration is consistent 

with the experiment. Additionally, the prediction of the effect of pore closure due to 

reactive capillary infiltration is in agreement with experimental data. Another study 

investigate the capillary rise of organic liquids into an interconnected capillary 

system made of 3D-stitched C-C preforms with an average pore size of 8.6 µm [138]. 

Since, the existing models for infiltration base on straight capillaries and are not able 

to predict imbibition into interconnected systems, a two-pore capillary infiltration 

model was proposed and validated by experimental data. This modified Washburn 

equation takes the bimodal pore size distribution obtained by the fabrication method 

into account. Experimentally determined kinetics of the infiltration with Si are in 

good correlation with the model. Furthermore, the formation of silicon carbide during 

infiltration was incorporated in the model [139]. Additionally, it was found that 

though the capillary pressure is governed by the larger pores and the infiltration is 

controlled by all pores.  
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Wicking in porous mullite obtained by an extrusion method and with average pore 

sizes of 10 µm and 16 µm shows a good agreement with a model which describes the 

viscous and gravitational time stage of wicking [140]. However, the effective pore 

radius is considerably smaller than the average pore radius measured by mercury 

intrusion porosimetry. Another study on a similar mullite structure found higher 

equilibrium heights and an increasing equilibrium height with decreasing pore size 

[141]. While the calculated effective pore radii are very similar, the calculated contact 

angle increases with decreasing pore size. As observed in the study described before, 

the effective pore size is significantly smaller than the experimentally obtained pore 

size.  

In porous geopolymers with pore sizes from 0.5 µm to 2.5 µm, the capillary rise rate 

was found to increase with increasing fiber volume and higher fiber diameter [142]. 

Increasing fiber volume is thought to result in better connectivity of the cylindrical 

pores. Again, the effective pore radius is smaller than the experimentally obtained 

one. High tortuosity is supposed to cause the deviation between the pore sizes.  

So far, only one study investigated wicking into porous polymer-derived ceramics. 

Grebenyuk et al. used cylindrical SiOC monoliths prepared by suspension-based 

freeze casting with water as dispersion liquid [143]. A radial orientation of the pores 

is created by the freezing process. The pore size of the anisotropic lamellar pore 

structure changes at a constant porosity from 12 µm to 20 µm. Further, increasing 

pore sizes increase the permeability. Additionally, the anisotropy of the pore 

structure leads to orientation dependent permeability and wicking rate. Furthermore, 

the influence of the anisotropy is larger for smaller pores. The comparison of the 

experimental wicking data with a theoretical prediction using the Lucas-Washburn 

equation with gravity effects shows a good agreement in both axial directions. 

Though this findings imply applicability of macroscopic modelling, it requires a 

precise directional characterization of the macroscopic parameters of a porous 

structure [143]. A drawback which was detected in this study is the poor mechanical 

stability of the suspension-based structures. The composition of only particles is 

thought to be the reason for the poor mechanical stability. Crack formation, spalling 

or even complete failure of the component is not acceptable since fragments of the 

structure can contaminate the liquid, cause blocking and hamper the wicking 

performance. 
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Although some research was already done on wicking, the influence of the pore 

morphology as well as the impact of varying the parameters of a complex pore 

structure are not sufficiently investigated yet. For the application of complex pore 

structures which are not reflected by the capillary bundle model, it is crucial to know 

the relation between pore structure and capillary performance. Furthermore, the 

improvement of the mechanical stability to a reasonable level is worthwhile to ensure 

a reliable liquid transport. Also other applications such as filtration would benefit 

from enhanced strength. 

 

2.3.2 Cryogenic Wicking 

Generally, the field of cryogenics is only loosely specified. However, usually a 

cryogenic liquid is defined as a substance which exists as liquid at very cold 

temperatures and as a gas at room temperature [144]. Since “cold” is a relative word, 

liquid nitrogen is normally used as the standard cryogenic liquid. Its boiling point is 

77.4 K. Besides liquid nitrogen, liquid hydrogen, liquid oxygen and liquid methane are 

the fundamental cryogenic liquids. Compared to capillary action at room 

temperature, wicking at cryogenic temperature poses additional requirements on the 

materials. Besides the mass transport, the heat transport is a critical factor which 

needs to be considered. Hence, not only the pore structure but also thermal properties 

of the porous media are important for wicking at cryogenic conditions [133, 145].  

One application of porous structures is the loop heat pipe which is a heat transfer 

device using two phases. As active structure, a wick in the evaporator circulates the 

working fluid. Loop heat pipes are required in the thermal management for various 

technical processes. Liquid oxygen was used as working fluid in a cryogenic loop heat 

pipe at temperatures between 65 K and 140 K for the investigation of the cooling 

performance [146]. The wick consists of stainless steel with a resulting pore size of 

2.4 µm. 9 W are transported and reliable start as well as operation with the shrouds at 

room temperature is achieved. Furthermore, the wicking of sintered stacked layers of 

metallic meshes with a pore size of 5 µm was tested with liquid nitrogen in an open 

liquid nitrogen bath [147].  

  



 

 28 Chapter 2 Scientific Background 

Another example for application of wicking at cryogenic conditions is fuel delivery in 

propellant management devices for spacecraft. Main difficulties are the necessity of 

large and thick walled tanks, costly insulation to avoid parasitic heat leakage and boil-

off of precious propellant. Besides these aspects, vapor free liquid transfer from the 

propellant tank to the engine is a critical process in using liquid propellants. Low 

surface tension and the low boiling point complicate this task of separating vapor 

from liquid. Several structures have been developed in order to ensure vapor free 

propellant supply. For example, vanes and sponges are composed of an array of fins 

or plates made from ultra-thin, lightweight metal [144]. In contrast, screen channels 

are defined as closed channels with three solid walls and one porous wall as can be 

seen schematically in Figure 2.11 [144]. Typically, metallic meshes act as the capillary 

active component and a network of porous gallery arms runs through the tank. 

Compared to vanes and sponges, screen channels provide a much more robust phase 

separation over a wider range of thermal and gravitational conditions as well as larger 

possible flow rates [144]. 

 

Figure 2.11 Illustration of a screen channel liquid acquisition device; Reprint with permission from 
Elsevier [148]. 
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Generally, the screens are chosen according to the specific mission requirements such 

as gravitational and thermal environments and demanded flow rate. The properties 

of the screen such as the number of pores, the size and the manufacturing style are 

defined by the screen weave. Fine meshes ensure a good resistance to vapor ingestion, 

but tend to generate a large pressure loss. Usually, the pore sizes are tens of 

micrometers [130, 145, 149]. Channel design and channel mass are also affected by 

the applied metal. While coarse meshes can be produced with several metals such as 

titanium and aluminum, fine meshes are only available in heavier metals such as 

stainless steel. Often, a trade-off between performance and system mass is necessary.  

The influence of different mesh sizes on the wicking performance of metallic wicks 

was investigated [130]. Pores in the range of 10 µm to 166 µm were obtained by 

changing the parameters of the weave. Another study compared cryogenic wicking 

into a metallic mesh with a pore size of 14 µm with modeled results and found good 

accordance between the experimental data and the Lucas-Washburn equation [149].  

Although screens are the most performant liquid acquisition devices, some drawbacks 

have to be considered. Besides the delicacy reduce the reliability, fine meshes cannot 

be manufactured using light weight metals. Consequently, the necessity of large 

gallery arms leads to a very high system mass which is contradicting to light weight 

design in aerospace. Hence, materials with a lower density are discussed to replace 

the metallic meshes in cryogenic wicking. Additionally, properties such as the 

corrosion resistance are crucial for applications where the cryogenic liquid is in direct 

contact with the material. Consequently, ceramic materials which are characterized 

by high strength, low density, high corrosion resistance and low thermal conductivity 

begin to drawn attention to be used in capillary applications at cryogenic conditions 

[150]. The wicking performance of glass frits was tested on lab scale at cryogenic 

conditions with liquid nitrogen as test fluid [151]. For wicking into superheated 

samples, it the imbibition rate is greatly affected by the vapor flow. Due to the heat 

transfer between the liquid and the porous structure, vapor which is created above 

the wicking front slows down the imbibition. This effect gets more relevant with 

increasing size and superheating of the porous structure. These results suggest that 

the control of the heat transfer in porous structures highly affects the imbibition rate. 

Hence, materials with low thermal conductivity are fundamentally interesting to 

optimize the wicking performance.  
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2.4 Heterogeneous CO2 Methanation 

2.4.1 Thermodynamic and Kinetic Analysis 

Sabatier and Baptiste first described the methanation of carbon dioxide [152]: 

CO2 + 4 H2 ⇌ CH4 + 2 H2O ΔRH298 = –206 kJ·mol-1 

ΔRG298 = –142 kJ·mol-1 

(2.5) 

The reaction is strongly exothermic and shows a strong reduction in volume by 40 %. 

Hence, from a thermodynamic point of view and according to Le Chatelier’s principle, 

high pressures and low temperatures are beneficial to obtain high carbon dioxide 

conversions. Besides the methanation reaction, several side reactions are possible 

involving the participating species. Methane dry-reforming, reverse water-gas-shift, 

Boudouard reaction, carbon dioxide reduction and chain growth are possible 

reactions forming further products such as carbon monoxide, carbon and 

hydrocarbons [153-156]. As a consequence, a complex gas-solid system has to be 

considered when investigating the CO2 methanation. To find suitable operating 

conditions, usually numerical methods are applied to choose temperature, pressure 

and feed ratio. Concerning the feed ration, the carbon dioxide fraction in the product 

stream decreases with increasing feed ratio (H2:CO2) and approaches zero at the 

stoichiometric feed ratio of 4 [157]. At temperatures higher than 400 °C, the reverse 

reaction limits the carbon dioxide conversion into methane as can be seen in Figure 

2.12.  

 

Figure 2.12 Equilibrium conversion of carbon dioxide in methanation at different temperatures; 
Reprint with permission from Royal Society of Chemistry [158]. 
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Carbon monoxide formation which is relevant at temperatures higher than 600 °C 

reduces the carbon dioxide fraction [157]. In summary, a feed ratio of 4 should be 

maintained and when operating at 10 bar the temperature should be restricted to 

400 °C [157]. Due to the strong volume contraction, reducing the pressure to 1 bar 

also lowers the maximum temperature to 300 °C [157]. Though thermodynamics do 

not predict carbon monoxide formation at low temperatures, dissociative adsorption 

of carbon dioxide at the surface may lead to the formation of carbon monoxide. 

Furthermore, the accumulation of solid carbon at feed ratios of 4 is thermo-

dynamically not favorable due to the excess of hydrogen. However, pore diffusion 

effects which affect carbon dioxide more than hydrogen can result in locally 

depressed feed ratios during the reaction. At feed ratios below 3, the formation of 

solid surface carbon is thermodynamically favorable and leads to the deactivation of 

the catalysts [157]. 

Although the CO2 methanation is exothermic as well as exergonic, kinetical 

limitations avoid that the reaction proceeds spontaneously. Thus, the use of catalysts 

is required to ensure acceptable reaction rates. In the course of the reaction, the 

transfer of eight electrons is necessary [159]. Though a lot of research was conducted, 

the mechanism of the CO2 methanation is still not fully understood and two different 

routes were proposed [160, 161].  

The dissociative mechanism assumes the dissociation of carbon dioxide at the metal-

support interface to adsorbed carbon monoxide. The following steps are the reduction 

to surface carbon and subsequently the conversion to methane according to the steps 

of carbon monoxide methanation [162-165]. On the other hand, the associative 

mechanism proposes the formation of formates after non-dissociative adsorption of 

carbon dioxide at the support [166-168]. Hence, no carbon monoxide is generated as 

intermediate species. The published data suggest that the CO2 methanation most 

likely proceeds according to the dissociative mechanism. However, contradicting 

results on the investigation of the rate-determining step and its relevant temperature 

range were published. Most studies found that the dissociation of adsorbed carbon 

monoxide is rate-determining [160, 169]. Sulfur poising and thermal sintering at 

temperatures higher than 500 °C are supposed to be the main deactivation 

mechanisms [160]. In contrast, deactivation by carbon formation on the surface of the 

catalysts is less likely.  



 

 32 Chapter 2 Scientific Background 

2.4.2 Catalysts 

The group VIII metals such as ruthenium, iron, nickel and cobalt are typical 

methanation catalysts. Regarding the activity, the following order is reported: Ru > 

Fe > Ni > Co [170]. In terms of the methane selectivity, the proposed order is: Ni > Co 

> Fe > Ru. Since nickel provides the best compromise between methane selectivity 

and activity on the one side and costs as well as availability on the other side, it is the 

preferred catalysts, especially for technological applications.  

Besides the metal, three main factors are determining the catalytic performance: the 

metal-support interaction, the surface properties of the support and the metal 

particle size. The most used supports are: alumina, silica, zirconia, titania, ceria and 

zeolites [158]. The catalytic properties of heterogeneous catalysts are sensitive to the 

interaction between the oxidic support and the active metal [171-174]. The M+ or O2- 

sites of the support and metal sites of the active metal stabilize the key intermediates 

such as adsorbed carbon dioxide and formates [175]. Oxygen vacancies in ceria were 

found to activate the chemisorbed carbon dioxide and generate carbon monoxide 

intermediates in a ceria-supported nickel-based catalyst [176]. While ruthenium-

supported on ceria shows a similar reaction mechanism with the formation of carbon 

monoxide via formates and carbonates, changing the support to alumina alters the 

reaction mechanism to carbon dioxide dissociation [177]. These results indicate that 

surface oxygen vacancies e.g. of ceria, allow the interaction with carbon dioxide and 

facilitate the hydrogenation reaction. Furthermore, the ability of a support to ensure 

an appropriate coverage and strong adsorption of carbon monoxide allows for 

hydrogen dissociation and consequently superior catalytic behavior [178]. Due to its 

reducibility, ceria is the most suitable support for ruthenium [178]. In contrast, 

irreducible alumina limits the co-adsorption of hydrogen and reducible zinc oxide 

only weakly adsorbs carbon monoxide which leads to the reverse-water gas shift 

reaction.  

Not only the presence of oxygen vacancies and the reducibility are important. The 

special metal-support interaction between cobalt and zirconia enables the 

redistribution of cobalt on the surface of zirconia. This was reported to be the reason 

for Co/ZrO2 catalysts being more active and more stable compared to Co/Al2O3 

catalysts [179]. Besides the chemical composition of the supports, an influence of the 

phase composition was found for titania-supported catalysts. When rutile and 
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anatase are present, Ru particles tend to migrate towards the rutile phase during the 

reaction [180]. As a result, ruthenium is highly dispersed in the reduced phase and 

leads to a superior catalytic performance. A similar mechanism is documented for Ni/

TiO2 catalysts [181]. 

Also the surface properties are affecting the methanation reaction. The adsorption 

capability towards carbon dioxide which can be influenced by the surface basicity is 

crucial for providing activated carbon dioxide molecules [158]. The addition of other 

transition and rare earth metals makes it possible to alter the surface basicity. 

Tungsten and lanthanum are reported to drastically improve the catalytic activity and 

stability of a Ni/MgO and Ni/Mg-Al catalyst, respectively [182, 183]. By increasing the 

surface basic sites, tungsten improves the carbon dioxide stabilization and promotes 

the reaction of adsorbed carbon dioxide to monodentate formate which is suggested 

to be the key intermediate. Additionally, it strengthens the interaction between nickel 

and magnesium [182]. Further metals which have been successfully used to enhance 

the basicity of nickel-based catalysts are lanthanum, cerium, samarium and 

praseodymium [184]. 

Finally, also the metal particle size is an important factor. Most studies report on 

higher selectivity towards methane with increasing nickel size [185-187]. For both, 

noble and non-noble metal-based catalysts, atom-scale structured catalysts tend to 

facilitate the reverse-water gas shift reaction. In contrast, larger metal particles favor 

methane formation. Investigations on Ir/CeO2 catalysts reveal that small metal 

particles are partially oxidized and show selectivity towards carbon monoxide 

formation. On the other hand, large iridium particles resulting in a preference for 

methane generation. The metal particle size essentially influences the 

electrochemical state of the metal and consequently determines also the reaction 

route. However, there is also research reporting on higher carbon monoxide 

selectivity with increasing nickel size [188]. The proposed mechanism bases on the 

carbon monoxide dissociation at highly uncoordinated sites which are present on the 

steps of nickel [189]. Strong carbon monoxide adsorption at edges could enable direct 

methanation of carbon dioxide. Contrary, nickel faces mainly produce carbon 

monoxide due to the desorption of carbon monoxide before the hydrogenation to 

formates. As smaller nickel particles are supposed to exhibit a larger quantity of 

uncoordinated sites, their selectivity towards methane is higher. 
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2.4.3 Heterogeneous Monolithic Catalysis 

Heterogeneous catalysts are composed of an active component which is typically 

deposited on an oxidic support. Usually, metals are acting as active components. The 

support ensures the stabilization of the nanometer-sized metal clusters and typically 

exhibits a high specific surface area of several 100 m2·g-1. Nowadays, many 

technological applications rely on packed bed reactors which consist of mesoporous 

catalyst pellets or extrudates filled into the reactor tubes. Consequently, a random 

bed of loosely packed milli- or centimeter-sized catalysts pellets is created. The 

pellets provide easy handling of the catalysts. Size and shape of the pellets strongly 

influence heat, mass and momentum transport in the reactor. For example, small 

pellets create a higher pressure loss compared to large pellets.  

Besides the pressure loss, the handling of significant heat and mass fluxes is necessary 

especially for exo- and endothermic reactions. Though heat and mass transport was 

improved by optimizing modern catalysts, several important catalytic reactions are 

still limited by either mass or heat transport. Due to their promising heat and mass 

transport properties, monolithic catalysts are of interest for optimizing catalytic 

performance.  

In contrast to pellets, monolithic catalyst support have the same diameter as the 

reactor. Honeycombs, solid sponges and cross-flow structures are used as monolithic 

catalyst supports [190-193]. The difference between sponges and pellets in terms of 

geometry and dimension is illustrated in Figure 2.13. Depending on the specific 

application and the operating conditions, the pore size typically ranges from 100 µm 

to several millimeters and the porosity varies between 70 % and 95 % Metals as well 

as ceramics are used as monolithic catalyst supports. In contrast to metals, ceramics 

offer advantages such as better thermal stability, low thermal expansion coefficient 

and good coating adherence [194, 195]. While monolithic catalysts are already applied 

commercially for exhaust treatment, their application in the chemical industry is still 

part of intensive research. In order to increase the surface area, monolithic catalysts 

are usually covered with a micrometer-sized layer of a washcoat which exhibits a 

specific surface area in the order of several 100 m2·g-1. γ-Alumina slurries are widely 

used as washcoat applied by different methods such as colloidal coating, slurry 

coating and sol-gel processes [196]. Several parameters of the coating process e.g. the 

particle size, the calcination temperature, the solid loading, intermediate layers, 
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additives/binders and the thermal or chemical pretreatment influence the adhesion 

of the washcoat [197-201]. Subsequently, the catalytic active metal is deposited onto 

the monolith by wet impregnation or deposition-precipitation [196] [202]. Usually, a 

dip coating process is used. Alternatively, mixing the active component into the 

washcoat allows for a one-step process.  

 

Figure 2.13 Examples of catalysts supports in heterogeneous catalysis. Background: solid mullite 
sponges with decreasing pore window size from left to right. Foreground: alumina pellets [157]. 

Compared to pellets, a low pressure loss is provided by the regular geometry of 

honeycombs and the high porosity of solid sponges. In general, the continuous solid 

network of monolithic catalysts which have the same diameter as the reactor tube 

ensures high heat fluxes via thermal conduction. Sponges allow for increased fluid 

mixing which improves the transfer of heat between solid and liquid. Additionally, 

they exhibit higher specific surface area and enable radial flow compared to 

honeycombs. The separation of catalytic activity from heat and mass transport is a 

major advantage of coated monolithic catalysts. While the catalytic washcoat 

determines catalytic activity, selectivity and efficiency, the support influences heat 

and mass transport as well as pressure loss.  

However, drawbacks of using a washcoat are the necessity of a two-step process with 

additional costs and the potential risk of spalling of the washcoat and crack 

formation. Especially for varying temperatures and differences in the thermal 

expansion coefficient between washcoat and support, flake-off of the catalytic layer 

has to be considered. Potential consequences are the degradation of the catalyst 

efficiency and the damage of downstream equipment [203-205]. Additionally, 

abrasive conditions such as high gas velocity or the presence of particles in the stream 

may lead to deactivation due to erosion of the washcoat [190].  
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A monolithic catalysts which consists of a high surface area material and has an 

inherent catalytic activity due to an incorporated active phase could overcome the 

problem of low washcoat adhesion. For zeolite-based monoliths, this approach was 

already investigated. In general, zeolites are the active component in applications 

such as adsorption, selective catalytic reduction of nitrogen oxides and petroleum-

based catalytic applications e.g. hydrocracking and isomerization [196, 206]. Zeolite 

monoliths are typically prepared by the extrusion of a slurry and subsequent drying 

and sintering [207]. Adapted processing allows to waive the binder and thus avoid 

potential pore blocking due to excessive binder [208]. Lower susceptibility to abrasion 

was found for extruded zeolite structures compared to coated monoliths [209]. 

Besides zeolite structures, monolithic carbon materials have been produced by 

extrusion [210]. Carbon can act as adsorbents and as gas storage media [211]. 

Typically, a mixture of a carbon precursor, a binder and a plasticizer is extruded 

followed by drying and carbonization [212]. To improve the mass transfer and reduce 

the pressure drop, additional meso- and macroporosity can be introduced by adapting 

the extrusion process [213]. Pore sizes of 2 nm to 4 nm and 0.5 µm to 30 µm can be 

achieved. As alternative shaping route, the impregnation of sacrificial templates 

allows to further alter the pore structure. Porous silica monoliths and polymeric 

foams have been used as templates which form pore sizes in the range of 15 µm to 

100 µm [214, 215]. Additionally, catalysts with a pore size of approx. 2 mm which 

contain oxides of titanium, vanadium and tungsten and sepiolite as an agglomeration 

agent were extruded and tested in selective catalytic reduction at industrial 

conditions [216, 217]. Also, a catalyst based on W/TiO2, bentonite, glass fibers and 

small amounts of methylhydroxyethylcellulose and polyethyleneglycol was extruded 

and showed an average pore size of 9 µm [218]. 

As described, monolithic catalysts with inherent catalytic activity exhibit a high 

potential compared to coated structures under certain reaction conditions. Given the 

high potential, the investigation of such structures in reactions besides selective 

catalytic reduction, hydrocracking and isomerization is promising and would open up 

new applications. The CO2 methanation is worthwhile to investigate as it plays a key 

role in using renewable energy in the power-to-X technology. In order to match the 

requirements of the desired reaction, the optimization in terms of the active 

component and the shaping method is necessary.  



 

 2.5 Characterization Methods 37 

2.5 Characterization Methods 

The following chapter provides background information on characterization methods 

which have been used in this work. Detailed descriptions of the procedures can be 

found in the corresponding experimental parts of chapter 4 to 7 (4.3.3 on page 68, 

5.3.3 on page 92, 6.3.3 on page 124 and 7.3.3 on page 147). For information on 

common and widespread methods such as scanning electron microscopy (SEM), 

transmission electron microscopy (TEM), thermogravimetric analysis (TGA) and 

x-ray diffraction (XRD), the reader is referred to relevant literature.  

 

2.5.1 Nitrogen Adsorption/Desorption 

In general, the adsorption and desorption of gases is a volumetric method to 

determine the specific surface area. Besides other gases such as argon and krypton, 

nitrogen is the most frequently used adsorptive in adsorption/desorption 

measurements [219]. 

Starting from vacuum and at constant temperature of 77 K, multiple well defined 

doses of gaseous nitrogen are consecutively injected into the sample chamber. 

Depending on the pressure and the available surface area, nitrogen molecules 

partially adsorb on the sample surface. At equilibrium conditions, the amount of 

adsorbed nitrogen molecules is proportional to the gas pressure. The equilibrium 

pressure for each dose is recorded and the adsorbed volume of nitrogen is finally 

plotted versus the relative pressure as isotherm. The resulting plots are called 

isotherms. Usually, standard temperature and pressure (0 °C and 101.3 kPa) are used 

to plot the amount of adsorbed nitrogen. Hereby, the relative pressure is defined as 

the pressure divided by the saturated vapor pressure of nitrogen at 77 K.  

According to the International Union of Pure and Applied Chemistry (IUPAC), 6 main 

classes and 2 subclasses of exemplary isotherms can be distinguished as shown in 

Figure 2.14 [219]. Type I isotherms are reversible and indicate microporous solids with 

a relatively small external surface. While the subclass I(a) results from microporous 

materials with narrow micropores (< 1 m), subclass I(b) is found for materials which 

have a wider range of pore sizes (< 2.5 nm). Nonporous or macroporous adsorbents 

cause reversible Type II isotherms. A sharp point B corresponds to the completion of 

monolayer coverage. However, no identifiable monolayer formation is obvious in 
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Type III isotherms. Hence, the adsorbent-adsorbate interactions are relatively weak 

and the nitrogen molecules are clustered at favorable surface sites. Type IV indicates 

mesoporous material. Followed by the initial monolayer-multilayer adsorption which 

is also present in Type II isotherms, pore condensation takes place. The presence of a 

hysteresis in Type IV isotherms depends on the adsorption system and the 

temperature. For nitrogen, following dependencies have been found: pores wider 

than 4 nm cause hysteresis (Type IV(a)) and smaller pores create complete reversible 

isotherms (Type IV(b)). Type V isotherms represent a combination of weak adsorbent-

adsorbate interactions with molecular clustering at higher relative pressures. 

Furthermore, layer-by-layer adsorption on highly uniform nonporous surfaces causes 

Type IV isotherms. [219] 
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Figure 2.14 Classification of physisorption isotherms according to IUPAC. 

Typically, nitrogen adsorption and desorption isotherms are used to calculate the 

specific surface area (SSA). The specific surface area is generally defined as the total 

surface area of a solid per unit of mass or volume. The method according to Brunauer-

Emmet-Teller (BET) is widely applied to determine the specific surface area. Based on 

kinetic considerations of monolayer adsorption, this model describes a multi-layer 

adsorption of gas molecules on solid surfaces. Several assumptions have to be 

introduced to apply the concept of mono-layer adsorption to multi-layer adsorption. 

First, gas molecules are assumed to adsorb on the solid surface in an infinite number 

of layers. All higher layers are equivalent to the liquid state and for each layer the 
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theory of mono-layer adsorption is valid. Furthermore, single layers do not interact 

with each other as well there is no interaction between molecules within a layer. 

Additionally, the adsorption sites are independent of its neighbors [220]. In 

accordance with the described assumptions and for a constant temperature, the 

following equation correlates the adsorbed volume of gas with the relative pressure: 𝑝𝜐(𝑝0 − 𝑝) = 1𝜐𝑚𝐶 + 𝐶 − 1𝜐𝑚𝐶 𝑝𝑝0 
(2.6) 

where ν is the specific adsorbed volume, νm the specific volume of a mono-layer, C a 

constant which is associated with the heat of adsorption, p the pressure and p0 the 

saturated vapor pressure of nitrogen. Plotting 
𝑝𝜐(𝑝0−𝑝) versus the relative pressure 

𝑝𝑝0, 

the intercept is given by 
1𝜐𝑚𝐶 and the slope is 

𝐶−1𝜐𝑚𝐶 [221]. Linear regression can yield the 

constant C as well as the specific volume of a monolayer νm. The correlation of the 

specific volume of a monolayer with the density of nitrogen ρN2, the molecular mass 

of nitrogen MN2, the average area which is occupied by an adsorbed nitrogen molecule 

S0 = 0.162 nm2 [222] and the Avogadro Constant NA, leads to the specific surface area 

aspec: 𝑎𝑠𝑝𝑒𝑐 = 𝜐𝑚 𝜌𝑁2𝑀𝑁2  𝑁𝐴 𝑆0 (2.7) 

For common adsorbents, including nitrogen the BET plot usually gives a good 

regression at relative pressures between 0.05 and 0.35. Nevertheless, the starting and 

ending point of the BET evaluation should be carefully selected depending on the 

material type [220, 222]. Details on the test parameters are presented in the sections 

4.3.3 (see page 68) and 7.3.3 (see page 147). 

 

2.5.2 Mercury Porosimetry 

The volumetric pore size distribution over a wide range of pore sizes can be analyzed 

by means of mercury intrusion porosimetry [223]. Various materials can be tested 

with this method. Originally, the mercury porosimetry was developed to extend the 

evaluation of pore sizes from micro- and mesopores to the scale of macropores.  

Since mercury has a high surface tension with a mean contact angle on ceramic 

surfaces of approx. 140°, it is considered a non-wetting liquid [222]. Thus, mercury 

does not spontaneously imbibe into porous media. The required external pressure 
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which is necessary to force mercury into the pores depends on physical properties of 

the mercury and the solid as well as on the pore size [224]. As a result of his studies 

on capillary flow and capillary forces, Edward Washburn described the relationship 

between pore size and pressure in the case of intruding mercury into a capillary as 

schematically shown in Figure 2.15 [123]. The evaluation of mercury intrusion data 

relies on this fundamental relation, called Washburn equation: 

𝑅 =  − 2𝜎 cos 𝜃Δ𝑝  
(2.8) 

where R is the pore size, σ the surface tension of mercury, θ the contact angle and Δp 

the external pressure. The Washburn equations includes several assumptions. First, 

cylindrical shape of the pores. Additionally, it is assumed that pores are filled in 

decreasing order of the size. In well interconnected pore networks this assumption 

might be valid. In contrast, low interconnectivity mostly results in this assumption to 

be invalid. In addition, narrow pore windows with wider pore diameter cause the 

overestimation of pore volume assigned to smaller pores. This aspect is called the ink-

bottle effect [224, 225]. 

Mercury Δp, σ

2R

θ

 

Figure 2.15 Schematic illustration of mercury penetration into a capillary and specification of the 
important physical parameters.  

Further potential reasons for inaccuracy are the compressibility of mercury, the 

distortion of the measurement cell at high pressures and the compressibility and/or 

damaging of the sample. Additionally, the contact angle of mercury is strongly 

influenced by impurities, the material surface and whether it is penetrating or 

withdrawing. Hence, a range from 117° to 141° with a resulting uncertainty of 20 % 

on the pore size evaluation was found in literature [225, 226]. In this work, a constant 

contact angle of 140 ° was used. On the one hand, this ensures a good comparability 

of samples with similar chemical compositions as it is the case in this work. On the 
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other hand, the results presented in this work may differ from analysis which were 

performed at different conditions and/or with different devices. The sections 4.3.3 

(see page 68), 5.3.3 (see page 92), 6.3.3 (see page 124) and 7.3.3 (see page 147) give 

more details on the applied device. 

 

2.5.3 Vapor Adsorption 

The chemical state of the surface and the presence of functional groups influence the 

interaction of the material with the environment. In this work, the interactions with 

water and heptane are taken as a measure for the surface characteristics. Usually, the 

hydrophilicity/hydrophobicity is characterized by means of contact angle 

measurements. However, a major drawback of the contact angle measurement is the 

sensitivity to the presence of pores and the roughness of the surface [227].  

Vapor adsorption measurements with polar and unpolar liquids are an alternative to 

determine the hydrophilicity/hydrophobicity. This simple gravimetric method 

records the weight change of a dry sample which is put in contact with the vapor of a 

probe liquid at a certain pressure. The probe molecules adsorb on the surface and 

cause a weight gain. Polar liquids such as water are used as probe for hydrophilicity, 

whereas unpolar liquids such as n-heptane act as a measure of hydrophobicity. By 

comparing the adsorbed amount of probe molecules, the sample can be characterized 

to be more hydrophilic or more hydrophobic. Another way of evaluation is the 

normalization of the adsorbed amount of molecules on the BET specific surface area. 

Further details on the measurement procedure are given in sections 4.3.3 (see page 

68) and 7.3.3 (see page 147). 

 

2.5.4 Compressive Strength 

Due to the brittle nature accompanied with weak tensile strength, structural ceramic 

components are usually applied under compressive conditions [228]. Hence, the 

mechanical properties are normally evaluated in bending and/or compression tests.  

The fracture of porous ceramics can be generally described by the quasi-brittle 

behavior. Reasons for this classification are: the ultimate fracture is triggered by 

many local events and highly dissipative processes associated with plastic 

deformation are not present [229]. In porous ceramics, the mechanical behavior 
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depends on more than just the porosity. Experimental studies on the mechanical 

strength of porous ceramics have reported significant deviations from the widely used 

Gibson and Ashby model which correlates the relative strength to the relative density 

[229]. Especially, the number of connecting struts between the pores was found to 

highly impact on the mechanical response [229]. After breaking of the connecting 

struts, even increasing the strut thickness is not recovering the initial strength. As a 

consequence, factors such as the applied shaping method, the strut density and the 

pore morphology highly influence the mechanical properties. 

A typical stress-strain curve of a porous ceramic material is schematically shown in 

Figure 2.16. Firstly, the material deforms elastically and follows the Hooke’s law. This 

behavior is represented by the initial linear section. The yield point characterizes the 

ending of the linear-elastic behavior and in the case of brittle ceramics indicates the 

maximum stress. In porous ceramics, pore deflections takes place and causes a 

gradually decrease of the stress. 
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Figure 2.16 Schematic illustration of a typical stress-strain curve of a porous ceramic. 

In general, the measured compressive strength of ceramic components is influenced 

to a large extend by the test parameters, e.g. strain rate and sample dimensions. For 

example, smaller sample dimensions result in increasing compressive strength 

according to the size effect of compressive strength. Furthermore, the geometry of 

the sample alters the crack propagation patterns and hence changes the measured 

compressive strength [230]. In addition, increasing strain rate leads to higher 

measured compressive strength values. This can be explained by the decreasing 

influence of defects with increasing strain rate [231]. Also the crack propagation is 

influenced by the strain rate. While high loading speeds limit the crack propagation, 

low strain rates result in enhanced crack growth. Thus, comparing the compressive 



 

 2.5 Characterization Methods 43 

strength is only possible for identical test parameters. The section 4.3.3 (see page 68) 

provides details on the applied test parameters. 

 

2.5.5 Isothermal Wicking 

Isothermal wicking experiments are used to characterize the capillary action within a 

porous media. In general, imbibition is defined as the displacement of one fluid by 

another fluid which is immiscible and has a higher viscosity taking place in a porous 

medium [115]. If the driving force is the capillary pressure created at the liquid-air 

interfaces, such an imbibition is called wicking [116]. Changes in the surface energy 

of the solid induced by wetting result in a capillary pressure and pull the invading 

liquid into the porous structure [117]. A detailed description of the fundamentals of 

capillary action is given in section 2.3.1 (see page 22).  

Isothermal wicking at room temperature is the simplest variation of wicking. 

Changing the conditions to cryogenic wicking introduces further influencing factors 

such as a superheated structure and vapor generation due to heat transfer between 

structure and liquid. These additional aspects complicate the assessment of the 

relation between pore structure and wicking performance. Therefore, the isothermal 

wicking at room temperature is most suited to study the basic correlations between 

pore structure and wicking. Details on the measurement parameters and the setup are 

presented in sections 5.3.3 (see page 92) and 6.3.3 (see page 124). 

 

2.5.6 Constant Head Permeability Test 

The permeability is the ability of a porous material to allow fluids to pass. In general, 

the permeability of a material depends on properties of the pore structure, e.g. 

porosity, pore size and pore morphology. The permeability K is part of the 

proportionality constant in Darcy ’s law which describes the relation between flow 

rate and fluid physical properties (e.g. viscosity) to a pressure gradient which is 

applied to the porous media [128]: ∆𝑝∆𝐿 = − 𝜇𝐾 𝑢𝑠. (2.9) 

with the length of the sample ΔL, the dynamic viscosity μ, the superficial velocity us 

and the pressure drop Δp which is given by the hydrostatic pressure of the water 
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column hCHP. A detailed derivation of the underlying equations is given in the 

appendix A.2.1 on page 195. 

The Darcy’s law considers only the viscous forces and assumes a linear dependence 

between superficial velocity and pressure gradient. Hence, several assumptions needs 

to be considered when applying the Darcy equation. Since the Darcy equation is only 

valid for slow superficial velocities, laminar flow regime has to be ensured. Further 

requirements are: no reaction of the fluid with the sample, incompressible fluid, 

single phase flow and continuous and steady flow. In contrast to Darcy’s law, the 

Forchheimer equation includes the contributions of inertia and turbulence and can 

be applied in turbulent flow regime [59].  

In literature, different methods are proposed to determine the permeability of a 

porous structure [232]. The constant head permeability test is widely used in the 

investigation of soils and rocks due to its simple procedure. Figure 2.17 illustrates the 

setup of the constant head permeability test. The pressure gradient is created by the 

hydrostatic pressure of the water column. Due to the low fluid flow and the high ratio 

between the radii of sample and water reservoir, the height of the water column can 

considered to be constant. The amount of penetrated water is gravimetrical 

evaluated. Details on the measurement procedure are presented in section 6.3.3 (see 

page 124). 

Balance

Sample

hCHP
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ΔL

 

Figure 2.17 Schematic illustration of constant head permeability test and specification of the 
important physical and geometrical parameters. 
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2.5.7 Catalytic Test in a Packed-bed Reactor 

The setup to evaluate the catalytic activity of a catalyst usually consists of a reactor 

where the reaction takes place at appropriate conditions and a device to analyze the 

product stream. Mostly, gas chromatography equipped with corresponding 

chromatography columns are applied to separate the single components from the 

product stream. The calibration of the detector allows for quantitative analysis of the 

products. 

Most commercial catalytically activated gas-phase reactions are carried out in 

packed-bed reactors. A packed-bed or fixed-bed reactor consists of compact layers of 

catalysts pellets usually filled in a vertical tube as illustrated in Figure 2.18. 

Consequently, the reaction of gaseous reactants takes place over the stationary 

catalysts. Macroscopically, the catalysts bed acts like a porous media. In contrast to 

other reactor types or designs, e.g. homogeneous catalysts, packed-bed reactors are 

preferred due to their simple setup and ease of operation [233]. In industrial 

applications, packed-bed reactors are usually operated in a stationary mode over long 

production runs [234].  

Due to the importance of temperature in influencing a chemical reaction, it is 

convenient to differentiate between reactors for adiabatic and nonadiabatic 

conditions. Adiabatic reactors are used when there is only one major reaction pathway 

and/or when the adiabatic temperature change is small. In contrast, reactions which 

are very temperature sensitive and reactions with a large heat of reaction require a 

reactor which can remove or provide heat. In these cases, multitubular packed-bed 

reactors are mostly applied. They are characterized by a heat carrier circulating 

around tubes which are filled with catalyst pellets.  

Since several key requirements on reactor and catalyst design such as a good 

temperature control, a low pressure loss and a high catalyst concentration are to some 

extend contradictory, a large variety of different catalyst shapes and arrangements 

has been developed. Random packing of catalyst pellets in a tube as shown in Figure 

2.18 represents the simplest form of a packed-bed.  
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Figure 2.18 Illustration of an adiabatic packed-bed reactor with subsequent analysis of the product 
stream by gas chromatography (GC). 

The mean pellet dimensions usually vary from 1 mm to 10 mm [234]. The upper limit 

is set the specific outer surface area for mass and heat transfer and the lower limit is 

defined by considerations concerning the pressure drop. Depending on the reaction 

conditions, different catalyst shapes are used: spheres, cylinders, rings, flat disk 

pellets or crushed material of a certain sieve fraction [234].  

Due to the simple setup and the ease of operation, usually adiabatic packed-bed 

reactors with very small diameters of only a few millimeters are used in science for 

the assessment of a catalyst. Consequently, also the catalyst size reduces to hundreds 

of micrometers. A detailed description of the reactor and the measurement conditions 

which have been applied can be found in section 7.3.3 (see page 147). 
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3 Aim and Approach 

This work aims to develop porous polymer-derived SiOC monoliths for capillary 

transport and heterogeneous catalysis. As base for the subsequent development, the 

fundamental relationships between the process parameters and the resulting pore 

structure and properties such as hydrophilicity, specific surface area and mechanical 

strength need to be elucidated. To enable effective tailoring of capillary active 

components, the knowledge of the dependencies between the pore structure and the 

capillary transport performance is crucial for an effective design of capillary active 

components. And finally, the underlying principles and processes of producing a 

porous metal containing PDC monolith need to be fully understood in advance of 

optimizing the pore structure of a monolithic catalyst. 

All approaches base on the common features of adapting the processing parameters 

of the solution-based freeze casting and/or altering the chemical composition of the 

starting solution. Hereby, tert-butyl alcohol and cyclohexane act as solvents and 

polysiloxanes are used as preceramic polymers. As illustrated in Figure 3.1, following 

approaches are pursued: 

 

1. Determining the fundamental relationships between between the process 

parameters and the resulting pore structure and properties by evaluating the 

influence of the addition of preceramic (SiOC) and ceramic (silica, alumina) 

filler particles on the resulting pore structure and properties such as strength, 

hydrophilicity and specific surface area. First, the specific surface area and the 

hydrophilicity should be changed by the incorporation of chemical highly 

adjustable preceramic filler particles based on polymethylsiloxane and poly-

methylphenylsiloxane. These fillers can be prepared exploiting the great 

chemical flexibility of polymer-derived ceramics. This flexibility enables to 

generate filler particles with varying specific surface area and hydrophilicity. As 

comparison in terms of hydrophilicity, silica particles should be used. Hence, it 

can be evaluated whether preceramic or ceramic filler particles are more 

effective in changing the surface characteristics. Second, the mechanical 

stability of the monoliths should be increased by the addition of alumina 

platelets with a high aspect ratio. Comparing the non spherical alumina 

3 
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platelets with the spherical silica and preceramic fillers enables to study the 

influence of the particle shape on the resulting pore structure and the 

mechanical strength. Since non-spherical particles are known to strongly 

interfere the freezing process, the resulting pore structure is influenced. It was 

found, that these changes on the pore structure e.g. bridge formation between 

lamellas can improve the mechanical stability. Especially for the application in 

capillary transport, the increase of the mechanical strength is a key 

requirement. 

 

2. Evaluation of the relationship between structural properties and the resulting 

wicking behavior by manufacturing varying pore structures and testing in 

isothermal wicking. Since there are no strict requirements given by the 

application, the flexibility of the freeze casting process should be used to cover 

a wide range of pore structures by preparing monoliths which differ as strongly 

as possible in their pore structures. First, porosity, pore window size and pore 

morphology should be altered by changing the solvent and the solid loading 

from cyclohexane to tert-butyl alcohol and from 20 wt% to 40 wt%, respectively. 

Second, the orientation of the pores should be changed by controlling the 

freezing conditions. Non unidirectional freezing is adapted towards 

unidirectional freezing. Third, gradients in pore size for unidirectional freezing 

should be avoided by changing from constant freezing temperature (CFT) 

conditions at -20 °C to constant freezing front velocity (CFV) conditions of 

4 µm/s and 7 µm/s. The impact of these described changes in the pore structure 

on the permeability and the capillary transport is investigated by means of 

isothermal wicking at room temperature. Additionally, comparison of 

experimental data with predictions basing on the Lucas-Washburn equation is 

conducted to evaluate the applicability of predicting the wicking in a complex 

3D structure. 

 

3. Understanding the underlying principles and processes of producing a porous 

metal containing and catalytic active PDC monolith by solution-based freeze 

casting. First, the in situ formation of nickel particles known from reflux 

synthesis should be adapted to the solution-based freeze casting process. The 

selection of an effective complexing- and cross-linking is done by the screening 

of different complexing and cross-linking agents with amino functionality and 
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assessing their ability to generate small and well distributed nickel particles as 

well as providing sufficient cross-linking functionality. Small and well 

distributed nickel particles are beneficial for the catalytic performance as tested 

in the probe reaction of carbon dioxide methanation. Second, the catalytic 

performance should be improved by further reducing the nickel particle size. 

The influence of the following adaptions is assessed: increasing the ratio of 

complexing groups to nickel from 2 to 4, changing the nickel precursor from 

nickel(II) acetylacetonate to nickel(II) nitrate hexahydrate and decreasing the 

pyrolysis temperature from 600 °C to 500 °C. 

Solution-based 
Freeze Casting of 

Polysiloxanes

State of the Art

Development for Applications
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Process – Structure

Addition of Filler Particles
Morphology, Strength and Others
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Figure 3.1 Illustration of the approaches to develop polymer-derived ceramic SiOC monoliths 
prepared by solution-based freeze casting for capillary transport and heterogeneous catalysis. 
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4 Influence of Filler Addition 

on the Pore Structure 

Before developing a porous structure with regard to a specific application, the 

fundamental relationships between processing parameters and resulting properties 

needs to be known. The influence of the addition of filler particles on the pore 

structure and further properties is shown in the following chapter.  

Several applications e.g. filtration, adsorption and capillary transport require the 

possibility to tailor specific properties. Additionally, the mechanical stability of the 

components is a crucial requirement. The limitation of the chemical composition in 

solution-based freeze casting excludes the possibility to alter the chemical 

composition of the preceramic polymer. Hence, the approach of adding filler particles 

to change properties such as specific surface area and hydrophilicity is pursued and 

illustrated in Figure 4.1. Furthermore, the impact of the filler particles on the pore 

morphology and the correlated mechanical strength is investigated. Although 

filtration is mentioned as potential application in the following chapter, the findings 

can also be directly transferred and utilized as base for the development of novel 

structures for capillary transport and heterogeneous catalysis. 

The content of this section was published in the following article under the CC BY-

NC-ND license. The style and numbering of the references, the figures, the tables and 

the nomination as well as further typographic aspects have been adapted to be 

consistent throughout the thesis and to fit the superordinate layout. Furthermore, the 

coloring of the figures was unified. The supplementary data can be found in the 

appendix A.1 on page 192. 

Daniel Schumacher, Michaela Wilhelm, Kurosch Rezwan, Modified solution-based freeze 

casting process of polysiloxanes to adjust pore morphology and surface functions of SiOC 

monoliths; Materials and Design 160 (2018) 1295-1304, DOI: 

10.1016/j.matdes.2018.10.048 
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4.2 Introduction 

Porous ceramic monoliths are required in a wide range of industries including energy 

and manufacturing. In order to avoid mass transport limitation, high permeability is 

a prerequisite for applications, such as catalysis, gas adsorption, water filtration, 

energy storage/conversion or even tissue engineering [1-7]. Introducing open 

macroporosity to the structure prevents this problem. Several techniques are 

available for the fabrication of macroporous monoliths, such as replica method, 

additive manufacturing, direct foaming and sacrificial templating [8, 9]. Tailoring the 

pore network, specifically the pore size, pore morphology and connectivity is crucial 

for adapting porous material in accordance with the requirements given by a specific 

application [10]. The process of freeze casting, which is a templating method, allows 

to vary the properties of porous structures in a wide range. Therefore, it has attracted 

considerable interest in recent years [11-14].  

In freeze casting, pores are created by phase separation of a two-component system 

during freezing. At the beginning, a solid phase is uniformly dispersed in a liquid 

phase. Freezing of the suspension results in solidification of the liquid phase and 

rejection of the insoluble particles by growing crystals. Hence, the particles are 

assembled between the crystals. After completely frozen, sublimation removes the 

templating phase and thereby creates the porous structure which reflects the shape 

of the crystals. Various process parameters, such as particle size, particle shape and 

freezing front velocity influence the final pore structure [15-17]. To a great extent, the 

liquid phase determines the pore morphology, ranging from cellular to lamellar, 

dendritic or prismatic [18-21]. Although, most research is carried out using 

suspensions of dispersed particles, solutions of preceramic polymers can be used in 

freeze casting, too. Rather than rejection of particles, thermally induced phase 

separation is the segregation process in solution-based freeze casting [22].  

Preceramic polymers offer some advantages over conventional powder based 

fabrication of ceramics, such as lower sintering/pyrolysis temperatures and versatility 

in shaping techniques [23]. Furthermore, incomplete decomposition of the organic 

groups at pyrolysis temperatures of 500 °C to 700 °C allows for the creation of 

micropores and the adjustment of hydrophilicity. Zhang et al. showed the influence 

of polymethylsiloxane and polymethylphenylsiloxanes precursors as well as the 

influence of different compositions and pyrolysis temperatures on BET surface area 
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and hydrophilicity [24, 25]. Thus, altering the precursor, the composition and the 

pyrolysis temperature changes the properties of polymer-derived ceramics. Recent 

research is ongoing on tailoring the surface characteristic, mostly by post-treatment 

e.g. impregnation, grafting for applications such as oil-water separation or waste-

water filtration [26-30]. Using preceramic polymers would supersede costly post-

treatment. 

Very few research is conducted in the field of solution-based freeze casting of 

preceramic polymers. First, Yoon et al. prepared silicon carbide with dendritic pore 

structure based on polycarbosilane as preceramic polymer and camphene as solvent 

in solution-based freeze casting [31]. Naviroj et al. investigated solution-based freeze 

casting for cyclohexane and tert-butyl alcohol as solvents and polymethylsiloxanes, 

resulting in porous SiOC [22]. Precise control of cross-linking is required to prevent 

early gelation or poor mechanical stability in the green state. Hence, solution-based 

freeze casting strictly limits the composition and inhibits to make use of the great 

chemical flexibility of preceramic polymers.  

For applications, such as filtration not only the pore structure, but also the strength 

is an important property. A mixture of alumina platelets and spherical particles 

enhance the mechanical properties of suspension freeze casting due to the formation 

of interlamellar bridges [17]. In solution-based freeze casting a nacre like structure 

with improved stiffness, strength and toughness was obtained by using alumina 

platelets in a chitosan/gelatin matrix [32]. Both studies were performed with water as 

solvent and a high concentration of alumina platelets, whereas nothing is known on 

the effect of platelet addition for other solvents such as cyclohexane or tert-butyl 

alcohol and for low platelet concentrations. 

Not only platelets, but also spherical particles were used in solution-based freeze 

casting. Naviroj et al. investigated a combination of solution and suspension-based 

freeze casting for different solvents with polymethylsiloxanes and alumina particles 

and found an influence of the particle addition on the pore morphology [33]. 

Although, some studies already analyzed the influence of filler particles on the pore 

structure, so far, nothing is known on the influence of filler particles on the surface 

characteristics of porous monoliths. Since, the composition is strictly limited in 

solution-based freeze casting of preceramic polymers, the addition of filler particles 
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with different properties than the matrix would allow to alter the surface 

characteristics. Such surface characteristics are the BET surface area and 

hydrophilicity/hydrophobicity. The understanding of the several dependencies 

between filler composition and filler content on the one hand and the resulting 

properties on the other hand is crucial for an efficient design of materials according 

to specific applications.  

In general, preceramic polymers offer the possibility to adjust their properties in a 

wide range by chemical modifications of the precursors. Additionally, preceramic 

fillers ensure a good compatibility between the preceramic matrix and the filler. So 

far no research was done on taking advantage of the chemical highly flexible 

preceramic filler particles in the freeze casting process. The addition of preceramic 

filler particles to solution-based freeze casting combines the flexibility of the freeze 

casting process regarding the macropore structure with the chemical flexibility of 

preceramic polymers. It has to be highlighted, that the investigated filler particles are 

only exemplary and were chosen to show the potential of this approach. The possible 

range of properties which can be altered by adapting the composition of the filler 

particles is much wider than presented here.  

In this study, preceramic and ceramic filler particles are added to solution-based 

freeze casting of polymethylsiloxanes to overcome the chemical limitations of the 

process and hence enable adjusting structural and functional properties. We 

investigate the influence of adding filler particles on properties such as pore 

morphology, strength, BET surface area and hydrophilicity. The filler particles are 

either ceramic (alumina platelets and silica spheres) or preceramic (differing in 

composition). To alter the composition of the preceramic fillers, polymethylsiloxane 

or polymethylphenylsiloxane cross-linked with different concentrations of (3-amino-

propyl)triethoxysilane (APTES) were used. After pyrolysis, porous monoliths with a 

dendritic pore structure were obtained. The following studies explore the effect of 

filler particles on the pore morphology as well as on surface characteristics. 

Furthermore, the reliability of predictions of BET surface area and hydrophilicity is 

assessed. Only good correlations between prediction and experimental data allow for 

efficient design of the material.  
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4.3 Materials and Methods 

Porous ceramic monoliths were prepared by freeze casting, using filler particles in 

solution-based freeze casting. A commercial polymethylsiloxane (Silres® MK, Wacker 

Chemie AG, Germany) was used together with the solvent cyclohexane (Sigma-

Aldrich) and (3-aminopropyl)triethoxysilane (APTES, abcr GmbH, Germany) as cross-

linking agent. The chemical structures are displayed in Figure 4.2 on page 66 and 

comprehensivly listed on page 191. Two different classes of fillers were incorporated: 

ceramic and preceramic filler particles. As ceramic fillers alumina platelets 

(Alusion™, Antaria Ltd., Australia) with an average diameter of d50 = 7.5 µm and a 

thickness of 300 nm to 500 nm were used in addition to monodispersed silica particles 

(AngstromSphere, Fiber Optic Center Inc., USA) with a particle diameter of 1.0 µm. 

Alumina platelets and silica particles are labeled “A” and “S”, respectively.  

 

4.3.1 Preparation of Preceramic Filler 

Preceramic fillers were synthesized using different preceramic polymers: poly-

methylsiloxane (Silres® MK, Wacker Chemie AG, Germany) and polymethylphenyl-

siloxane (Silres® H44, Wacker Chemie AG, Germany) (Figure 4.2). Just as in the freeze 

casting process, APTES acted as cross-linking agent. After homogenization of the 

preceramic polymer in ethanol for 30 min, APTES was added under stirring. To obtain 

fillers with different properties MK (“M1”) or H44 were used and the amount of APTES 

was changed from 1 mol% (“H1”) to 50 mol% (“H50”) for fillers composed of H44. The 

compositions of the fillers are indicated in Table 4.1. The solid loading was kept 

constant at 30 wt%. Homogenization was followed by the evaporation of ethanol at 

room temperature for 18 h. For curing a multi-stage heat treatment in air with 

dwelling at 80 °C, 140 °C and 200 °C with dwelling times of 2 h and a heating rate of 

60 K·min-1 was used. Dry ball milling at 350 r·min-1 for 6 h resulted in filler particles 

with a mean particle size d50 of 2.63 µm to 3.34 µm. The fillers were used without 

further processing in freeze casting. 
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4.3.3 Materials Characterization 

The true density of the filler particles and the reference samples were measured with 

helium pycnometry (Accupyc 1330, Micromeritics, USA). Furthermore, the particle 

size of the preceramic filler particles was determined on diluted suspensions of filler 

particles in ethanol using laser diffraction (LA-960, Horiba Ltd.). To ensure 

comparability for all investigations, all specimens were taken from the center of the 

monolith at a height of ≈ 10 mm. The pore structure was investigated using scanning 

electron microscopy (SEM, field-emission SEM SUPRA 40, Zeiss, Germany) operating 

at 7.00 kV with specimens mounted on carbon tape. Samples were sputtered with gold 

(K550, Emitech, Judges Scientific Plc., UK) prior to the measurement. Pore size 

distribution and porosity were obtained by mercury intrusion porosimetry (Pascal 

140/440, POROTEC GmbH, Germany). Compression tests were performed on 

cylindrical monolithic samples with a diameter of 9.5 mm to 9.6 mm and a height of 

10 mm using a universal testing machine (Zwick/Roell 2005, Zwick, Germany). A 

constant displacement of 0.5 mm·min-1 was used and more than 9 samples of each 

composition were tested. The freezing direction was parallel to the cylinder axis. A 

steel half sphere with a diameter of 23 mm was placed on top of the specimen in order 

to minimize effects of superficial defects and misalignment. The force at the end of 

the elastic stage was used to calculate the compressive strength. Specific surface area 

was determined by evaluating nitrogen adsorption isotherms according to BET theory 

(Belsorp-Max, Bel Japan Inc., Japan). For nitrogen adsorption measurements the 

monolithic specimens were prepared by grinding and sieving with a 300 µm mesh. 

Furthermore, degassing of the powder at 120 °C for 3 h was carried out before starting 

the analysis. Measurements of vapor adsorption were performed by placing vessels 

with ≈ 1 g of monolithic samples in closed Erlenmeyer flasks filled with liquids. The 

liquids water and heptane were a measure of hydrophilic and hydrophobic surface 

characteristic, respectively. The liquids were at equilibrium with their vapor phase at 

20 °C. Prior to the measurement, the samples were dried at 70 °C for 24 h. Weighing 

of the samples at the beginning and at the end of a 24 h measurement period allowed 

for determining the vapor uptake. 
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4.4 Results 

4.4.1 Pore Morphology 

4.4.1.1 Pore Structure 

The pore structure depends heavily on the solvent and the freezing process. Figure 4.3 

shows SEM images of the pore structure of samples without, with 25 vol% and 50 vol% 

of preceramic filler M1 pyrolyzed at 1000 °C. The images are representative for the 

samples with preceramic fillers and no differences in pore structure between pyrolysis 

at 600 °C and at 1000 °C were observed.  
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Figure 4.3 SEM images of the pyrolyzed monoliths at 1000 °C for increasing preceramic filler 
particle content, (a) Ref/1000, (b) 25M1/1000 and (c) 50M1/1000. 

The preceramic filler particles are embedded in the pore walls in the case of the 

addition of 25 vol% filler. Whereas for increased filler content, the particles create 

rough pore wall surfaces. Since the size of filler particles observed in SEM and the 

measurement of particle size by laser diffraction is in good agreement, dispersion of 

the particles can be considered as good. Furthermore, no relevant sedimentation 

occurred during the time required for freezing the whole sample. Hence, dispersion 

and distribution of preceramic particles are assumed to be sufficient to prepare 

samples with homogeneous properties. In contrast, ceramic filler particles S and A 

lead to agglomeration of filler particles for 25S/600 and crack formation around 

platelets for 3.5A/1000, respectively (see Figure A.1.1 on page 192). Due to the 

decreasing viscosity of the solution with increasing filler content, the addition of 

25 vol% and 50 vol% of alumina platelets results in sedimentation. Therefore, only 

1.7 vol% and 3.5 vol% were investigated further. Furthermore, silica particles were 

used only as a reference with 25 vol%. Preceramic fillers H1 and H50 were added at 

contents of 25 vol% and 50 vol%. Since, the trend in results for 50 vol% matches very 

well with the one of 25 vol%, only the results of 25 vol% are reported here. With 
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intention to simplification and clarity only Ref, 25M1 and 50M1 are reported for a 

reduced pyrolysis temperature of 600 °C.  
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Figure 4.4 (a) Exemplary pore size distribution of Ref/1000, 25M1/1000 and 50M1/1000 as 
example for all other investigated samples; (b) mean pore size and open porosity for all samples 
investigated regarding strength. 
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The pore morphology is dendritic as it is characteristic for structures obtained using 

cyclohexane as solvent [22, 33]. In the structure without filler particles, primary and 

secondary dendrites can be easily identified. Whereas, with increasing content of filler 

particles the isotropy of the structure increases and the structure appears to be less 

ordered. Furthermore, the roughness of internal pore walls changes from smooth to 

very rough. 

Besides SEM images, results of mercury intrusion porosimetry further characterize 

the pore structure. Figure 4.4 shows mean pore size and open porosity for all samples 

investigated regarding strength as well as representative pore size distributions in 

dependence of the filler particle concentration. Pore sizes range from 4 µm to 40 µm 

with a monomodal distribution for all samples. Whereas, the mean pore size and the 

open porosity is in the range of 13 µm to 21 µm and 60 % to 65 %, respectively. These 

almost constant parameters indicate no influence of the addition of filler particles on 

pore size distribution, mean pore size and open porosity.  

 

4.4.1.2 Compressive Strength 

In order to investigate the influence of the addition of filler on the mechanical 

properties of the samples, compression tests were performed. The results for different 

pyrolysis temperatures and different filler particles are shown in Figure 4.5. The same 

samples as in Figure 4.4 are reported here.  

Independently on the addition of filler particles, strength drastically increases with 

increasing pyrolysis temperature. The strength of the reference sample rises from 

6.5 MPa (600 °C) by a factor of 5.4 to 35 MPa (1000 °C). With enhancement factors of 

6.6 and 11.4 the effect is even more pronounced for samples with 25 vol% and 50 vol% 

of preceramic M1 filler particles, respectively. Since the pore structure remains the 

same, the influence of the temperature on the material is supposed to be the reason 

for the difference. The increase in strength can be attributed to the higher density due 

to mineralization reactions in the temperature range from 600 °C to 1000 °C [34]. In 

mineralization reactions, carbon is inserted in the silica network via Si-C bonds 

leading to a densification of the SiOC(H) network, which enhances the mechanical 

strength [35]. Mechanical studies on dense SiOC material confirm this presumption 

[35]. 
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Figure 4.5 Compressive strength for samples without and with preceramic and ceramic filler 
particles pyrolyzed at different temperatures. 

At both temperatures, the composition 25M1 shows the highest strength with factors 

of enhancement of 1.6 and 1.9 for 600 °C and 1000 °C, respectively. Whereas, an 

increase of filler particles to 50 vol% leads to a decrease of strength. Changing the 

composition of the preceramic filler particles from M1 to H1 and H50 reduces the 

strengthening effect to a factor of 1.3 at a filler content of 25 vol%. Due to differences 

in decomposition of H1 and H50 compared to the matrix, crack formation around the 

filler particles during pyrolysis is assumed to result in less enhancement. Weight loss 

at 1000 °C for the matrix and the filler H1 and H50 is 14.80 %, 25.09 % and 30.21 %, 

respectively. Since the matrix and filler M1 have the same composition, no cracks will 

form in 25M1 and 50M1. 

With the ceramic filler S reducing the strength rather than increasing it, the 

preceramic filler M1 is the most effective at high filler concentrations. The reduced 

strength of samples with filler S is attributed to the formation of agglomerates. Due 

to its very hydrophilic surface characteristic, agglomerates of filler S prohibit the 

hydrophobic polymer solution to penetrate the interparticular volume. The resulting 

pores between the filler particles can be seen in Figure A.1.1 (a) on page 192. Those 

relatively large pores act as source of crack formation and reduce the strength. 
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Lowering the filler concentration to 1.7 vol% the ceramic filler A is more effective 

than M1. 1.7A/1000 has a factor of enhancement of 1.5, whereas 1.7M1/1000 does not 

show significant enhancement. No well-known strengthening/toughening 

mechanisms, such as crack deflection and crack bridging were observed for 1.7A/1000. 

Moreover, the pore morphology became more isotropic (see Figure A.1.2 on page 192). 

Slightly increasing the filler content from 1.7 vol% to 3.5 vol% leads to a reduction of 

strengthening effect to a factor of only 1.16 for 3.5A/1000. SEM images reveal cracks 

around the alumina platelets, as it can be seen in Figure A.1.1 (b) on page 192, while 

no cracks are observed for 1.7A/1000 and unpyrolyzed samples. Crack formation 

during pyrolysis can be explained by a difference in the coefficient of thermal 

expansion between the matrix (αSiOC = 3.12 × 10–6 K–1) and the alumina platelets 

(αAl2O3 = 7.2 × 10–6 K–1 to 8.0× 10–6 K–1) of ≈ 4.5 × 10–6 K–1 in the temperature range of 

RT to 1000 °C [36]. The induced stress during pyrolysis is proportional to the 

concentration of filler. It exceeds the strength of the matrix at platelet contents 

≥ 3.5 vol% leading to crack formation. 

 

4.4.2 Control of Surface Functions 

4.4.2.1 Specific Surface Area 

With regards to the control of the surface characteristic, nitrogen adsorption 

isotherms were evaluated according to BET theory (Figure 4.6). Silica particles were 

used only as a reference with 25 vol%. Preceramic fillers were investigated only at 

contents of 25 vol% and 50 vol%. With intention to simplification and clarity only Ref 

and 50H1 are reported for an increased pyrolysis temperature of 600 °C.  

Type II isotherms are observed for ceramic filler particles and samples pyrolyzed at 

1000 °C, revealing a macroporous/non porous material without micropores. For 

pyrolysis temperatures of 600 °C nitrogen isotherms are of type I, indicating the 

presence of micropores (see Figure A.1.3 on page 193). Due to micropores, which are 

formed during pyrolysis by decomposition of organic groups, H1, H50 and Ref/600 

show very high BET surface areas of 607 ± 3 m2·g–1, 546 ± 1 m2·g–1 and 451 ± 1 m2·g–1, 

respectively. The phenyl group in the polymethylphenylsiloxane H44 decomposes 

below 600 °C, whereas the methyl group in H44 and MK is not decomposed at 600 °C 

[37]. Therefore, the use of phenyl containing H44 results in higher BET surface areas 
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compared to polymethylsiloxane MK [38, 39]. Furthermore, pure APTES has a BET 

surface area of 350 m2 g–1 and a negative effect on the BET surface area was found for 

the addition of APTES to MK [24]. Thus, it is possible to tailor the BET surface area of 

preceramic fillers by adapting their compositions. Since Ref/600 has the same 

composition as M1, addition of M1 to Ref/600 has no influence on the BET surface 

area.  
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Figure 4.6 BET surface area for filler particles and samples with different filler particle content at 
different pyrolysis temperatures. 

For samples with the ceramic fillers, H1 and H50, calculations of the expected BET 

surface area BETcalc were performed prior to the experiment (Equation 4.1). A linear 

rule of mixture was assumed using the volume fraction of the filler x and the BET 

surface areas of the matrix BETRef and of the filler BETFiller: 𝐵𝐸𝑇𝑐𝑎𝑙𝑐 =  (𝑥 − 1) 𝐵𝐸𝑇𝑅𝑒𝑓 +  𝑥 𝐵𝐸𝑇𝐹𝑖𝑙𝑙𝑒𝑟 (4.1) 

Calculated values are in the range of deviation for all samples. Hence, the addition of 

50 vol% H1 increases the BET surface area with 18.8 % the most. On the other hand, 

adding 1.7 vol% and 3.5 vol% of filler A and 25 vol% of filler S reduces the BET surface 

area to 419 ± 24 m2·g–1, 403 ± 3 m2·g–1 and 276 ± 12 m2·g–1, respectively. Due to the 

absence of microporosity the ceramic filler particles show very low BET surface areas, 
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which are reducing the overall BET surface area in the monolithic samples. At elevated 

pyrolysis temperatures of 1000 °C the micropores in the preceramic filler as well as in 

the matrix material collapse and the BET surface area is determined only by the 

macropores obtained by the freeze casting. Therefore, only very low BET surface areas 

of around 0.58 ± 0.05 m2·g–1 are observed for Ref/1000. 

 

4.4.2.2 Surface Characteristics 

The addition of filler particles influences not only the BET surface area but also the 

surface characteristic regarding hydrophobicity/hydrophilicity. Figure 4.7 depicts the 

vapor adsorption ratio of water to heptane for filler particles and samples with 

different filler particle concentrations. Samples with ratios > 1 are considered to be 

more hydrophilic. The same samples as in Figure 4.6 are reported here.  
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Figure 4.7 Vapor adsorption ratio water to heptane at 22 °C for filler particles and samples with 
changing content of filler particles at different pyrolysis temperatures. 

All filler particles excluding M1, which has the same composition as Ref/600, show a 

more hydrophilic behavior. The ceramic oxidic fillers A and S are known to be 

hydrophilic, especially the silica filler S with a ratio of 12.7 ± 0.5. Due to the 

decomposition of the hydrophobic phenyl groups at 600 °C, also the preceramic fillers 

H1 and H50 show hydrophilic behavior [1, 37]. Additionally, an increase of APTES 

concentration in the filler particles enhances the hydrophilicity. Almost all amino 
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groups of APTES are decomposed at 600 °C, leading to the formation of hydrophilic 

silica [24]. In contrast to H1 and H50, M1 is not composed of phenyl groups, but of 

methyl groups which are thermally more stable and do decompose at 600 °C to a lower 

extent [37]. Hence, M1 retains its hydrophobic surface character at 600 °C with a ratio 

of 0.13 ± 0.06.  

The addition of M1 shows no influence on the vapor adsorption ratio, since the 

composition of M1 and the matrix is identical. However, when adding 25 vol% H1 and 

H50 the hydrophilicity strongly increases to ratios of 0.74 ± 0.07 and 1.07 ± 0.18, 

respectively. The same observation applies for higher filler concentrations with ratios 

of 1.25 ± 0.11 and 2.08 ± 0.08 for 50 vol% of H1 and H50, respectively. Thus, H50 is the 

most effective preceramic filler for increasing the hydrophilic surface character with 

a ratio of water to heptane adsorption of roughly 1 already at 25 vol%. A linear rule of 

mixture was applied to calculate expected values for the vapor adsorption ratio, as it 

was done for the BET surface area, too (Equation 4.1). The calculated results are in the 

range of deviation for all samples except of 3.5A/600 and 25S/600. 3.5A/600 shows 

only a slight variation between experiment and calculation. Whereas 25S/600 differs 

strongly with a factor of 2.6 from the expected ratio. It reaches a ratio of 1.21 ± 0.18, 

which is only slightly higher than the most effective preceramic filler H50 at the same 

concentration. Elevated pyrolysis temperature of 1000 °C results in the complete 

decomposition of all organic groups, leading to hydrophilic SiOC structures without 

significant influence of the compositions of preceramic filler particles. 

 

4.5 Discussion 

4.5.1 Pore Morphology and Strength 

The pore morphology can be widely changed when using the freeze casting process. 

Freezing front velocity has an influence on the pore size. Whereas solid loading affects 

not only the pore size, but also the overall porosity. Furthermore, the choice of the 

solvent greatly influences the pore morphology due to differences in the morphology 

of the growing solvent crystals. Possible morphologies ranges from lamellar for water, 

prismatic for tert-butyl alcohol [18], honeycomb for DMSO [19], cellular for benzoic 

acid [20] to dendritic for cyclohexane [21]. Even a greater variety of structures is 

possible when also considering additives which manipulate the crystallization 

behavior or mixtures of solvents [21, 40-42]. Also, the introduction of filler particles 
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to a solution-based freeze casting process changes the pore morphology, as it can be 

seen in Figure 4.3. With increasing amount of particles, the structure becomes more 

isotropic. Naviroj et al. assume that suspended particles are disrupting the dendritic 

solidification structure by inducing noise ahead of the freezing front [33]. The 

solidification microstructure can be affected by sufficient amount of noise ahead of 

the freezing front which disrupts the growth of the dendrite tips [43]. Hence, fractal 

patterns are created instead of regular ones. On the one hand, fluctuations in the 

thermal or solute field ahead of the solid-liquid interface can be considered as noise. 

On the other hand, also particles located at the dendritic tip can act as noise by 

creating small temperature fluctuations and direct contact. Naviroj et al. 

hypothesized, that particles with a size of 1 % of each dendrite tip will destabilize and 

break down the dendrite tips [33]. Since in the present case, the size of the filler 

particles is ≈ 20 % of the dendrites, it can be assumed that the decrease in anisotropy 

is caused by the addition of filler particles. Furthermore, the addition of filler particles 

can adjust the roughness of the pore walls. One application of porous media which is 

not investigated in this research is deep bed filtration. Increased pore wall roughness 

is supposed to be beneficial for deep bed filtration by increasing the impact possibility 

with the collector surface especially for particles in the range of 20 µm to 80 µm [44]. 

In addition, surface roughness hinders rolling, which is the dominant mechanism of 

detachment of spherical particles [45]. Therefore, surface roughness improves both, 

the probability of attachment and the resistance to detachment. It is worthwhile 

mentioning, that though the pore morphology and surface roughness greatly change, 

other properties of the pore structure like the pore size and the open porosity are kept 

constant.  

Besides porosity and pore size, the pore morphology directly influences the 

mechanical properties of freeze cast samples [46]. Preliminary test revealed that the 

prismatic pore structure of tert-butyl alcohol shows a compression strength of only 

5 MPa. Water as solvent with a lamellar structure leads also to low strength with 

values at around 6 MPa [47]. Since the prismatic structure of tert-butyl alcohol is less 

interconnected than the dendritic structure of cyclohexane the strength is reduced. 

Whereas, water is very sensitive to the formation of defects like ice lenses [48]. 

Similar considerations apply for the strengthening effect of filler addition. Since the 

mean pore size and porosity are kept constant in a narrow range for all samples, their 
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influence on the strength is negligible (Figure 4.4). Hence, the increase in strength is 

attributed to a change in the pore morphology showing enhanced isotropy. Another 

aspect is the reduction of elongated pores as a structural feature of filler addition. 

Assuming a discrepancy between the axis of pores and the axis of the applied load, 

the resistance against load out of crystal axis is increased by both of these structural 

properties. Load out of crystal axis results in shear stress between single pore 

channels. In filler free samples, the pore walls between elongated pore channels are 

rather thin leading to a low resistance. In contrast, addition of filler reduces this weak 

points by enhancing the isotropy and diminishing elongated pores. For high particle 

contents the formation of irregular shaped pore walls with notches in between the 

filler particles overbalance the strengthening effects. Additionally to notches, which 

can cause crack initiation, the pore wall thickness varies heavily as it can be seen in 

Figure 4.3. According to the principle of the weakest link, locations with low pore wall 

thickness reduce the overall strength. Since the strengthening effect is based on 

changes in the pore morphology, it should be independent on the pyrolysis 

temperature, which is confirmed by Figure 4.5. At both temperatures the strength is 

increased by a factor of 1.63 and 1.75, respectively.  

Comparing the influence of the platelet shaped filler A and the preceramic filler M1 

at concentrations of 1.7 vol%, it becomes obvious that the addition of platelets is more 

effective than the addition of spherical particles for increasing the strength at low 

particle concentrations. Hence, the platelets manipulate the pore morphology to a 

greater extend at the same concentration. They have a slightly higher particle size, 

but especially a highly different shape compared to the spherical fillers. It can be 

assumed, that the platelet like shape creates more noise at the freezing front, resulting 

in higher disruption of the dendrite tips. Moreover rejection of platelets by growing 

crystals is more difficult due to spherical reasons and larger particle size [49].  

Recent research on the strengthening effect of platelets in water based freeze cast 

structures found, that addition of platelets changes the pore structure by creating 

bridges between lamellar pore walls [50]. Although the effect of changing the pore 

morphology reported in the current work is not as pronounced as for research done 

with lamellar structures, the influence on the strength is emphasized. 
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4.5.2 Control of Surface Functions 

Besides the pore morphology, also functional properties can be altered using filler 

particles with different functional properties compared to the matrix material. Figure 

4.6 shows a significant influence of the filler composition on the BET surface area. 

Considering as well the good correlation between experimental data and calculations, 

it can be stated that the filler particles are accessible. Due to the microporous matrix 

material, filler particles are not sealed by the surrounding matrix. Thus, highly precise 

tailoring of the BET surface area in a wide range between 276 m2·g–1 and 535 m2·g–1 is 

possible by adjustment of the filler concentration as well as the filler composition. 

Filler particles not only differ in BET surface area, but also in their hydrophilicity. As 

shown in Figure 4.7 the hydrophilicity depends on the chemical composition of the 

filler as well as on the pyrolysis temperature. The influence of the filler particles on 

the vapor adsorption reveals that the particles are not sealed or covered by the 

surrounding matrix. In fact, they are accessible and influence the surface 

characteristic of the monolithic sample. The comparison of experimental data with 

calculations reveal a good agreement for all samples except of sample 25S/600. While 

25S/600 exhibits a discrepancy between calculation and experiment in hydrophilicity, 

no difference was observed for BET surface area. In contrast to the measurement of 

the BET surface area, the adsorption measurement investigated only the surface but 

not the volume of the pore walls. Hence, the concentration of the filler particles at the 

surface must be the same as in the volume to obtain a good agreement between 

calculation and experiment for the vapor adsorption. However, SEM images show that 

agglomerates of filler particles are present in 25S/600 (see Figure A.1.1 on page 192). 

Compared to the assumption of homogeneous distribution, more filler particles are 

embedded in the pore walls where they are not accessible in the vapor adsorption 

measurement. Therefore, the deviation between experiment and calculation can be 

explained by a heterogeneous distribution of filler particles in 25S/600 with less 

particles at the pore wall surface. Nevertheless, the addition of filler particles allows 

for adjusting the hydrophilicity very precisely in case of homogeneous distribution of 

particles. In dependence of the filler composition and concentration, ratios of water 

to heptane adsorption between 0.07 and 2.08 are possible. 
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4.5.3 Overview: Dependence of Properties on Filler Particles 

The current work shows, that single properties can nicely be altered by adding specific 

filler particles. However, for designing a material focusing on a defined application, 

the influence of the filler on all other properties has to be taken into account as well. 

Figure 4.8 gives assistance to overview the influence of filler particles on the 

compression strength, the BET surface area and the vapor adsorption ratio of water to 

heptane by providing plots for (a) the ceramic filler particles and (b) preceramic filler 

particles with regard to the investigated properties. Figure 4.8 (c) depicts the 

investigated properties with regard to the filler particles.  
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Figure 4.8 Radarplots at filler concentrations of 25 vol% for M1, H1, H50 and S and 1.7 vol% for A 
at a pyrolysis temperature of 600 °C for BET surface area and hydrophilicity and 1000 °C for strength 
showing the investigated properties as a percentage of the maximum value (a) for ceramic filler 
particles and (b) for preceramic filler particles with regard to the investigated properties; (c) surface 
area, strength and hydrophilicity as a percentage of the maximum value with regard to the filler 
particles. 

Though less effective than calculated, the ceramic filler S is most efficient to increase 

the hydrophilicity at 600 °C closely followed by the preceramic filler H50. M1 shows 

the highest strengthening effect at 25 vol%, but at lower concentrations A is more 

effective to enhance the strength. Whereas, H1 increases the BET surface area the 

most with values up to 535 ± 1 m2·g–1.  
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4.6 Conclusion 

The addition of filler particles allows for adjusting several parameters in dependence 

on the filler composition and concentration: pore morphology, compressive strength, 

BET surface area and hydrophilicity. During freezing, filler particles create small 

temperature fluctuations and direct contact at the dendrite tips and therefore disrupt 

the growth of the solvent crystals. As a result, the pore morphology changes from 

anisotropic for pure solution-based to more isotropic for the addition of filler 

particles. The increase in compressive strength by a factor of 1.9 is attributed to the 

modified pore morphology. Less anisotropy and reduced elongated pores lead to 

enhanced resistance against load out of axis. The shape of the particles was found to 

influence their effect on the pore structure. Hence, platelet shaped filler particles are 

more effective to modify the structure at low concentrations compared to spherical 

ones.  

The temperature difference between the decomposition of methyl and phenyl groups 

in the preceramic fillers enables the adjustment of BET surface area as well as 

hydrophilicity. Especially for H1, enhanced decomposition without the collapse of 

micropores leads to higher BET surface areas. Moreover, reduction of the organic 

hydrophobic groups by decomposition results in increased hydrophilicity which is 

most pronounced for H50. The prediction of properties by a linear rule of mixture is 

very precise for homogeneously distributed filler particles. This is a prerequisite for 

efficient design of materials. Whereas, the agglomeration of filler particles S leads to 

deviations in hydrophilicity between calculation and experiment. Nevertheless, the 

ceramic filler S is very effective in increasing the hydrophilicity. The main criterion to 

allow for adjusting functional properties is the accessibility of the filler particles, 

which was confirmed to exist. Therefore, highly accurate adjustments of BET surface 

area and hydrophilicity over a wide range are possible. The gained knowledge of the 

several dependencies between filler composition and filler content on the one hand 

and their effect on the properties on the other hand allows for an efficient design of 

materials. The results show, that optimization of one property by filler addition leads 

to changes of other properties. With the presented results it is possible to tackle this 

problem in its entirety.  

The versatile approach to add filler particles to solution-based freeze casting enables 

to tailor macroporous monolithic samples according to the requirements of specific 
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applications. For filter applications, the possibility to add pore wall roughness and 

simultaneously change the hydrophilicity is promising to adapt the filter to the 

medium and enhance the filter efficiency. Furthermore, the combination of different 

filler particles or the incorporation of other functionalities create even more freedom 

in tailoring the material.  
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5 Relationship between 

Pore Structure and Wicking 

The knowledge of the possibilities to influence the pore structure by adding fillers 

which was shown in the previous chapter is an excellent base to manufacture porous 

monoliths with different structural motifs and test these pore structures on their 

capillary transport ability. In contrast to ceramic fillers, preceramic filler particles 

proofed to enable crack free monoliths. Several applications such as heat pipes and 

propellant management devices rely on the resulting macroporous structure and its 

capillary transport ability. The knowledge of the relation between the pore structure 

and the capillary transport behavior is of importance for an effective design of 

capillary active components. The high flexibility in terms of the pore structure in 

solution-based freeze casting enables to generate a variety of pore structures with 

variations in the pore morphology, the porosity and the condition of the external 

surface. In the following chapter, the impact of these structural changes on the 

wicking behavior is investigated by means of isothermal wicking at room temperature 

as can be seen schematically in Figure 5.1. Additionally, the applicability of predicting 

the wicking performance of complex 3D structures with the Lucas-Washburn 

equation is evaluated.  

The content of this section was published in the following article under the CC BY-

NC 4.0 license. The style and numbering of the references, the figures, the tables, the 

nomination as well as further typographic aspects have been adapted to be consistent 

throughout the thesis and to fit the superordinate layout. Furthermore, the coloring 

of the figures was unified. The supplementary data can be found in the appendix A.2 

on page 194. 
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5.1 Abstract 

Besides conventional applications for porous monoliths such as filtration, open 

porosity enables capillary transport. For this application, porous polymer-derived 

ceramic monoliths (SiOC) with different pore morphology and porosity were obtained 

by solution-based freeze casting. Polymethylsiloxane and (3-aminopropyl)triethoxy-

silane were used as precursor and cross-linking agent, respectively. Tert-butyl alcohol 

and cyclohexane acted as solvents and created prismatic and dendritic pore 

morphology. Additionally, differences in solid loading and the addition of preceramic 

filler particles changed the open porosity from 62 % to 79 %, the mean pore window 

diameter from 11 µm to 21 µm and the isotropy. The lateral surface of the monoliths 

is mainly closed due to the use of a Si-coated film as an intermediate layer which 

prevents nucleation. Within the parameters characterizing the pore structure, open 

porosity and pore window diameter were found to be most influencing on wicking 

tested by the Washburn-Sorption method. The permeability was obtained by constant 

head experiments and from the viscous-dominated part of the wicking curve. 

Furthermore, predictions of wicking using the Lucas-Washburn equation with gravity 

effect which bases on the assumption of capillary bundles were conducted. Wicking 

experiments showed that describing a real porous structure by macroscopic 

parameters may not be sufficient for structures deviating strongly from the 

assumption of capillary bundles. The combination of prediction with the knowledge 

of main influencing factors allows for tailoring the pore structure of SiOC monoliths 

prepared by solution-based freeze casting for capillary transport applications. 
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Figure 5.1 Illustration of the influence of variations in pore structure and the external surface on 
the wicking behavior at room temperature. 

5.2 Introduction 

Porous monolithic materials are required in a wide range of industries including 

energy and manufacturing. In order to enable mass transport, high permeability is a 

prerequisite for applications, such as catalysis, gas adsorption, water filtration, 

energy storage/conversion or even tissue engineering [1-7]. Besides these 

applications, the aerospace industry uses porous materials in propellant management 

devices or liquid acquisition devices for phase separation to ensure gas-free liquid 

delivery to the engines [8, 9]. The liquid is transported by the capillary pressure in the 

pores of the porous material to rewet parts of the screen that dry out. A saturated 

porous medium prevents the penetration of gas, as long as the bubble point pressure 

is not exceeded. Imbibition is commonly defined as the displacement of a non-

wetting fluid by a wetting fluid in a porous medium. Wicking is used to make a 

statement about the capillary-driven transport ability in porous materials. 

Nowadays, metallic screens are used as porous materials in propellant management 

devices with a structured porous structure. But nonmetallic inorganic materials for 

transport processes may offer advantages compared with the metallic screens. 

Properties such as chemical and thermal stability, corrosion resistance, controllable 

surface characteristics, relatively low density and low thermal conductivity make the 



 

 88 Chapter 5 Relationship between Pore Structure and Wicking 

application of porous ceramics for capillary transport a potential alternative. 

Moreover, the lower thermal conductivity compared to metals reduces the risk of 

diminished wicking behavior due to evaporation in non-isothermal cryogenic 

conditions [10, 11]. Furthermore, it is possible to adjust the pore structure of ceramic 

parts, e.g. the pore size, the porosity and the pore morphology by applying different 

pore shaping methods like replica processes, additive manufacturing, sacrificial 

templating, direct foaming and phase separation [12, 13]. Additionally, even the 

production of parts in final shape is possible, which can reduce the production and 

maintenance costs. 

Some research was already done on the wicking of porous nonmetallic inorganic 

material. Einset [14] investigated the capillary rise in carbonaceous porous media of 

similar pore structure using various liquids. The height over time was measured by an 

optical method and was used to determine the infiltration of the porous material. 

Capillary rise of organic liquids into 3D-stitched fibrous carbon preforms with the 

same pore structure was investigated by Kumar et al. [15] using the optical 

measurement to obtain the increasing liquid front in the porous ceramic. They 

measured the flow rate of water through the porous material and calculated the 

permeability of it. In a second paper, Kumar et al. [16] investigated the capillary 

infiltration rates of silicone into fibrous carbon preforms. Okada et al. investigated 

the capillary rise properties of porous mullite ceramics [17] and geopolymers [18] 

prepared by an extrusion method using water as test liquid. The investigated mullite 

ceramics showed a fair alignment of cylindrical pores running parallel to the 

extrusion direction. The liquid rise within the sample was recorded with an optical 

measurement. Popa et al. [19] also investigated the capillary rise properties of porous 

mullite ceramics prepared by an extrusion method. The capillary rise height was 

measured by optical observation, using water as the test liquid.  

Compared to conventional ceramics such as alumina, titania and mullite polymer-

derived ceramics offer some advantages. Significantly reduced thermal conductivity 

ensures benefits in capillary transport at cryogenic conditions and lower 

pyrolysis/sintering temperatures provide advantages in terms of environment and 

costs [20]. Furthermore, incomplete decomposition of the organic groups at low 

pyrolysis temperatures results in the creation of micropores and allows for the 

adjustment of the surface characteristic, e.g. hydrophilicity. The unique adjustment 
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of micropores and hydrophilicity by pyrolysis temperature enables additional 

possibilities to adapt the material to specific capillary transport applications. In 

contrast to conventional powder-based fabrication methods preceramic polymers 

offer a great versatility in shaping techniques. Also, shaping methods assigned to 

polymers such as solution-based freeze-casting can be used [21].  

The process of freeze casting, which is a templating method, allows to vary the 

properties of porous structures in a wide range. Hence, it has attracted considerable 

interest in recent years [22-25]. Though most research is carried out on dispersed 

particles (suspension-based freeze casting), solution-based freeze casting of 

preceramic polymers shows great potential in creating promising pore structures. 

Rather than rejection and entrapment of particles, thermally induced phase 

separation is the segregation mechanism in solution-based freeze casting [26]. 

Generally, pores are created by phase separation of a two-component system during 

freezing and the subsequent sublimation of the solvent crystals. At the beginning of 

solution-based freeze casting, a soluble phase e.g. preceramic polymer, is dissolved 

in a liquid phase. Freezing of the solution results in crystallization of the liquid phase 

and depletion of liquid phase around growing crystals. Consequently, the volume 

between the solvent crystals depletes completely in the liquid phase and enriches in 

the solid phase. After completely frozen, sublimation removes the solidified liquid 

phase and thereby creates the porous structure which reflects the shape of the 

crystals. To a great extent, the liquid phase defines the pore morphology, ranging 

from cellular to lamellar, dendritic or prismatic [25, 27-29]. 

Very little is known about wicking in porous polymer-derived SiOC ceramics. 

Grebenyuk et al. [30] investigated the influence of pore size on the wicking of SiOC 

ceramics prepared by suspension-based freeze casting using water as dispersing 

medium. The sample weight was monitored to record the penetrated liquid into the 

porous structure. Increasing permeability for increasing pore size was observed. 

Additionally, a good agreement with theoretical predictions according to Lucas-

Washburn equation was found for all samples. While the impact of important 

parameters characterizing the pore structure on the wicking behavior was 

investigated for porous materials which can be described by the fractal theory [31, 32]. 

Pore morphology, anisotropy and open porosity are properties which are supposed to 

have a great influence on wicking.  
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In this study, the investigation of the influence of different pore structures on 

isothermal wicking of porous SiOC monoliths prepared by solution-based freeze 

casting was conducted. Solution-based freeze casting of preceramic polymers enables 

to adjust important pore structure-related parameters independently in a wide range 

and hence allows to study the impact of parameter variations. Furthermore, the effect 

of different lateral surface conditions on wicking can be investigated by using 

solution-based freeze casting. The intention of the closed lateral surface is preventing 

dry out of the structure in capillary transport applications. 

 

5.3 Experimental Section 

5.3.1 Materials 

Porous ceramic monoliths were prepared by freeze casting. All filler free samples were 

prepared by solution-based freeze casting, whereas a modified solution-based freeze 

casting process was used for the samples containing preceramic filler particles. 

Details to this process can be found elsewhere [33]. A commercial polymethylsiloxane 

(Silres® MK, Wacker Chemie AG, Germany) was used together with (3-aminopropyl)-

triethoxysilane (APTES, abcr GmbH, Germany) as a cross-linking agent. Cyclohexane 

(CH, > 99 %, Sigma-Aldrich Chemie GmbH, Germany) and tert-butyl alcohol (TBA, 

> 99 %, Thermo Fisher GmbH, Germany) acted as solvents. The chemical structures 

are displayed in Figure 5.2 on page 91 and comprehensivly listed on page 191. All raw 

materials were used without further treatment or purification. The preceramic filler 

particles were prepared using the same composition as the matrix. After 

homogenization and drying, the fillers were cross-linked and ball milled to a mean 

particle size of d50 = 2.63 µm to 3.34 µm. A detailed description of the filler 

preparation can be found elsewhere [33].  

 

5.3.2 Freeze Casting 

The preparation of monolithic samples by solution-based freeze casting is depicted 

in Figure 5.1. In case of filler containing samples, filler particles were added first to 

the solvent under vigorous stirring. To ensure the liquid state of the solvent, TBA 

(Tm = 23 °C to 26 °C) was heated to 50 °C in an oil bath. Whereas, CH (Tm = 6.5 °C) was 

used at room temperature without any external heating. After the addition of MK and 

homogenization for 30 min under stirring, APTES was added as a cross-linking agent 
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specimens, the outside layer of the lateral surface was removed by a file. 

Subsequently, cleaning using compressed air and an ultrasonic bath removes grinding 

remainings. Due to the very low thickness of the dense outside layer, the sample radii 

before and after removing the dense outside layer were considered to be equal.  

The labeling “EC” (experimental closed) and “EO” (experimental open) refers to the 

condition of the sample and depicts the as prepared lateral surface and the lateral 

surface after removal of the outside layer, respectively. Furthermore, “N” indicates 

results obtained by numerical calculations. The samples were given the 

nomenclature: [solvent] [solid loading in wt%] / [preceramic filler content in vol% of 

solid] _ [condition of sample]. Whereby, the polymeric precursor, the cross-linking 

agent and the filler particles counted as solid fraction. Table 1 gives an overview of all 

samples and their compositions.  

Table 5.1 Labeling and composition for studied samples. 

Sample labeling Solvent Solid loading Filler loading Condition of samplea 

  wt% vol% XXX 

CH20/0_XXX Cyclohexane 20 0 EC/EO/N 

CH40/0_XXX Cyclohexane 40 0 EC/EO/N 

TBA40/0_XXX Tert-butyl alcohol 40 0 EC/EO/N 

CH40/50_XXX Cyclohexane 40 50 EC/EO/N 
a EC = experimental closed; EO = experimental open, N = numerical results 

 

5.3.3 Characterization 

The pore structure was investigated using a scanning electron microscope (SEM, 

field-emission SEM SUPRA 40, Zeiss, Germany) operated at 10 kV with specimens 

mounted on carbon tape. Samples were sputtered with gold (K550, Emitech, Judges 

Scientific Plc., UK) prior to the measurement. Pore window diameter distribution and 

effective open porosity ϕ were obtained by mercury intrusion porosimetry (Pascal 

140/440, POROTEC GmbH, Germany). To ensure comparability, the specimens were 

taken from the position r = 0 mm and z = 10 mm referring to the coordinate system 

depicted in Figure 5.2. Three specimens of each sample were tested. For the 

evaluation of the wicking results, the static radius Rs was considered to be equal to 

the average pore window diameter Rmerc = Rs. 
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The Washburn sorption method was used to study the wicking process in porous 

media. The whole cylindrical samples were used for this characterization. To ensure 

a homogeneous and well accessible pore structure at the top and bottom, 2 mm were 

cut from the top and bottom. While the top and bottom are open for fluid flow, the 

outer side was closed or open. During the measurement, the temporal mass increase 

was recorded. Figure 5.3 shows the experimental setup for the wicking experiment. 

Balance

Height adjustable platform

Stepper motors

Closed container

Porous sample

Data acquisition and 
motor control

Liquid

z

r

 

Figure 5.3 Schematic representation of the experimental wicking device. 

The weight of the porous samples was measured using a high precision balance 

(LA310S, Sartorius AG, Germany) with a precision of ± 0.0001 g. The balance was 

mounted on a height-adjustable platform. This platform could be moved in the 

vertical direction with two stepper motors (VRDM566/50, Berger Lahr/Schneider 

Electric). The porous sample was attached to a sample holder, which is attached to 

the balance from beneath over a metallic wire. The porous sample was placed inside 

a container with a diameter of 9.5 cm. The lid of the container has a small hole 

allowing for a frictionless movement of the sample. The container was partially filled 

with a hydrofluoroether (HFE-7500, 3M FluorinertTM). The liquid properties of HFE-

7500 are summarized in Table 5.2. It shows perfect wetting characteristic with 

different materials. Therefore, a zero contact angle was assumed with the used 

material, giving cos(θ) = 1 [10].  
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Table 5.2 Liquid properties of HFE-7500 and water at 298.15 K and 101325 Pa. Source: Product 
data sheet of supplier 3M. 

Liquid Surface tension 
σ 

10–3 

Density 

ρ 

Dynamic viscosity 

μ 

10–3 

 N·m–1 kg·m–3 Pa·s 

HFE-7500 16.2 1614 1.24 

Water — 998 1.00 

 

The vertically oriented sample was brought into contact with the liquid using the 

height-adjustable platform. The immersion process was stopped on the first contact 

with the liquid surface. This leads to the fact that only the bottom of the sample was 

in contact with the liquid. Wicking begins immediately at the first contact between 

the porous sample and liquid. The liquid imbibes into the porous material, which 

increases the mass of the porous sample. This increasing mass was recorded by the 

balance cell with a sample rate of 20 Hz. This process continues until an equilibrium 

state was reached or the porous sample appears to be completely saturated. A 

constant weight signals complete saturation of the porous structure 𝑚𝑠𝑎𝑡. 

Subsequently, the porous sample was driven approx. 5 mm out of the liquid to lose 

contact with the liquid. All experiments were carried out under room temperature and 

ambient pressure. 

Based on the weight measurement, some corrections are needed to make a statement 

about the pure mass increase during the wicking experiment. These corrections 

include the decreasing liquid level in the container during the experiment as well as 

the buoyancy and the Wilhelmy effect. The liquid level decrease due to the imbibition 

of the liquid into the sample could be eliminated by using the geometry of the sample 

and the experimental container. Furthermore, the buoyancy force and the Wilhelmy 

effect have to be considered. In order to account for these effects, a correction of the 

weight measurement was used, which is has already been used by Grebenyuk et al. 

[30, 34]. For this purpose, the weight of the completely saturated sample, but partially 

submerged sample is subtracted from the weight of the completely saturated sample. 
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Permeability 

Permeability K is the ability of a porous material to allow fluids to pass through it. It 

is a property of the porous material and is commonly defined by the Darcy law [35]. 

Both methods which are used in this work to determine the permeability base on the 

Darcy law, which is given by ∆𝑝∆𝐿 = − 𝜇𝐾 𝑢𝑠. (5.1) 

To facilitate an overview, all symbols used in equations are listed on page 189.  

Different methods are proposed to determine the permeability of a porous structure 

in literature. Thus, the permeability can be determined, for example by constant head 

permeability measurements  

𝐾 =  𝜇ℎ𝑠∆𝑝 𝑚𝜌 𝜋4 𝐷2𝑡. (5.2) 

or as a fitting parameter of the viscous dominated part of the wicking experiment [10, 

30, 36]. 𝑚2𝑡 =  4𝜎 cos 𝜃𝜌𝑙2𝐴2𝜙𝜇𝑙  𝐾𝑅𝑠. (5.3) 

This equation is also called Lucas-Washburn equation for porous media. A detailed 

derivation of Equation 5.3 can be found in the appendix A.2.1 on page 195. With 

knowledge of the parameters of the porous structure and liquid parameters, the 

permeability can be determined using this equation. For this, the knowledge of m2·t–1 

is required, which can be determined from the wicking experiment. Both methods 

base on the Darcy law. 

 

Permeability measurements 

Both approaches used to flow through the porous medium in the z-direction in order 

to determine the permeability. The permeability according to constant head 

measurements KDarcy was evaluated on cylindrical samples with a radius RDarcy of 5 mm 

and a height HDarcy of 5 mm to 6 mm. Freeze cast monoliths were cut to obtain suitable 

cylindrical samples. Samples from the lateral surface with an axial orientation in 

r-direction were prepared as well as samples from the center of the freeze cast 
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monolith with an axial orientation in the z-direction. The orientations are depicted 

in Figure 5.2. Both, samples from the lateral surface as well as samples from the bulk 

were taken at the axial position of z = 10 mm. Compressible silicon sample holders 

were used to minimize bypass flow. The mass of the permeated water mw, Darcy at a 

pressure difference ΔpDarcy of 15 kPa and a time tDarcy of 300 s was recorded. To 

characterize the lateral surface, samples in r-direction were only tested for water flux 

through the lateral surface per time and cross section. With the dynamic viscosity of 

water at 20 °C μw = 1.00 mPas and the density of water at 20 °C ρw = 998 kg·m–3, the 

permeability KDarcy can be calculated according to Equation 5.2. To reduce deviations 

due to intake losses, the specimens were soaked with water prior to measurement. 

Additionally, an initialization time of 120 s was waited to reach steady state flow 

conditions before starting the measurement. Each sample was tested three times and 

the average permeated mass of water was used for further calculations. After testing 

the samples from the lateral surface with the as prepared closed lateral surface (“EC”), 

the outside layer of the surface was removed and the samples were tested again three 

times (“EO”). 

The method, proposed by Fries et al. [10], was used to calculate the permeability from 

the viscous-dominated part of the wicking experiment using Equation 5.3. This 

Lucas-Washburn equation is only valid for short times. With increasing time, gravity 

has to be taken into account. According to Fries and Dreyer [37], the Lucas-Washburn 

equation can be used in the vertical wicking setup up to 10 % of the maximum 

achievable wicking height, in order to neglect the influence of gravity. The height can 

be recalculated into mass (see Appendix A.2.1.; Equation A.2.10 on page 196). The 

values of the equilibrium mass are given in Table 5.3 (see page 104). In this study, 

values from the wicking experiment up to a mass of 1 % of the maximum achievable 

wicking mass were used to obtain squared mass over time. Corrections were applied 

as described on page 94. The resulting error is < 1 % and can, therefore, be neglected. 

The plot of the squared mass over time shows a constant slope which can be 

approximated by linear regression. Using this fit, the macroscopic parameters given 

in section 5.4, and the physical parameters of the fluid in Table 5.2 (see page 94), the 

permeability K could be calculated using Equation 5.3 (see page 95). The results of the 

permeability by constant head experiments and by fitting the wicking curves are 

summarized in Table 5.3 (see page 104).  
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5.4 Results 

5.4.1 Pore Structure 

Figure 5.4 a-d depicts SEM images of the characteristic resulting internal pore 

structure obtained by solution-based freeze casting. The insets represent a schematic 

representation of the pore structures. The pore structure depends closely on the 

solvent, the composition and the freezing process. Two pore morphologies can be 

distinguished, depending on the solvent. Dendritic pores are created in case of using 

cyclohexane in samples CH20/0, CH40/0 and CH40/50 and prismatic pores when using 

tert-butyl alcohol in sample TBA40/0. This is in accordance with the literature, 

describing the observed pore structures as characteristic for the corresponding 

solvents [26, 38]. Furthermore, the internal pore walls are smooth for the samples 

without filler addition. In pure solution-based compositions, the solvent crystals 

grow according to the segregation process of thermally induced phase separation [39, 

40]. This enables a crystal shape which is close to the energetically most favorable 

shape and hence to very smooth pore wall surfaces. In contrast, the addition of 

50 vol% filler particles results in a very rough pore wall surface, as it can be seen in 

the inset of Figure 5.4 d. The particles are not completely embedded in the pore walls 

and hence creating roughness. Since the chemical composition and therefore the 

decomposition during processing is equal for matrix and filler particles, no 

detachment or debonding is expected. This expectation is confirmed by the absence 

of any cracks around filler particles.  

Furthermore, also the pore morphology is affected by the addition of filler particles 

as it becomes more isotropic. Figure 5.4 b shows a dendritic anisotropic pore structure 

obtained by particle free freeze casting. In contrast, particle content of 50 vol% being 

the only difference the pore structure depicted in Figure 5.4 d is more isotropic. In 

case of increased isotropy, the differentiation between primary and secondary 

dendrites becomes more difficult, leading to a structure which looks less arranged and 

hardly shows any elongated primary dendrites (see insets of Figure 5.4 b and d). It is 

assumed that suspended particles are disrupting the regular solidification structure 

by inducing noise ahead of the freezing front [39]. The solidification microstructure 

can be influenced by a sufficient amount of noise ahead of the freezing front which 

disrupts the growth of crystal tips [41]. Hence, fractal patterns are formed instead of 

regular ones. Fluctuations in the thermal or solute field ahead of the solid-liquid 
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interface can be considered as noise. But also particles located at crystal tips can act 

as noise by creating small temperature fluctuations and direct contact. 
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Figure 5.4 Characteristic cross sectional SEM images of the pore structure of pyrolyzed monoliths 
and simplified schemes of the pore structure for (a) CH20/0, (b) CH40/0, (c) TBA40/0 and (d) 
CH40/50; SEM images of the lateral surface of sample CH40/0 (e) as prepared (to a great extend 
closed) and (f) after removing the dense layer (open lateral surface). 

Since porosity and pore morphology are only dependent on solid loading and solvent, 

both properties can be considered as constant throughout one sample. The pore size 

is influenced by the freezing velocity. The freezing occurs mainly in the radial 

direction, and as the freezing length in the radial direction is relatively short, no 
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significant changes in pore size can be assumed. Additionally, radial freezing leads to 

the valid assumption of constant pore size in the axial direction. The observed pore 

structures are in accordance with reported structures in literature for all investigated 

compositions [26, 39]. 

In contrast to Figure 5.4 a-d, Figure 5.4 e and f do not depict the internal pore 

structure but the top view of the lateral surface of sample CH40/0. The as prepared 

state of the lateral surface is shown in Figure 5.4 e with hardly any pores visible on 

the surface indicating an almost completely closed lateral surface. The thickness of 

the layer is 1 µm to 5 µm. Very similar observations can be found for all other samples. 

However, the as prepared lateral surface becomes slightly more open in the order of 

CH40/0 – TBA40/0 – CH40/50 – CH20/0. This reveals, that anisotropy of the pore 

structure and decreasing porosity are beneficial for the formation of closed lateral 

surfaces. Details on the mechanism of the formation of the closed lateral surface can 

be found in the appendix A.2.2 on page 197. Figure 5.4 f shows the lateral surface of 

sample CH40/0 after the outside layer was removed. No major differences can be 

observed when comparing with the internal pore structure of sample CH40/0 depicted 

in Figure 5.4 b. This observation applies to all investigated samples. In addition, no 

grinding remainings, such as abraded particles were found in the structure, indicating 

a successful complete cleaning of the sample. The absence of abraded particles 

ensures permeability and wicking experiments without the influence of abraded 

particles hindering flow by blocking pore channels. 

The mathematical description of the capillary driven liquid transport in a volume 

averaged porous medium requires the knowledge of macroscopic parameters. These 

are the open porosity ϕ, the static radius Rs and the permeability K. Figure 5.5 depicts 

open porosity ϕ and mean pore window diameter 2Rmerc for all investigated samples 

measured by mercury porosimetry. The detailed pore window diameter distribution 

can be found in the supplementary data.  

As it can already be assumed assessing the SEM images in Figure 5.4 a-d, CH20/0 

shows the highest open porosity ϕ as well as the highest mean pore window diameters 

2Rmerc with values of (21.2 ± 1.1) µm and (79.3 ± 0.3) %, respectively. In contrast, 

CH40/0, TBA40/0 and CH40/50 exhibit almost constant open porosity ϕ with values 

of (60.8 ± 2.3) %, (63.5 ± 0.3) % and (63.1 ± 0.2) %, respectively. Moreover, also the 
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mean pore window diameter 2Rmerc of (13.9 ± 1.1) µm, (10.9 ± 0.3) µm and 

(11.1 ± 0.4) µm shows no significant deviation.  

Monomodal pore window diameter distributions were observed for all investigated 

samples covering a range of 15 µm to 50 µm (CH20/0) and 6.5 µm to 35 µm (CH40/0, 

TBA40/0, CH40/50). When further analyzing the SEM images of the pore structure in 

Figure 5.4 a-d with regards to the difference of pore size and pore window diameter it 

becomes obvious that pore size equals pore window diameter for TBA40/0 due to its 

prismatic pore morphology. On the contrary, CH20/0 and CH40/0 exhibit dendritic 

pore morphology with distinct primary and secondary dendrites and different 

corresponding pore window sizes. Ratios of around 2 were found for both samples 

with pore window diameters of primary dendrites being the larger ones. Comparison 

with mercury porosimetry results clearly reveals that the smaller pore windows of the 

secondary dendrites are dominant in the mercury porosimetry measurement. Thus, 

more volume is accessible through pore windows of the secondary dendrites 

compared with primary dendrites for CH20/0 and CH40/0 [26]. Yet, this is only valid 

for anisotropic dendritic pore structure since there are no distinct primary and 

secondary dendrites for increased isotropy caused by particle addition.  

 
Figure 5.5 Open porosity ϕ and mean pore window diameter 2Rmerc for all studied samples 
obtained by mercury intrusion. 

It can be stated, that in this study only the solid loading influences the open porosity 

ϕ and mean pore window diameter 2Rmerc. While in suspension-based freeze casting 

the solid loading is reported to have only influence on the open porosity ϕ, it is known 
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that in solution-based freeze casting solid loading also affects the mean pore window 

diameter [24, 26, 42]. For the compositions and freezing conditions which were 

investigated in this study other parameters such as solvent and particle addition do 

not alter the open porosity ϕ and the mean pore window diameter 2Rmerc. As a result, 

the pore structure can be changed in terms of pore morphology, anisotropy and pore 

wall roughness without changing influential properties for capillary transport such as 

open porosity and mean pore window diameter. 

 

5.4.2 Water flux through lateral surface 

To characterize the water flux through the lateral surface, constant head permeability 

tests were conducted. Figure 5.6 shows the water flux j of the lateral surface in 

dependence of the condition of the lateral surface, where “EC” indicates the as 

prepared state and “EO” describes the state after removal of the outside layer. In 

Table 5.3 (see page 104) the results are summarized. In accordance with the SEM 

images in Figure 5.4 e and f it can be clearly seen, that the water flux j for the open 

lateral surface is significantly higher than for closed lateral surface for all samples. 

Ratios of 2.3 to 5.9 are found, being CH40/50 the sample with the lowest and CH20/0 

the one with the highest ratio. The lowest water flux j with a value of 

3.32 × 10–5 kg·s–1·m–2 is observed for the closed lateral surface of CH40/0. In contrast, 

CH20/0 exhibits with 3.88 × 10–4 kg·s–1·m–2 the highest water flux j for closed lateral 

surface conditions. TBA40/0 and CH40/50 show very similar values of 

1.29 × 10–5 kg·s–1·m–2 and 1.47 × 10–5 kg·s–1·m–2, respectively. The significant different 

water flux j indicates an influence of the composition on the condition of the as 

prepared lateral surface. When comparing the results for the closed lateral surface, 

lower water flux j, meaning a larger degree of closed lateral surface, can be achieved 

by using a high solid loading, cyclohexane as solvent and a filler particle free 

composition. Further, it can be stated, that the solid loading has the greatest impact 

on the condition of the lateral surface. 
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Figure 5.6 Water flux through the lateral surface j obtained by constant head permeability 
measurements for all studied samples as prepared and after removing the dense outside layer. 

Analyzing the samples with open lateral surface, the water flux j is not limited 

anymore by the denser outside layer. As a result, the water flux j of the samples with 

open lateral surface is influenced mainly by the internal pore structure. As for the 

closed lateral surface, solid loading with its strong influence on open porosity ϕ and 

pore window diameter 2Rmerc has the largest influence. Hence, the sample with the 

lowest solid loading (CH20/0) shows the highest water flux j of 2.43 × 10–3 kg·s–1·m–2. 

TBA40/0 and CH40/50 with altered pore morphology and anisotropy exhibit 

intermediate water flux j with values of 8.82 × 10–4 kg·s–1·m–2 and 

4.02 × 10–4 kg·s–1·m–2, respectively. On the other hand, the dendritic most anisotropic 

pore structure of CH40/0 leads to the smallest water flux j of 1.22 × 10–4 kg·s–1·m–2. 

The same dependences between pore structure and permeability are observed in 

permeability measurements of samples from the bulk in z-direction. Previous 

investigations of samples with the same conditions as presented here confirm 

especially the difference in permeability of CH40/0 and CH40/50 though pore size and 

porosity are similar. This indicates that also the pore morphology strongly influences 

the permeability.  
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5.4.3 Wicking experiments and theoretical prediction using macroscopic 

parameters 

Besides the knowledge of the open porosity ϕ and the static radius Rs, the 

permeability K needs to be evaluated in order to calculate the capillary driven liquid 

transport in a porous medium. The values are given in Table 5.3 (see page 104). An 

additional macroscopic parameter which has to be known to solve the differential 

equation describing wicking is the static radius Rs. It describes an equivalent capillary 

pore radius. It can be calculated from the equilibrium between capillary pressure and 

hydrostatic pressure, as long as the equilibrium condition is known. The equation is 

given as  2𝜎 cos 𝜃𝑅𝑠 = 𝜌𝑔ℎ𝑒𝑞. (5.4) 

This approach was used by Lucas [43] and is known as Jurin's height. Due to the 

limited sample height of our investigated samples, the equilibrium could not be 

reached experimentally and the static radius Rs could not be determined. The 

estimated wicking height and mass were calculated using Equation 5.4. Additionally, 

Equation A.2.10 which is given in appendix A.2.1. on page 196, is necessary.  

Wicking height and mass are summarized in Table 5.3 (see page 104). Therefore, the 

mean pore radii Rmerc from the mercury porosimetry measurement were used as the 

characteristic pore sizes for further calculations. The corresponding mean pore radii 

Rmerc are given in Table 5.3 (see page 104). The last macroscopic parameter, which has 

to be known is the permeability. The method, proposed by Fries et al. [10], was used 

to calculate the permeability from the viscous-dominated part of the wicking 

experiment using Equation 5.3.  
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Figure 5.7 shows the squared mass over time for the investigated samples. Different 

wicking rates can be seen for the investigated samples. Permeability is a structure 

parameter and should be similar despite different approaches. Nevertheless, the 

permeability calculated from the wicking experiment shows a 3 to 39 times higher 

permeability compared to the permeability obtained from the constant head 

measurement. A possible explanation for this could be inlet losses, which, due to the 

low height of 5 mm to 6 mm, have an influence on the resulting pressure drop. An 

increased pressure loss results in a low permeability. Such an inlet pressure drop was 

not considered in the calculation of the permeability. 
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Figure 5.7 The squared height over time for the investigated samples. Equation 5.3 was fitted to 
the experimental line. 

The sample CH20/0 shows the highest permeability value of 48.4 × 10–14 m2 for the 

wicking experiment and 6.43 × 10–14 m2 for the constant head permeability approach 

of all investigated samples. It can be related to the highest characteristic pore radius 

of 10.5 μm. It also shows the highest porosity with a value of 79.3 %. All other samples 

show a porosity of about 60 %. Among them, CH40/0 shows the lowest permeability 

value of 3.9 × 10–14 m2 or 0.1 × 10–14 m2, respectively. TBA40/0 and CH40/50 show a 

similar porosity and characteristic pore radius. However, the permeability varies 

between them. This can only be attributed to the different pore morphologies. As 

mentioned, TBA40/0 shows a prismatic pore structure, whereas CH40/50 exhibits a 

dendritic pore morphology. 
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The capillary model was used for the theoretical prediction of the wicking behavior, 

which reduces the complex porous structure to a simple bundle of aligned capillary 

tubes of the same radii. The equation for the capillary model is derived from the 

momentum conservation equation on a single capillary. The driving force for the 

wicking process is the capillary pressure, which is the result of the curvature of the 

free surface. The capillary pressure is balanced with viscous forces and hydrostatic 

pressure [30, 44-46]: 2𝜎 cos 𝜃𝑅𝑠 = 𝜙𝜇𝑙ℎ̇ℎ𝐾 + 𝜌𝑙𝑔ℎ. (5.5) 

This equation is also called the Lucas-Washburn equation with gravity effects. 

Furthermore, the relative influence of gravity and viscous friction on the wicking can 

be described using the simplified form of the wicking process, using the following 

parameters  

𝑏 = 𝜙𝑅𝑠𝐾 𝜇𝑙2𝜎 cos 𝜃 
(5.6) 

and 

𝑐 = 𝑅𝑠 𝜌𝑙𝑔2𝜎 cos 𝜃 
(5.7) 

The same parameters were used by [10, 30, 34, 37]. This results in 1 = 𝑏ℎ̇ℎ + 𝑐ℎ 
(5.8) 

The parameter b is the relative influence of the viscous friction on the wicking, while 

c is the relative influence of the gravity on the wicking process. The prerequisite for 

the application of Equation 5.5 is the knowledge of the macroscopic parameters. They 

were determined in the previous sections and are summarized in Table 5.3 (see page 

104). Using the macroscopic parameters and the thermophysical liquid properties of 

HFE-7500 from Table 5.2 (see page 94), a prediction for each sample type was 

compiled.  
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The permeability obtained by the Darcy approach was used for prediction, which is 

given in the graphs of Figure 5.8 (see page 108) as solid red line. The fitting 

permeability, obtained from the experiment was used for the prediction given as solid 

blue line. The imbibed mass is scaled by the saturated mass, which was obtained from 

the completely saturated porous material with the lateral closed surface. The results 

of the prediction using the theoretical model are plotted in Figure 5.8. The theoretical 

prediction using the macroscopic parameters with permeability, obtained by the 

Darcy experiment KDarcy, underestimates the wicking experiment. Thus, it can be 

concluded that, despite independently determined macroscopic parameters, the 

wicking equation does not predict the imbibition rate correctly. 

As seen in Figure 5.8, the prediction using Kwicking for TBA40/0, CH20/0 and CH40/50 

shows a good accordance with the experimental data. This can be attributed to the 

fact, that the permeability is a fitting parameter determined from the first mass 

increase of the imbibed mass of the wicking experiment. Thus, a match in the first 

wicking area can be ensured. Furthermore, the wicking equation assumes a porous 

material to be a bundle of straight capillaries of the same radii. It can be seen that the 

assumption holds for TBA40/0, CH20/0 and CH40/50 in the investigated time frame. 

The sample CH40/0 behaves differently compared to the prediction. The experimental 

curve does not show the typical Lucas-Washburn behavior. After a first mass increase 

within the sample, further progression is characterized by a linear mass increase. The 

deviation in the CH40 sample is due to the fact, that Kwicking was determined from the 

first mass increase of the experiment. This results in a large Kwicking and thus to a large 

deviation between prediction and experiment in the further course. 

In order to investigate the influence of different pore structures on capillary 

transport, wicking experiments were performed. The imbibed mass was extracted 

from the wicking data introduced in section 5.3.3 (see page 92). The comparison 

between the wicking behavior with a laterally closed and laterally open surface is 

shown in Figure 5.8. The dotted line indicates the experiment with the lateral closed 

surface, whereas the open lateral surface is shown as dashed line. 
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Figure 5.8 Wicking results of the samples with a lateral open and lateral closed surface compared 
with the calculated wicking results of Equation 5.5; the grey areas represent the deviation of the 
calculation caused by the measurement error of the macroscopic parameters. 

The samples TBA40/0, CH20/0 and CH40/50 have no deviations between the laterally 

closed and open surface, which leads to the conclusion that there is no influence of a 

closed surface on the wicking behavior. Furthermore, the samples follow the typical 

Lucas-Washburn curve. Only the sample CH40/0 shows unexpected wicking behavior. 

After the first mass increase the slope of the imbibed mass changes. In the further 

course, the imbibed mass increases linearly with time until the sample is completely 

saturated. Previous wicking tests on samples with the same composition as CH40/0 

confirm the peculiar wicking behavior. Furthermore, CH40/0 shows a 20 % higher 

imbibition rate after removing the closed lateral surface. The lateral open surface 

favors the imbibition of the liquid into the porous sample [30, 44-46]. 
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5.5 Discussion 

5.5.1 Influence of lateral surface on wicking 

The influence of the lateral surface on the wicking behavior was investigated by 

comparing wicking experiments with closed (“EC”) and open (“EO”) lateral surface. 

As shown in Figure 5.7 (see page 105), the samples TBA40/0, CH20/0 and CH40/50 

show a similar mass increase after the removing of the closed lateral surface. This 

result was expected, but a different wicking behavior was found for CH40/0. The 

change in the slope of the wicking curve, the linear wicking behavior and the 

increasing the imbibition rate after removing the lateral closed surface leads to the 

assumption that an additional force within the sample reduces the wicking behavior 

of the sample. Removing the outer closed surface, the force is reduced, which enables 

the liquid to rise faster, but still linearly inside the sample. 

The linear wicking behavior does not match the classic Lucas-Washburn curve. A 

linear wicking curve could be observed in Grebenyuk and Dreyer [34]. They 

investigated the wicking behavior of liquid nitrogen with a superheated porous 

structure. The linear course was explained by an additional pressure created by the 

evaporating liquid, which could not escape fast enough from the sample. However, in 

the case studied in this work, there is no evaporation, creating an additional pressure. 

Therefore, the behavior may be explained by the pore structure. At higher 

magnifications of SEM images in Figure 5.4, it can be observed, that some pores of 

CH40/0 seem to be closed. In contrast, the samples TBA40/0, CH20/0 and CH40/50 

show an unstructured, but connected pore structure. Thus, only a reduced number of 

transport routes for the liquid are available in the CH40/0. A smaller amount of 

remaining connected pores act like a throttle for the liquid, which causes the linear 

behavior. The higher mass increase after removing the outer surface and the reason 

for the linear course for CH40/0 could not be conclusively clarified in this work.  

As a result, the lateral surface can be designed to be closed without significantly 

changing the wicking behavior for most of the samples. This opens up different 

possibilities: Structures with capillary transport functionality can be lateral 

encapsulated to prevent interactions with the environment such as contamination of 

the environment or the structure. In addition, dry out of capillary active structures 

and thus interruption in capillary transport can be prevented. So far, an additional 

coating process is necessary to provide encapsulation. In the case of CH40/0, an 
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encapsulated structure offers an additional option to adjust the wicking behavior to a 

certain application. Furthermore, a less porous lateral surface facilitates the 

subsequent deposition of a dense or functional coating [47, 48]. However, when the 

wicking conditions change from isothermal at room temperature to non-isothermal 

at cryogenic temperature, a pronounced difference in wicking behavior in dependence 

on the porosity of the lateral surface is expected.  

 

5.5.2 Influence of pore structure on wicking 

Figure 5.9 shows the comparison of the investigated samples in terms of increasing 

height over time for the samples with a lateral open surface. As depicted in Figure 5.9, 

the wicking behavior depends on the pore structure. The first time steps are mostly 

influenced by the viscous force, whereas for longer times the influence of the gravity 

becomes more significant [37]. The fastest wicking can be seen in the sample CH20/0, 

which is due to the highest permeability K. It can be also explained in terms of the 

parameters in Equation 5.6 and 5.7. The value of b, which describes the relative 

influence of the viscous force is smaller for CH20/0 compare to the other samples. It 

means that the resistance is smaller and it is easier for the liquid to flow through the 

structure. The wicking permeability was used to calculate the parameter b. After a 

first rapid increase, the curve of CH20/0 shows the biggest change in the slope among 

the investigated samples. For longer times, the gravity term becomes more dominant. 

The parameter c of Equation 5.7 describes the relative influence of gravity on wicking. 

It can be seen in Table 5.4 that CH20/0 has the highest value for c, which indicates the 

highest influence of gravity among the investigated sample. It results in the biggest 

change in the slope of CH20/0. In contrast to CH20/0, CH40/0 shows a shallow liquid 

rise inside the sample, indicating a smaller permeability K or a higher value for the 

relative influence of the viscous force. TBA40/0 and CH40/50 show the same values 

for the relative influence of gravity, which is due to the fact that the parameter c only 

requires the characteristic pore size of the porous medium.  
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Figure 5.9 Wicking curves for all investigated pore morphologies of samples with open lateral 
surface. 

Table 5.4 Scaled parameters of Equation 5.8 describing wicking. 

 b c 

 

105 

s·m–2 

 

m–1 

CH20/0 6.6 5.13 

CH40/0 41.8 3.42 

TBA40/0 13.6 2.69 

CH40/50 10.3 2.69 

 

However, the relative influence of the viscous force differs among the two samples, 

which is due to the different permeability of the samples, because the characteristic 

pore size and the porosity are similar for both samples. Comparing both wicking 

curves in Figure 8, CH40/50 shows a higher wicking rate compared with TBA40/0. 

Despite the similar porosity and pore size, the permeability of CH40/50 is over 30 % 

higher compared to TBA40/0. This implies that the dendritic pore morphology has a 

higher ability of liquid flow through a porous structure than the prismatic pore 

morphology.   
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Generally, it turns out that the sample with the highest viscous resistance has the 

slowest imbibition rate, while the smallest viscous resistance results in a high 

imbibition rate. In addition, the samples with the highest influence of gravitation 

have the biggest change in the slope during wicking (CH20/0). It turns out that the 

characteristic pore radius has the greatest influence on the wicking behavior among 

the investigated parameters. Furthermore, it can be seen in Figure 5.8, that the 

reduction of a complex porous structure to the three macroscopic parameters is not 

sufficient to describe the wicking behavior for all investigated samples. The wicking 

equation uses the open porosity ϕ, static radius Rs and permeability K to simplify the 

porous structure to a bundle of straight capillaries [49]. As in Figure 5.8 depicted, the 

wicking behavior can be predicted for the samples TBA40/0, CH20/0 and CH40/50, but 

it does not apply to CH40/0. The prediction curve, using Kwicking overestimates the 

wicking behavior for CH40/0. Possible reasons for the difference between the 

experimental results and the prediction of the Lucas-Wasburn equation with gravity 

effect for CH40/0 are the lack of connections between the pores in the porous material 

and slow filling of secondary dendrites. Further studies to enlighten the reason for 

the peculiar wicking behavior of CH40/0 are ongoing. The used model, does not take 

into account the interconnectivity of the pores within a real porous structure and the 

presence of secondary dendrites. It bases, as mentioned before, on a bundle of 

straight, not connected capillaries. Therefore, it is not able to predict three-

dimensional wicking flow. 

 

5.6 Conclusions 

In this study, we investigated the influence of four different pore structures on the 

isothermal wicking behavior. Porous polymer-derived ceramic monoliths (SiOC) were 

prepared by solution-based freeze casting. This process enables to adjust important 

pore structure-related parameters independently in a wide range and hence allows to 

study the impact of parameter variations. Furthermore, the effect of different lateral 

surface conditions on wicking was investigated. Polymethylsiloxane and (3-amino-

propyl)triethoxysilane were used a as precursor and cross-linking agent, respectively. 

Tert-butyl alcohol or cyclohexane was used as solvents to obtain a prismatic or 

dendritic pore morphology. Differences in solid loading and the addition of 

preceramic filler particles change the porosity from 60 % to 79 % and the mean pore 
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window diameter from 11 μm to 21 μm. A silicon-coated film prevents nucleation on 

the lateral surface, resulting in a dense lateral surface. The samples with such a dense 

layer showed 2.3 to 5.9 times lower water flux of the lateral surface compared with an 

open surface.  

To characterize the capillary transport within the samples, vertical wicking 

experiments were performed using the Washburn-Sorption method. The weight 

measurement technique was used to obtain the imbibed mass. The permeability was 

determined by two different approaches: on the one hand from the constant head 

permeability and on the other hand as a fit from the viscous-dominated part of the 

wicking experiment. The permeability from the wicking experiment showed a 3 to 39 

times higher permeability compared to the permeability obtained by the constant 

head approach. One potential explanation for this behavior is the presence of inlet 

losses which are not considered in the permeability determined by wicking. Further, 

it turns out that the capillary transport in porous media depends on the macroscopic 

parameters as well as on the pore morphology. The prismatic pore morphology shows 

a higher imbibition rate compared to a dendritic pore morphology. 

In order to predict the wicking experiments, the Lucas-Washburn equation with 

gravity effect was used. A good agreement between the experimental curves could be 

found for most of the investigated samples using the permeability obtained from the 

wicking experiment. Only the CH40/0 sample shows a deviation of the typical Lucas-

Washburn behavior, which cannot be predicted by the wicking equation. The reason 

for such a behavior could not be clarified ultimately in this work. Reduced 

connectivity between aligned pore areas and slow filling of secondary dendrites are 

potential explanations and will be investigated in upcoming studies. Furthermore, 

CH40/0 also showed an over 20 % higher mass increase after removing the closed 

lateral surface. The encapsulation provides an additional way to change the wicking 

behavior in CH40/0 sample, while the removing of the closed lateral surface has no 

influence for the other samples. It allows to encapsulate these structures without 

influencing the wicking. Besides avoiding contamination of the structure or the 

environment the accessibility of the structure can be tailored. 
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The wicking equation is a simple tool to predict the wicking behavior in porous 

structures as long as the porous structure can be assumed as a bundle of straight 

capillaries. However, it could be shown that the simplification of a real three 

dimensional porous structure to the macroscopic parameter is not sufficient to 

accurately describe the wicking behavior for all investigated samples.  
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6 Influence of Freezing Conditions and 

Templating Solvent on Wicking 

In chapter 5 the impact of changes in the pore morphology, the porosity and the 

condition of the external surface on isothermal wicking at room temperature was 

described. The pore morphology and the porosity significantly influence the wicking 

behavior. Nevertheless, relevant variables have not been taken into consideration. 

The pore structure of a freeze cast monolith highly depends on the templating solvent 

and the freezing conditions such as freezing direction and freezing front velocity. 

Hence, the following section focuses on the influence of the freezing conditions and 

the templating solvent on pore structure, permeability and capillary transport as 

schematically shown in Figure 6.1. In contrast to chapter 5, the freezing direction is 

changed from radial-uncontrolled to uniaxial-controlled and two different freezing 

conditions are used: constant freezing temperature (CFT) or constant freezing 

velocity (CFV). Additionally, two different templating solvents are considered. As for 

section 5 (see pages 85 to 116), experimental results are compared with predictions 

of wicking obtained by the Lucas-Washburn equation.  

The content of this section was published in the following article. The style and 

numbering of the references, the figures, the tables, the nomination as well as further 

typographic aspects have been adapted to be consistent throughout the thesis and to 

fit the superordinate layout. Furthermore, the coloring of the figures was unified. The 

supplementary data can be found in the appendix A.3 on page 199. 
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6.2 Introduction 

A wide range of industries such as power generation and storage rely on porous 

monolithic materials, where mass transport is a crucial property. For a large variety 

of applications including gas adsorption, water filtration, energy conversion/storage, 

catalysis and even bone tissue engineering, the control of the permeability is of great 

interest [1-4]. 

Aside from these applications, porous materials are used by the aerospace industry 

in, e.g., liquid acquisition devices and propellant management devices [5]. At 

pressures below the bubble point, a saturated porous medium prevents the 

penetration of gas/vapor and guarantees a gas-free delivery of, e.g., propellant to the 

engine. Capillary pressure is the driving force for the liquid transport [6]. Hence, pore 

window size and porosity highly influence the ability of a porous material to provide 

phase separation and liquid transportation properties. Nowadays, woven metallic 

screens are the standard materials in propellant management devices. The properties 

of nonmetallic inorganic materials such as low thermal conductivity, thermal and 

chemical stability, corrosion resistance and low density make them an interesting 

alternative to metals [7].  

Some studies were already conducted on the wicking of porous nonmetallic inorganic 

material. Wicking of various liquids including silicone oil and organic liquids into 3D-

stitched C–C preforms, carbonaceous porous samples and mullite was investigated 

[8-10]. They found a good agreement of experimental infiltration heights with a 

model based on pore radii of two sizes.  

In contrast to oxidic ceramics such as alumina, titania and mullite, polymer-derived 

ceramics can provide some benefits. Particularly, the reduced thermal conductivity is 

suggested being advantageous in the capillary transport of cryogenic liquids [11]. 

Considering the surface characteristics and its influence on the interaction between 

liquid and solid, polymer-derived ceramics offer the possibility to adjust properties 

such as hydrophilicity and specific surface area by adapting the pyrolysis temperature 

[12]. Besides extrusion, injection molding, additive manufacturing and reactive 

methods, solution-based freeze casting of preceramic polymers allows for the 

versatile formation of a large variety of pore window sizes, porosities and pore 

morphologies [13-16]. 
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The freeze casting process which can be considered as a templating method has 

attracted considerable interest in recent years [17]. Although the majority of studies 

focus on suspension-based freeze casting (dispersed particles), solution-based freeze 

casting of preceramic polymers has considerable potential to create unique and 

promising pore structures. The segregation mechanism in solution-based freeze 

casting bases on thermally induced phase separation of a two-component system [16]. 

After phase separation during freezing, the sublimation of the solvent crystals creates 

the pore structure. Since the final pore structure reflects the shape of the solvent 

crystals, the liquid phase determines the pore morphology which can range from 

dendritic to prismatic, cellular or lamellar [17-19]. In order to obtain homogeneous 

pore structures, controlling the freezing conditions is crucial. Especially the freezing 

front velocity highly influences the resulting pore structure, mainly the pore window 

size [20]. With regard to polymer-derived ceramics, SiOC structures have so far been 

produced with a constant freezing rate using the solution-based method, but 

systematic investigation of the orientation of the pore structures is lacking for this 

substance class [21].  

Though freeze casting is able to create a large variety of pore structures and polymer-

derived ceramics offer unique properties, very little is known on wicking in porous 

polymer-derived SiOC. In previous works of the working group, Grebenyuk et al. 

prepared SiOC monoliths by suspension-based freeze casting with water as dispersing 

medium and investigated the influence of pore window size on the wicking [22]. A 

comparison of experimental wicking data with predictions according to the Lucas-

Washburn equation showed good agreement. Schumacher and Zimnik et al. found 

that predictions using the Lucas-Washburn equation differ from experimental 

wicking on SiOC monoliths due to a significant deviation of the pore morphology from 

the capillary bundle model [23]. Despite the research already conducted on porous 

SiOC for wicking, the influence of the freezing conditions was not yet addressed.  
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In this study, the influence of different freezing conditions on isothermal wicking of 

porous SiOC monoliths prepared by unidirectional solution-based freeze casting was 

investigated. Unidirectional solution-based freeze casting of preceramic polymers at 

constant freezing temperature or constant freezing velocity was applied for monolith 

preparation and enables to study the impact of the homogeneity of the pore structure. 

Additionally, variations of solid loading and solvent allow for the identification of 

distinctions between different pore structures. Furthermore, experimental wicking 

data were compared with a prediction based on the Lucas-Washburn equation. 

 

6.3 Experimental Section 

6.3.1 Materials 

Porous ceramic monoliths were prepared by solution-based freeze casting. A 

commercial polymethlysiloxane (Silres® MK, Wacker Chemie AG, Germany) was used 

with (3-aminopropyl)triethoxysilane (APTES, abcr GmbH, Germany) which served as 

cross-linking agent. Tert-butyl alcohol (TBA, > 99 %, Thermo Fisher GmbH, Germany) 

and cyclohexane (CH, > 99 %, Sigma-Aldrich Chemie GmbH, Germany) acted as 

solvents. The chemical structures are displayed in Figure 6.2 on page 122 and 

comprehensivly listed on page 191. All materials were used without further treatment 

or purification.  

 

6.3.2 Solution-based Freeze Casting 

The preparation of porous monolithic samples by solution-based freeze casting is 

shown in Figure 6.2. In order to enable the reliable correlation of findings regarding 

the pore structure, the permeability and the wicking with the freezing conditions, all 

characterization was done on one sample for each composition. Heating to 50 °C in 

an oil bath ensured liquid state of the pure solvent TBA (Tm = 23 °C to 26 °C). In 

contrast, CH (Tm = 6.5 °C) was used at room temperature. Subsequent to the addition 

of MK and homogenization for 30 min under vigorous stirring, APTES was added at 

an amount of 1 mol%. After stirring was continued for 3 min, degassing at 300 mbar 

for 30 s removed gas bubbles created during stirring. The solution was poured into a 

mold, which consists of a brass bottom and a transparent polycarbonate cylinder with 
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an inner diameter of 40 mm and a height of 90 mm. A silicone-coated polyethylene-

terephthalat (PET) film (Hostaphan RN 30 2SLK, Mitsubishi Polyester Film GmbH, 

Germany) was used as a separation layer between solution and cylinder. The use of 

the separation layer guaranteed easy demolding without damaging the frozen sample. 

The samples were frozen on a cold finger, which allows to control the temperature of 

the brass bottom. One end of a copper cold finger is immersed in liquid nitrogen and 

the other end is equipped with a resistance heater. A thermocouple positioned at the 

center of the brass bottom detects the temperature at the interface between the brass 

bottom and sample. 
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Figure 6.2 Process scheme of monolith preparation by solution-based freeze casting of polymeric 
solutions. 
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Three different freezing conditions were used: constant freezing temperature (CFT) 

at –20 °C and constant freezing velocity (CFV) at two different speeds (fast and slow, 

see Table 6.1). The starting conditions for CFT samples were set to 0 °C for 3 min. The 

data obtained by recording the freezing velocity in CFT condition were used as input 

to adapt the cooling ramps and empirically ensure CFV conditions. Under the 

assumption of a linear correlation between the cooling rate and the freezing front 

velocity, the local deviation of the freezing front velocity in CFT conditions from the 

constant freezing front velocity was taken as a parameter for changing the cooling 

ramps. The starting conditions for CFT samples were set to 0 °C for 3 min.  

After complete freezing, the mold was transferred to a freezer at a temperature of 

–20 °C for 72 h to enable sufficient cross-linking. Subsequently, the solvent was 

sublimated in a freeze dryer for 72 h at a shelf temperature of –20 °C and a pressure 

of 1000 µbar. Lastly, the samples were pyrolyzed at 1000 °C under flowing nitrogen 

with a heating rate of 2 K·min–1 and a dwelling time of 4 h. Before characterization, 

2 mm of the bottom end was removed to ensure an open access to the pore structure 

and a flat cross section. Additionally, cutting all samples to a total height of 25 mm 

guarantees comparability in wicking experiments. After the wicking tests, the 

monoliths were cut horizontally to obtain samples for the height dependent 

investigation of pore window size, porosity and permeability. Three positions were 

taken into account: bottom, middle and top. The middle positions correspond to a 

height of 12.5 mm and all samples were taken from identical positions. 

The samples were given the nomenclature: [solvent] [solid loading in wt%] [freezing 

condition]. Whereby, the polymer and the cross-linking agent counted as solid 

fraction. Table 6.1 gives an overview of all samples and their compositions. 
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Table 6.1 Denotation, composition, freezing conditions and experimental freezing front velocity. 

Denotation Solvent 
Solid 

loading 
Freezing condition 

Experimental 

freezing front 

velocity 

  wt%  µm/s 

CH20-20 Cyclohexane 20 CFTa –20 °C — 

CH40-20 Cyclohexane 40 CFTa –20 °C — 

TBA20-20 Tert-butyl alcohol 20 CFTa –20 °C — 

TBA40-20 Tert-butyl alcohol 40 CFTa –20 °C — 

CH20fast Cyclohexane 20 CFVb fast 6.8 

CH40fast Cyclohexane 40 CFVb fast 6.6 

TBA20fast Tert-butyl alcohol 20 CFVb fast 6.6 

TBA40fast Tert-butyl alcohol 40 CFVb fast 6.8 

CH20slow Cyclohexane 20 CFVb slow 4.6 

CH40slow Cyclohexane 40 CFVb slow 4.2 

TBA20slow Tert-butyl alcohol 20 CFVb slow 4.6 

TBA40slow Tert-butyl alcohol 40 CFVb slow 3.3 
a CFT = Constant Freezing Temperature 
b CFV = Constant Freezing Velocity 

 

6.3.3 Characterization 

The freezing front axial advance of one sample for each composition was recorded 

during the freezing process by a CCD-camera in order to evaluate the freezing front 

velocity. The pore structure at the positions bottom, middle and top was investigated 

using a scanning electron microscope (SEM, Camscan Series2, Obducat CamScan Ltd.) 

with samples mounted on carbon tape. Before acquisition, specimens were sputtered 

with gold (K550, Emitech, Judges Scientific Plc., UK). Pore window diameter 

distribution and open porosity ϕ at the positions bottom, middle and top were 

obtained by mercury intrusion porosimetry (Pascal 140/440, POROTEC GmbH, 

Germany). 

The permeability K = KDarcy at the positions bottom and top was evaluated in axial z-

direction according to Darcy’s law in constant head measurements on cylindrical 

samples with a diameter DDarcy of 10 mm and a height HDarcy of 5 mm to 9 mm. Suitable 

cylindrical samples were cut from the center of the corresponding cross sections. 

Bypass flow was minimized by using a compressible silicone sample holder. The mass 
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of the permeated water mw, Darcy at a pressure difference ΔpDarcy of 10 kPa and a time t 

of 300 s was recorded. With the dynamic viscosity of water at 20 °C μw = 1.00 mPa·s 

and the density of water at 20 °C ρw = 998 kg·m–3, the permeability K = KDarcy was 

calculated according to Equation 6.1. Soaking the specimens with water before the 

measurement should reduce deviations due to intake losses. Each sample was tested 

minimum five times and the average was calculated. In order to obtain reliable 

results, the validity assumptions of the Darcy equation have been verified. Since 

calculated Reynolds numbers range from 2 to 1450, the presence laminar flow regime 

is indicated. Further requirements such as no reaction of the fluid with the sample, 

incompressible fluid, single phase flow and continuous and steady flow can be 

considered as fulfilled. Thus, the applicability of the Darcy equation is ensured. 

 

𝐾 =  𝐾𝐷𝑎𝑟𝑐𝑦 =  𝜇𝑊𝐻𝐷𝑎𝑟𝑐𝑦∆𝑝𝐷𝑎𝑟𝑐𝑦 𝑚𝑊,𝐷𝑎𝑟𝑐𝑦𝜌𝑊 𝜋4 𝐷𝐷𝑎𝑟𝑐𝑦2 𝑡𝐷𝑎𝑟𝑐𝑦 . (6.1) 

The Washburn sorption method was used to investigate wicking into porous media 

when in contact with a liquid. Figure 6.3 shows a schematic drawing of the wicking 

device. 

Balance

Height adjustable 
platform

Sample

Liquid

 

Figure 6.3 Schematic drawing of the device for isothermal wicking at room temperature. 

The mass increase in the sample caused by imbibing liquid was recorded by a balance 

(LA310S, Sartorius AG, Germany) with a precision of ± 0.0001 g and a sample rate of 

20 Hz. The scale was mounted on a height-adjustable platform which allows for 

bringing the sample in contact with the liquid. The specimen was attached to a sample 

holder and connected by a metallic wire with the balance. The surrounding container 

has a diameter of 0.095 m and its lid has a small hole allowing for a frictionless 
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movement of the sample. Hydrofluoroether (HFE-7500, 3M™ Novec™) was used as 

test liquid, because it shows excellent wetting properties for a wide range of materials. 

Hence, a contact angle of θ = 0° was assumed [7]. Once the sample had contact with 

the liquid, the immersion process was stopped. After wicking to complete saturation 

indicated by a constant mass signal msat, the monolith was lifted approx. 5 mm to lose 

contact with the liquid. All wicking tests were performed under room temperature 

and at ambient pressure. The geometry of the device leads to the assumption of 

negligible decreasing liquid level, whereas buoyancy and the Wilhelmy effect result 

in the necessity of raw data corrections. The Wilhelmy effect describes the mass 

change due to surface tension. Following previous studies, the weight of the 

completely saturated, but partially submerged sample was subtracted from the weight 

of the completely saturated sample [22, 24]. 

Besides the experimental approach, wicking can be evaluated by calculating the liquid 

transport. The capillary bundle model was used for the theoretical prediction of the 

wicking. The capillary pressure, which results from the curvature of the surface, is the 

driving force for the wicking. Viscous forces and hydrostatic pressure balance the 

capillary pressure [22, 23, 25-27]: 𝑚2𝑡 =  4𝜎𝑙  cos 𝜃𝜌𝑙2𝐴2𝜙𝜇𝑙  𝐾𝑅𝑠. (6.2) 

This equation gives the imbibed mass m per time t and is called the Lucas-Washburn 

equation with gravity effects for porous media with σl being the surface tension of the 

liquid, θ the contact angle, Rs the static radius, ϕ the open porosity, μl the dynamic 

viscosity of the liquid, K the permeability, ρl the density of the liquid, g the 

gravitational acceleration and A the cross section of the sample. According to the 

product sheet of the supplier, the surface tension σl, the dynamic viscosity μl and the 

density ρl of HFE-7500 are 16.2 × 10–3 N·m–1, 1.24 × 10–3 Pa·s and 1614 kg·m–3, 

respectively [28]. As already mentioned, the contact angle θ can be assumed to be 0°.  

Wicking can be predicted with the knowledge of the macroscopic properties 

describing the porous structure such as the static radius Rs, the open porosity ϕ and 

the permeability K. The static radius Rs describes an equivalent capillary pore radius 

and can be calculated from the equilibrium between capillary pressure and 

hydrostatic pressure. Due to the limited height of the samples in this study, the 
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equilibrium was not reached and the static radius Rs could not be calculated. Instead, 

the mean pore window radius Rmerc determined by mercury intrusion porosimetry was 

used as static radius. 

 

6.4 Results and Discussion 

6.4.1 Freezing Process 

To evaluate the freezing front velocity, the axial advance of the freezing front was 

monitored during freezing as shown in Figure 6.3. 
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Figure 6.4 Position of freezing front during freeze casting in dependence on solvent, solid loading 
and freezing conditions; the theoretical constant freezing front velocity is symbolized by the dashed 
lines. 

Constant freezing temperature conditions (CFT) are characterized by a clear decrease 

in freezing front velocity with time. The thermal resistance increases with 

progressing freezing front leading to a decrease in the thermal gradient at the freezing 

front. Since the freezing front velocity is mainly influenced by the thermal gradient, 

it decreases with time [29]. While the solid loading (20 wt% or 40 wt%) does not affect 

the freezing front velocity at CFT conditions (rectangles in Figure 6.4), the solvent 
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clearly has an impact. At the same conditions, the freezing front reaches only half of 

the height in cyclohexane samples compared to samples with tert-butyl alcohol. One 

reason is the higher temperature difference between freezing temperature and 

melting point for TBA which translates into a higher undercooling. Though the 

thermal conductivity of the solid solvent is supposed to be an influencing factor, no 

estimation is possible due to the lack of data for TBA. The thermal conductivity of CH 

at –25 °C was reported to be 0.14 W·(m·K)–1 [30]. In the liquid state, CH and TBA 

exhibit a similar thermal conductivity with values of 0.117 W·(m·K)–1 (27.68 °C) and 

0.1076 W·(m·K)–1 (27.8 °C), respectively [31, 32]. 

When adapting the temperature program, two different constant freezing front 

velocities were achieved indicated by an almost constant slope in Figure 6.4. The 

theoretical velocity is symbolized by the dashed lines. The empirical approach which 

uses the data of CFT conditions to obtain CFV conditions proofs to be efficient for the 

investigated parameters. Due to the initial freezing stage at 0 °C for 3 min, the 

theoretical velocity as well as the experimental data starts with a nonlinear section. 

The realized freezing front velocities were influenced by the composition and differ 

from 3.3 µm·s–1 to 6.8 µm·s–1. Constant freezing front velocities over the complete 

height of the sample are easier to achieve for slow freezing front velocities. Especially 

at low freezing front velocities the freezing front velocity during the initial freezing 

stage deviates from the average velocity. Depending on the solvent, the freezing front 

velocity deviates to higher or lower velocities. Due to different melting points of TBA 

(Tm = 23 °C to 26 °C) and CH (Tm = 6.5 °C), the thermal gradient at initial freezing 

(0 °C) is higher for TBA compared to CH, which is why TBA20slow and TBA40slow 

show faster initial freezing. In contrast, CH20slow and CH40slow froze significant 

slower at the initial stage. Furthermore, precise evaluation of the position of the 

freezing front is difficult resulting in scattered data. The formation of ice on the outer 

surface of the mold and the meniscus-shaped solidification front which is generated 

by the heat transfer from the bottom through the cylindrical mold to the solidification 

front are main difficulties. 
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6.4.2 Pore Structure 

The influence of the freezing front velocity on the pore structure was height-

dependently investigated at three positions: bottom, middle and top. Figure 6.5 

shows representative cross sectional SEM images of the pore structure parallel to the 

freezing direction and schematic representations of one dendrite along the complete 

sample height. 

Due to the unidirectional freezing, the pore structure is orientated from bottom to 

top. The characteristic dendritic and prismatic pore morphology is present for 

cyclohexane and tert-butyl alcohol, respectively [16]. Investigations by mercury 

intrusion porosimetry enable a detailed characterization of the pore structure. The 

mean pore window diameters (a) and open porosities (b) are shown in Figure 6.6.  
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Figure 6.5 Exemplary cross sectional SEM images of the pore structure for bottom, middle and top 
position in dependence on solvent, solid loading and freezing conditions; scale bar: 50 µm. 
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Figure 6.6 Mean pore window diameter (a) and open porosity (b) in dependence on the position 
obtained by mercury intrusion. 

The porosity is almost constant within one sample. The solid loading is the main 

influencing factor on porosity with higher porosity at lower solid loading as it is 

described in literature [33]. The porosity ranges from 51 % to 82 %. Regarding the pore 

window size, lower solid loading results in slightly larger pore window diameters. In 

general, the pore window size distribution is mainly monomodal as it can be seen 

exemplarily in Figure A.3.2 on page 200. In addition to the solid loading, the solvent 

influences the pore window size with the prismatic pore morphology (TBA) leading to 

larger pore window sizes compared to the dendritic (CH) one. All samples frozen at 
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CFT conditions exhibit an increasing pore window size from bottom to top of factors 

between 1.2 and 3.5. This is in accordance with SEM images since Figure 6.5 shows 

the same trend.  

Comparison with the recorded freezing front velocity indicates a strong relation 

between freezing front velocity and pore window size. Hence, a gradient in freezing 

front velocity leads to a gradient in pore window size with slow freezing resulting in 

large pores. This correlation was also reported in the literature for suspension-based 

freeze casting using water as liquid phase [20]. In contrast, a constant freezing front 

velocity generates a homogeneous pore window size as it can be observed for most of 

the samples frozen at CFV conditions. Significant deviations from constant pore 

window sizes in CFV conditions for example in TBA40slow and CH20slow are caused 

by locally different freezing front velocities. In Figure 6.4 faster and slower freezing 

than the average freezing front velocity during the course of freezing are obvious for 

CH20slow and TBA40fast, respectively. By adapting the freezing front velocity, the 

generation of samples with different homogeneous pore window sizes is possible. 

This is valid for both solvents.  

Decreasing the freezing front velocity from CFV slow to CFV fast conditions results 

in an increase in the pore window diameter by 16 %, 29 %, 14 % and 67 % for CH20, 

CH40, TBA20 and TBA40, respectively. Hence, samples with higher solid loading are 

more sensitive to variations in freezing front velocity and allow for a larger range of 

achievable pore window sizes. At large pore window sizes, the thermodynamics of 

crystal growth are assumed to slow down the increase in pore window size with 

decreasing freezing front. While small pore window sizes at low solid loading are 

difficult to achieve due to the dependence of the pore window size from the solid 

loading, decreasing the freezing front velocity to obtain larger pores at high solid 

loading is easily possible. The combination of the different influencing factors on the 

pore window size such as solid loading, solvent and freezing front velocity with CFV 

freezing conditions enables the preparation of samples with a homogeneous pore 

structure. The pore window size can be adjusted in the range of 10 µm to 69 µm. 

Besides creating a homogeneous pore structure, the knowledge of the relation 

between freezing front velocity and resulting pore window size also allows for the 

generation of defined gradients in pore window size by adapting the freezing front 

velocity.  
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6.4.3 Permeability 

The permeability K of bottom and top positions and the ratio between top and bottom 

position are shown in Figure 6.7. 

CH
20

-2
0

CH
40

-2
0

TB
A20

-2
0

TB
A40

-2
0

CH
20

fa
st

CH
40

fa
st

TB
A20

fa
st

TB
A40

fa
st

CH
20

slo
w

CH
40

slo
w

TB
A20

slo
w

TB
A40

slo
w

1E-13

1E-12

1E-11

1E-10

1E-9

 

 bottom

 top

P
er

m
ea

bi
li

ty
 K

 /
 m

2

-4

-3

-2

-1

0

1

2

3p-value = 0.450p-value = 0.235p-value = 0.028

R
at

io
 p

er
m

ea
bi

li
ty

 t
op

/b
ot

to
m

 /
 1

CFT -20°C CFV fast CFV slow

 

Figure 6.7 Permeability of top and bottom position and ratio between permeability of top and 
bottom position depending on solvent, solid loading and freezing condition. 

Permeabilities in the range of 1.12 × 10–13 m2 to 1.03 × 10–11 m2 were measured. In 

general, decreasing permeability with decreasing porosity obtained by higher solid 

loading is observed for all freezing conditions and both solvents [34]. All samples with 

cyclohexane as liquid exhibit lower permeability compared to samples prepared at the 

same conditions with tert-butyl alcohol. This can be mainly attributed to the smaller 

pore window sizes of CH samples compared to TBA samples. The relation between 

permeability K and pore structure is usually modeled based on [35]: 𝐾 = 𝑐𝑔𝑒𝑜 𝜙 𝑅2, (6.3) 

where R is the pore radius, 𝜙 is the porosity and cgeo is a geometric factor that describes 

the shape, connectivity and aspect ratio of the pores. Equation 6.3 indicates that the 

permeability is very sensitive to the pore radius. The trend of pore window sizes 

obtained by mercury intrusion is in good accordance with the resulting permeability. 

Furthermore, for CFT conditions a gradient in pore window sizes is present which is 

reflected by higher permeability of all CFT samples at the top position. Hence, the 
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ratio between the permeability of top and bottom positions is larger than one. In 

contrast, CFV conditions with the homogeneous pore window sizes result in ratios 

close to one. Only CH20slow shows a non constant permeability with a significant 

lower permeability at the top compared to the bottom position. Statistical analysis on 

the significance of the differences between top and bottom positions revealed 

p-values of 0.028, 0.235 and 0.450 for CFT, CFV fast and CFV slow conditions, 

respectively. As the p-value for CFV fast and CFV slow conditions is larger than the 

significance level of 0.05, the difference in permeability can be considered to be 

statistically not significant for CFV fast and CFV slow conditions. In contrast, CFT 

exhibits statistically significant differences between top and bottom position 

(p-value < 0.05).  

When comparing this finding with the pore window size, it becomes clear that the 

change in permeability is caused by differing pore window sizes. In contrast, the 

decrease in pore window size for CH40slow from bottom to top is assumed to be too 

low to significantly influence the experimentally obtained permeability. While TBA20 

shows the highest permeability for all freezing conditions, CH40 exhibits the lowest 

permeability. Again, this can be clearly attributed to the different pore window sizes. 

For the same conditions, TBA generates larger pores compared to CH as can be seen 

in Figure 6.6. The geometric factor cgeo was calculated according to Equation 6.3. 

0.0611 ± 0.0160, 0.0086 ± 0.0013, 0.0358 ± 0.0135 and 0.0427 ± 0.0176 were obtained 

for CH20, CH40, TBA20 and TBA40, respectively. For samples prepared with TBA, the 

change in solid loading has no significant influence on the cgeo value. This indicates 

no influence of the solid loading on structural parameters such as pore shape, pore 

connectivity and aspect ratio. In contrast, the cgeo value of samples with a dendritic 

pore structure (CH) depends on the solid loading. Hence, structural parameters 

describing the pore structures change with solid loading for a dendritic pore 

morphology. Lower solid loading accompanied with a higher porosity and a larger 

pore window size induces a high cgeo value in CH samples. This suggests that 

describing and predicting the permeability of the dendritic pore structure is more 

complex compared to the prismatic pore structure. In the literature, permeability, 

porosity and pore window size results which lead to a cgeo value of 0.0508 were 

reported for a dendritic pore structure obtained by a similar process [36]. This cgeo 

value is close to the one of CH20 and indicates comparable pore structures. 



 

 134 Chapter 6 Influence of Freezing Conditions and Templating Solvent on Wicking 

Investigations on cgeo values of granular material such as sandstone and volcanic rock 

reveals values of 0.012 and 0.0022, respectively [35]. The deviation of the cgeo values 

for freeze cast structures from cgeo values reported for granular material can be 

explained by considerable differences in the pore morphology. Only the cgeo value of 

CH40 is in the range of granular material.  

It has to be mentioned that especially the permeability measurement of TBA20 is 

prone to bypass flow due to the low mechanical stability of the sample and potential 

crack formation when mounting the sample to the sample holder. As a consequence, 

the permeability of TBA20 samples is potentially overestimated. 

 

6.4.4 Wicking and Theoretical Prediction of Wicking 

The results of isothermal wicking experiments grouped by composition are shown in 

Figure 6.8. While at short times the viscosity of the liquid is most influencing, longer 

times are increasingly dominated by the influence of the gravity [37]. Samples frozen 

at higher velocity reach the saturation mass faster for all compositions. A higher 

freezing front velocity is connected to a smaller pore window size which results in 

faster wicking according to Equation 6.2. According to Equation 6.3, a smaller pore 

window size is also related to a lower permeability which decreases the wicking speed. 

However, the wicking results indicate that this decrease in permeability is not 

sufficient to compensate the increase in wicking speed caused by a small pore window 

size. The smaller the pore window size the higher the capillary force which is the 

driving force for wicking.  

At short times, wicking curves of samples prepared at CFT conditions follow the 

behavior of fast frozen CFV samples. During the course of the experiment, the wicking 

speed significantly slows down to values which are smaller than samples frozen at 

slow CFV conditions. Besides the influence of the gravity, this can be mainly 

attributed to the gradient in pore window size along the axial height of the sample. 

Consequently, a gradient in pore window size creates a gradient in the driving force 

which changes the wicking speed additionally to the influence of gravity. 
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Figure 6.8 Mass divided by saturation mass in dependence on solvent and solid loading for all 
freezing conditions. 

While at short times the viscosity of the liquid is most influencing, longer times are 

increasingly dominated by the influence of the gravity [37]. Samples frozen at higher 

velocity reach the saturation mass faster for all compositions. A higher freezing front 

velocity is connected to a smaller pore window size which results in faster wicking 

according to Equation 6.2. According to Equation 6.3, a smaller pore window size is 

also related to a lower permeability which decreases the wicking speed. However, the 

wicking results indicate that this decrease in permeability is not sufficient to 

compensate the increase in wicking speed caused by a small pore window size. The 

smaller the pore window size the higher the capillary force which is the driving force 

for wicking. At short times, wicking curves of samples prepared at CFT conditions 

follow the behavior of fast frozen CFV samples. During the course of the experiment, 

the wicking speed significantly slows down to values which are smaller than samples 

frozen at slow CFV conditions. Besides the influence of the gravity, this can be mainly 

attributed to the gradient in pore window size along the axial height of the sample. 

Consequently, a gradient in pore window size creates a gradient in the driving force 

which changes the wicking speed additionally to the influence of gravity. 
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Figure 6.9 Wicking curves grouped by freezing condition in dependence on solvents and solid 
loading. 

The influence of the porosity can be seen in Figure 6.9 which shows the wicking curves 

in dependence on solvent and solid loading grouped by freezing conditions. For all 

freezing conditions of TBA samples, higher porosity and larger pore window size 

caused by lower solid loading result in faster wicking. According to Equation 6.3, 

increasing porosity and pore window size translate into increasing permeability 

which can be attributed to be the main reason for faster wicking of samples with lower 

solid loading. For CH samples, this trend is not consistent.  

The influence of the pore morphology becomes obvious when comparing CH20 

samples with TBA samples. Although all three CH20 samples exhibit similar 

permeability, CH20-20 and CH20slow wick considerably slower than CH20fast. The 

reasons for this behavior are unclear at the moment. The wicking into the dendritic 

pore structure is generally slower than into the prismatic structure. Secondary 

dendrites which are perpendicular to primary ones need to be filled during wicking by 

flow through primary dendrites. Hence, in the dendritic pore morphology a higher 

pore volume has to be filled through smaller pores compared to the prismatic 

structure of the TBA samples. With a time of 10.9 s until saturation, TBA20fast 

exhibits the fastest wicking of all investigated samples, whereas CH20-20 shows the 

slowest wicking with 151.7 s. In between those limits, the wicking speed can be 

changed. Furthermore, a gradient in the driving force can be generated by a gradient 

of the pore window size. The knowledge of the factors influencing the wicking and 

the possibility to easily adapt the pore structure make it possible to precisely tailor 

materials for several applications in capillary transport. 
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Theoretical wicking curves were calculated according to the Lucas-Washburn 

equation as can be seen in Figure 6.8. The experimentally observed trend in wicking 

speed CFVfast > CFVslow is reflected in the analytical solution for all samples besides 

TBA20. The term (Φ·K·Rs
–1) which describes the pore structure is significantly higher 

for TBA20slow compared to the other samples. Also, the ratio between permeability 

and static radius (K·Rs
–1) is considerable larger for TBA20CFVslow. The potential 

overestimation of the permeability of TBA20 samples might be a reason for the high 

ratio. Concerning the influence of the porosity on wicking, the theoretical 

considerations confirm the experimental finding of faster wicking at higher porosity 

for both solvents. Except for TBA20, the analytical solution shows a significant 

deviation from the experiment for the following reason. The Lucas-Washburn 

equation assumes a bundle of aligned capillary tubes of the same radii. This 

assumption holds only for TBA20 which has a prismatic pore structure and an open 

porosity of approx. 75 %. Decreasing the porosity to approx. 60 % or even changing to 

a dendritic pore structure leads to a pronounced overestimation of the wicking speed 

by the analytical solution. Additionally, the analytical solution is not able to reflect 

gradients in the pore window size as they are present in the CFT samples. As a 

consequence, the prediction of wicking into complex pore structures by the Lucas-

Washburn equation is only possible for pore structures which exhibit a very specific 

set of properties. 

A previous study by the authors investigating the wicking of non-unidirectional 

frozen samples revealed a peculiar wicking behavior for the dendritic pore structure 

with a pronounced linear section in the wicking curve [23]. The authors suggested 

that limited interconnectivity between aligned pore areas is a potential explanation. 

In the present work, samples were frozen unidirectional and no linear section in the 

wicking tests was observed. Unidirectional freezing ideally provides a fully aligned 

pore structure with dendrites or prismatic pore channels running from bottom to top 

without any interruption. Hence, the absence of a linear section in wicking curves of 

the dendritic structures in the present study supports the assumption of limited 

interconnectivity causing the reported linear wicking behavior [23]. 
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6.5 Conclusions 

In this study, porous SiOC monoliths were prepared by solution-based freeze casting 

and the influence of different freezing conditions on the pore structure and on 

isothermal wicking was investigated. Constant freezing temperature results in a 

gradient of the pore window size, whereas constant freezing velocities between 

6.8 µm·s–1 and 3.3 µm·s–1 lead to homogeneous pore structures. This was proved by 

characterizing the pore structure at three different positions of the monolith. The 

homogeneity holds for dendritic and prismatic pore structures and different 

porosities. In dependence on the solid loading, the solvent and the freezing front 

velocity, the pore window size varies between 10 µm and 59 µm. Maintaining solvent 

and solid loading constant, a higher freezing front velocity reduces the pore window 

size. The permeability varies in the range of 1.12 × 10–13 m2 to 1.03 × 10–11 m2 and is in 

good agreement with trends found for the pore window diameter and the porosity. 

Fastest wicking was observed for a prismatic pore structure at low freezing front 

velocity and high porosity, whereas slowest wicking occurred into the dendritic 

structure with high porosity and constant freezing temperature. The gradient of pore 

window size in samples prepared at constant freezing temperature is clearly reflected 

by a pronounced decrease in the wicking speed. In contrast, preparation at constant 

freezing front velocity results in wicking curves which have a shape closer to the 

prediction according to the Lucas-Washburn equation. The wicking of only the 

prismatic structure with a porosity of approx. 75 % can be sufficiently described by 

the Lucas-Washburn equation. Contrary, the simplification of reducing complex 

three-dimensional pore structures to the three parameters pore window size, porosity 

and permeability is not applicable for predicting the wicking behavior of the other 

investigated structures. The knowledge of the relationship between structural 

properties and the resulting wicking behavior combined with the flexibility of the 

solution-based freeze casting process enables to tailor porous media. A wide range of 

applications in capillary transport can be addressed by this powerful combination. 
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7 In situ Formation of Ni Particles  

for CO2 Methanation 

The previous chapters have shown various possibilities to alter the pore structure of 

macroporous monoliths prepared by the solution-based freeze casting process and 

their application in capillary transport. The influence of solid loading, templating 

solvent, freezing conditions and the addition of filler particles was evaluated. 

Additionally, the ability to control the pore structure in a wide range of pore sizes, 

porosities and pore morphologies was proven. Besides the application in capillary 

transport, macroporous monoliths are also important for heterogeneous catalysis due 

to their superior heat- and mass transport properties compared to pellets in packed-

bed reactors. Control over the pore structure is only one part of the challenge to 

design an effective monolithic catalyst. The other part is to introduce catalytic 

activity to initially inert supports. Supports with an inherent catalytic activity are of 

interest due to some drawbacks of the commercially applied method of using a 

washcoat. As the in situ generation of metallic nanoparticles is possible in polymer-

derived ceramics, they are promising candidates for inherent catalytic active 

materials. With the development and testing of porous catalytic active structures, 

another field of application is opened up besides the capillary transport. However, 

before optimizing the pore structure of a monolithic catalyst, it has to be ensured that 

the underlying principles and processes of manufacturing a porous metal containing 

PDC monolith are understood and controllable. Additionally, the catalytic activity 

without the influence of the macroporous monolith has to be evaluated to generate a 

benchmark for the development of the monolithic catalyst. In the following chapter, 

the adaption of the in situ formation of nickel particles from reflux synthesis to 

solution-based freeze casting is studied. Four complexing and cross-linking agents 

(CLA) with amino functionality are screened according to their ability to generate 

small and well distributed nickel particles as schematically shown in Figure 7.1.  

  

7 
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The content of this section was published in the following article. The style and 

numbering of the references, the figures, the tables, the nomination as well as further 

typographic aspects have been adapted to be consistent throughout the thesis and to 

fit the superordinate layout. Furthermore, the coloring of the figures was unified. The 

supplementary data can be found in the appendix A.4 on page 201. 

Daniel Schumacher, Michaela Wilhelm, Kurosch Rezwan, Porous SiOC Monoliths with 

catalytic activity by in situ formation of Ni nanoparticles in solution-based freeze 

casting; Journal of the American Ceramic Society 103 (2020) 2991-3001, DOI: 

10.1111/jace.16988 

License number: 4759250852101 

 

7.1 Abstract 

Micro- and macroporous monoliths with in situ formed nickel nanoparticles were 

prepared for the first time by the combination of solution-based freeze casting and 

preceramic polymers (polymethylsiloxane). This one-step process results in 

macroporous monoliths composed of microporous and catalytic active nickel 

containing polymer-derived ceramic. Four different complexing and cross-linking 

siloxanes with amino functionality were screened for their ability to create small 

nickel particles. TEM analysis confirmed (3-aminopropyl)triethoxysilane being most 

efficient. High BET specific surface areas of 344 m2·g–1 to 461 m2·g–1 were achieved. 

Increased ratio of complexing groups to nickel improves the dispersion of nickel to 

(3.61 ± 1.49) nm. The nickel size dependence of carbon dioxide conversion (maximum 

0.49) and selectivity towards methane (maximum 0.74) in CO2 methanation 

emphasizes the importance of controlling the nickel size. The hydrophobic surface 

characteristic is hypothesized to be the main reason polymer-derived catalysts having 

better catalytic activity compared to nickel impregnated silica. The promising 

catalytic activity combined with the versatile freeze casting process can prospectively 

address heat and mass transfer considerations in heterogeneous monolith catalysis. 

https://doi.org/10.1111/jace.16988
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Figure 7.1 Schematic illustration of the screening of different complexing- and cross-linking 
agents (CLA) according to their ability to generate small and well distributed nickel particles. 

 

7.2 Introduction 

Nickel catalysts are the most intense studied catalysts for CO2 methanation, also 

called Sabatier reaction (CO2 + 4H2 → CH4 + 2H2O, ΔH0 = –164 kJ·mol–1) [1]. New 

concepts for energy storage such as “power-to-gas” and “power-to-liquid” require 

reactions like CO2 methanation in order to generate methane and fuels from carbon 

dioxide and hydrogen.  

Though, noble metal catalysts (rhodium, ruthenium, palladium) show superior 

performance especially at low temperatures, their high costs and limited abundance 

restrict their application in industrial processes compared to transitions metals 

(nickel, iron, cobalt) [1-5]. In heterogeneous catalysis, the support is very important 

to the performance with dispersing the active metal being its major role. High metal 

loading often results in aggregated metal particles with reduced catalytic activity [4]. 

Since water is a major product in CO2 methanation a hydrophobic surface is claimed 

to avoid blocking of adsorption sites by water molecules [6]. Furthermore, weak 

interaction between the metal and the support was found to increase the activity due 

to a good reducibility of the metal [7].  

The support influences the adsorption capability of the metal phase, its morphology, 

the metal-support interaction and finally the catalytic properties [8]. The preparation 

method effects the dispersion of the active phase and the metal-support interaction 

and hence strongly influences the overall catalytic behavior [9]. Numerous processes 

to prepare heterogeneous catalysts such as impregnation, sol-gel methods, co-

precipitation and hydrothermal processes have been tested [1, 10]. 
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Besides them, in situ formation of metal nanoparticles in a polymer-derived ceramics 

(PDCs) matrix proofed to result in small and very homogeneously distributed metal 

particles [11-13]. A great variety of metals such as nickel, iridium, platinum, 

palladium, iron, cobalt, copper, silver and gold were incorporated in PDC matrixes 

[13-16]. However, only some metal containing systems were fabricated for 

heterogeneous catalysis. Compared to conventional preparation processes, the in situ 

formation of metal particles and their reduction during inert-gas pyrolysis prevents 

the generation of hardly reducible oxides [16]. Furthermore, it has turned out that a 

complexing agent is strongly influencing the final metal size by complexing the nickel 

ions with e.g. amino groups. Complexing siloxanes were reported to be very efficient 

in creating a small and homogeneously distributed nickel nanoparticles [12, 13]. In 

addition, varying the process parameters such as pyrolysis temperature and chemical 

composition allows for the adjustment of properties like porosity, surface 

characteristics and metal dispersion [17].  

Apart from the widely used reflux synthesis or polymeric shaping techniques, 

solution-based freeze casting of preceramic polymers allows for the generation of 

porous PDCs monoliths [18]. In solution-based freeze casting, pores are formed by 

thermally induced phase separation of a homogeneous polymeric solution during 

freezing. After completely frozen, the solvent is removed by sublimation resulting in 

a porous body with a pore structure reflecting the solvent crystals. The choice and the 

amount of the cross-linking agent has to be carefully adjusted in order to ensure 

sufficient cross-linking but prevent gelation before freezing [18]. Using cross-linking 

agents with amino groups adds the functionality of complexing metal ions to the 

cross-linking agent. Though metal containing PDCs have shown potential for 

catalytic applications and the fact that monolithic heterogeneous catalysis is 

supposed to overcome heat transport limitations no investigations were done on 

porous metal containing PDC monoliths, yet. Prior to optimizing such a monolithic 

catalyst in terms of pore structure, it has to be guaranteed that the underlying 

principles and processes of producing a porous metal containing PDC monolith are 

understood. 

In this study, micro- and macro-porous catalytic active monoliths are prepared by 

solution-based freeze casting of polymethylsiloxane and in situ formation of nickel 

nanoparticles. In order to find an optimized cross-linking agent within the 
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restrictions of solution-based freeze casting, four different siloxanes with amino 

functionality are screened for their ability to generate small and homogeneous 

distributed nickel nanoparticles. Further variations were carried out for the most 

effective cross-linking agent. The amino to nickel ratio was increased, the pyrolysis 

temperature was altered and the nickel precursor was changed.  

 

7.3 Experimental Section 

7.3.1 Materials 

Ni containing porous ceramic monoliths were prepared by solution-based freeze 

casting. A commercial polymethylsilsesquioxane (MK, Silres® MK, Wacker Chemie 

AG, Germany) and tert-butyl alcohol (TBA, > 99 %, Thermo Fisher GmbH, Germany) 

were used as preceramic polymer and solvent, respectively. Nickel(II) acetylacetonate 

(NiA, > 95 %, Sigma-Aldrich) and nickel(II) nitrate hexahydrate (NiN, 99.99 %, Sigma-

Aldrich) acted as nickel precursor. NiN was chosen as a reference precursor. While 

NiN is reported to suffer from problems such as sintering and redistribution, such 

behavior is not known for NiA [8, 19]. Additionally, the better solubility of NiA in 

organic solvents provides a better compatibility with the presented approach of using 

polymeric solutions. To ensure complexing of nickel ions and provide cross-linking 

of the polymeric network, (3-aminopropyl)diethoxymethylsilane (APD, Sigma-

Aldrich), (3-aminopropyl)triethoxysilane (APTES, abcr GmbH), (2-aminoethyl)-3-

aminopropyltrimethoxysilane (AE, abcr GmbH) and Tetramethylethylenediamine 

(TMEDA, Sigma-Aldrich) were used. The complexing and cross-linking agents (CLAs) 

were chosen according to their ratio between complexing groups (R’NH2, R’2NH and 

R’3N) and cross-linking active groups (OR). The ratio ranges from 0 (TMEDA) to 2/3 

(AE) with APD (1/2) and APTES (1/3) being in between. Chemical structures and 

indication of complexing and cross-linking functionalities for all CLAs are shown in 

Figure 7.2. Additionally, the chemical structures are comprehensively listed on page 

191. All raw materials were used without further treatment or purification.  
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1000 µbar. Finally, the monoliths were pyrolyzed at 500 °C or 600 °C under the flow 

of nitrogen with a heating rate of 2 K·min–1 and a dwelling time of 4 h. Where required 

the monoliths were milled and subsequently sieved with a mesh size of 200 µm. The 

samples were labeled according to: [nickel precursor] [ratio of complexing groups to 

nickel ions] [CLA] / [pyrolysis temperature in °C]. Table 7.1 gives an overview of all 

samples and their compositions. For comparison of the catalytic activity, a reference 

catalyst was prepared by wet impregnation of commercial silica (1 µm, 

AngstromSphere, Fiber Optic Center Inc., USA) with nickel(II)nitratehexahydrate 

(99.99 %, Sigma-Aldrich). Subsequently, the catalyst was dried at 70 °C for 24 h and 

pyrolyzed at 600 °C.  

Table 7.1 Denotation, composition and pyrolysis temperatures applied for all samples. 

Denotation 
Nickel 

precursor 

Ratio complexing 

groups/Ni 

Complexing 

agent 

Pyrolysis 

temperature 

Final metal 

loading 
    °C wt%a 

NiA2APD/600 Ni(acac)2 2 APD 600 3.62 

NiA2APTES/600 Ni(acac)2 2 APTES 600 4.19 

NiA2AE/600 Ni(acac)
2 2 AE 600 3.69 

NiA2TMEDA/600 Ni(acac)2 2 TMEDA 600 3.48 

NiA4APTES/600 Ni(acac)2 4 APTES 600 3.25 

NiA4APTES/500 Ni(acac)2 4 APTES 500 3.10 

NiN4APTES/600 Ni(NO3)2 4 APTES 600 3.73 

Ref Ni/SiO2 Ni(NO3)2 — — 600 5.00b 

a according to TGA measurements 
b calculated based on composition 

 

7.3.3 Materials Characterization 

The pore structure of the monolithic samples was investigated using scanning 

electron microscopy (SEM, field-emission SEM SUPRA 40, Zeiss, Germany) operating 

at 10.00 kV. Mercury intrusion measurements were conducted to reveal the open 

porosity and the mean pore window diameter (Pascal 140/440, POROTEC GmbH, 

Germany).  

Specific surface area (SSA) was determined by evaluating nitrogen adsorption 

isotherms according to BET theory (Belsorp-Max, Bel Japan Inc., Japan). 

Measurements of vapor adsorption were performed by placing open vessels with ≈ 1 g 
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samples in closed Erlenmeyer flasks filled with liquids for 24 h. The adsorption of the 

liquids water and heptane was a measure of hydrophilic and hydrophobic surface 

characteristic, respectively. The liquids were at equilibrium with their vapor phase at 

20 °C and atmospheric pressure. Prior to the measurement, the samples were dried at 

70 °C for 24 h. Final metal loading in pyrolyzed samples was determined by 

thermogravimetric analysis in nitrogen atmosphere (STA 503, Bähr Thermoanalyse 

GmbH) assuming no loss of nickel during heat treatment. X-ray diffraction (XRD 

3003, Seifert) was used to investigate the phase composition of pyrolyzed samples. 

Scans were performed with Cu-Kα radiation at diffraction angles 2θ of 5 ° to 80 ° at a 

step width of 0.025 ° and a time per step of 8 s. The size and dispersion of nickel 

nanoparticles was determined by the analysis of TEM images (Titan 80/300, FEI). To 

ensure statistically relevant results a minimum of nine images were captured of each 

sample and the average particle size of a minimum of 120 nickel particles was used 

for comparison.  

CO2 methanation in a fixed bed reactor was used as probe reaction to investigate the 

catalytic activity. 50 mg of sample were mixed with 300 mg of inert filler (alumina). 

The tubular reactor has an inner diameter of 9 mm and the total flow was set to 

50 ml·min–1, which gives a weight hourly space velocity (WHSV) of 60 l·gcat
–1·h–1. 

Whereby, the stoichiometric ratio of feed gases was H2/CO2/Ar = 16/4/5. Activation 

was conducted at 440 °C for 10 h at a flow of 20 ml·min–1 hydrogen with heating and 

cooling rates of 2 K·min–1. To ensure steady state the temperature was hold at each 

measurement point for 40 min before the product stream was analyzed. Gas 

chromatography (5890 Series II, Hewlett-Packard) equipped with a thermal detector 

and a column to detect methane, carbon monoxide and carbon dioxide (Carboxen 

1006 PLOT, 30 m × 0.53 mm, Supelco) were used to determine the carbon dioxide 

conversion XCO2 (Equation 7.1), the methane yield YCH4 (Equation 7.2) as well as the 

methane selectivity SCH4 (Equation 7.3) according to following equations based on the 

assumption of carbon conservation: 

𝑋𝐶𝑂2 = 1 − 𝑐𝐶𝑂2,𝑜𝑢𝑡𝑐𝐶𝑂2,𝑜𝑢𝑡 + 𝑐𝐶𝐻4,𝑜𝑢𝑡 + 𝑐𝐶𝑂𝑜𝑢𝑡 (7.1) 

𝑌𝐶𝐻4 = 𝑐𝐶𝐻4,𝑜𝑢𝑡𝑐𝐶𝑂2,𝑜𝑢𝑡 + 𝑐𝐶𝐻4,𝑜𝑢𝑡 + 𝑐𝐶𝑂𝑜𝑢𝑡 (7.2) 
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𝑆𝐶𝐻4 =  𝑌𝐶𝐻4𝑋𝐶𝑂2 (7.3) 

Additionally, the stability was exemplary evaluated on the sample NiA4APTES/600 at 

400 °C for 10 h under reaction conditions.  

 

7.4 Results 

7.4.1 Pore Structure 

SEM images were recorded and mercury intrusion experiments were conducted to 

investigate the pore structure of monolithic samples. Figure 7.3 (a – g) shows the 

characteristic pore structure.  

(e)  NiA4APTES/600
monolith

(g)  NiN4APTES/600
monolith

(f)  NiA4APTES/500
monolith

(h)  NiA4APTES/600 
particle after milling/sieving

(d)  NiA2TMEDA/600
monolith

(b)  NiA2APTES/600
monolith

100 µm

(a)  NiA2APD/600
monolith

(c)  NiA2AE/600
monolith

100 µm 100 µm

100 µm100 µm 100 µm

100 µm 100 µm

 

Figure 7.3 SEM images of the characteristic pore structure (a – g) of all samples and exemplary 
SEM image of a particle of sample AP4NiA/600 used in catalysis measurement (h). 

The samples with a complexing group to Ni ratio of 2 (a – d) exhibit a prismatic like 

pore morphology with a pronounced orientation of the pore channels in radial 

direction. Orientation of the pores originates from the direction of freezing since the 

solvent crystals grow in the direction of heat transfer [20]. Additionally, mercury 

intrusion measurements reveal mean pore window diameters of 8.2 µm to 15.1 µm as 



 

 150 Chapter 7 In situ Formation of Ni Particles for CO2 Methanation 

it can be seen in Figure A.4.1 on page 201. Changing the ratio of complexing groups 

to nickel from 2 to 4 results in a more unordered pore morphology with a channel like 

backbone superimposed by filigree details and interruptions of channels. Besides 

changes in the pore morphology, the mean pore window diameters significantly 

increase to values of 24.4 µm to 29.1 µm. Preliminary test revealed that the addition 

of metal precursors is not the reason for the change in pore morphology. Rather, these 

preliminary tests show that the increased amount of CLA is supposed to alter the pore 

morphology. Figure A.4.2 on page 201 clearly shows the change in pore morphology 

with increasing amount of the CLA AP. This finding indicates that high amounts of 

CLAs interfere the regular crystal growth. Figure 7.3 (h) shows a highly porous particle 

before the catalysis test. 

 

7.4.2 Specific Surface Area and Surface Characteristic 

Besides the pore structure, specific surface area and the surface chemistry with 

regards to hydrophilicity/hydrophobicity are important properties. Nitrogen 

adsorption isotherms were recorded to evaluate the specific surface area (SSA) 

according to BET theory. Figure 7.4 depicts the BET specific surface area.  
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Figure 7.4 BET specific surface area determined by nitrogen adsorption for different cross-linking 
agents, nickel precursors and pyrolysis temperatures. 
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All samples exhibit type I isotherms indicating the presence of micropores as it can 

be seen in Figure A.4.3 on page 202. This is in accordance with the relatively high BET 

SSA in the range of 343 m2·g–1 to 461 m2·g–1. Micropores are formed during pyrolysis 

by the release of gaseous decomposition products. Mainly the decomposition of the 

CLAs and of the methyl group of MK contribute to the formation of micropores. 

Besides its positive effect in catalyzing the cross-linking, nickel is supposed to 

enhance the polymer-to-ceramic conversion. Consequently, the decomposition of the 

methyl group in MK is shifted to lower temperatures as it was observed in previous 

TGA measurements. This behavior of polysiloxanes has been reported in literature for 

nickel as well as for other metals [11, 17, 21, 22]. Studies using similar precursors 

found comparable BET SSA. 

All samples with NiA as nickel precursor and a pyrolysis temperature of 600 °C show 

very similar BET SSA of 401 m2·g–1 to 410 m2·g–1. Hence, different CLAs are not 

influencing the BET SSA. Furthermore, also the ration between complexing groups 

and nickel ions does not affect the BET SSA as NiA2APTES/600 and NiA4APTES/600 

show no significant difference in surface area. Reducing the pyrolysis temperature 

from 600 °C to 500 °C leads to a rise in BET SSA from 403 m2·g–1 to 461 m2·g–1. After 

the formation of micropores, further increase of the pyrolysis temperature typically 

results in the collapse of micropores as it is reported in literature [23, 24]. Changing 

the nickel precursor from NiA to NiN reduces the BET SSA from 403 m2·g–1 to 

344 m2·g–1. In contrast to the polymer-derived catalysts, the reference catalyst shows 

a type III isotherm with a BET SSA of 2 m2·g–1 as it can be seen in Figure A.4.3 on page 

202. 

Apart from the specific surface area, the surface characteristic in terms of 

hydrophilicity/hydrophobicity is important when it comes to the interaction of 

molecules with the surface. Vapor adsorption measurements were performed with 

water and heptane as probe molecules for polar and unpolar surface characteristics, 

respectively. Figure 7.5 shows the ratio of adsorbed water to adsorbed heptane at 

22 °C. Samples with ratios < 1 are considered to be hydrophobic. In contrast, a ratio 

of > 1 indicates hydrophilic surface characteristic.  

  



 

 152 Chapter 7 In situ Formation of Ni Particles for CO2 Methanation 

 
Figure 7.5 Vapor adsorption ratio of water to heptane at 22 °C for different cross-linking agents, 
nickel precursors and pyrolysis temperatures. 

All samples exhibit a hydrophobic behavior. Two groups of samples can be 

distinguished: the one with a complexing group to nickel ratio of 2 and the other one 

with the increased ratio of 4. It is known that the metal-free preceramic polymer MK 

pyrolyzed at 600 °C itself is hydrophobic [25]. Since the amino groups of the CLA are 

almost completely decomposed at 600 °C, silicon containing CLAs mainly add 

additional hydrophilic SiO units to the pyrolyzed structure [26, 27]. The samples 

NiA2APD/600 and NiA2APTES/600 exhibit one silicon atom per complexing amino 

group. In contrast, NiA2AE/600 includes only 0.5 silicon atoms per amino group and 

NiA2TEMDA/600 has no silicon atoms at all. Therefore, the ratio of vapor adsorption 

is similar for NiA2APD/600, NiA2APTES/600 and NiA2AE/600 reaching values of 

0.32 ± 0.09, 0.37 ± 0.06 and 0.42 ± 0.05, respectively. In contrast, NiA2TEMDA/600 

without additional hydrophilic SiO units provided by TMEDA exhibits the lowest 

hydrophilicity with a value of 0.23 ± 0.03. Following this argumentation, samples with 

higher amount of CLA such as NiA4APTES/600, NiA4APTES/500 and NiN4APTES/600 

show values of 0.87 ± 0.07, 0.62 ± 0.06 and 0.82 ± 0.07, respectively.  

Decreasing the pyrolysis temperature from 600 °C to 500 °C results in less 

decomposition of organic groups and consequently in an increased hydrophobicity as 

it can be seen comparing NiA4APTES/600 and NiA4APTES/500 [25]. No significant 
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influence of the nickel precursor on the surface characteristic can be seen when 

comparing NiA4APTES/600 with NiN4APTES/600. According to TGA measurements 

both anions e.g. nitrate and acetylacetonate are decomposed at 500 °C. Hence, it can 

be assumed that they do not have an influence on the final surface characteristics.  

 

7.4.3 Characterization of Ni Nanoparticles 

XRD measurements were performed to gain knowledge on the crystal phase 

composition. Figure 7.6 shows X-ray diffractograms of pyrolyzed samples. In all 

samples, broad reflections between 10° and 30° are present indicating the formation 

of a silicon-based amorphous phase as it is characteristic for polysiloxanes at this 

pyrolysis temperature. Additionally, the peaks found around 45°, 52° and 77° are 

representing the cubic nickel structure. For NiA4APTES/600 also peaks correlated to 

nickel dioxide can be detected. The formation of nickel dioxide is assumed also in the 

other samples, but can’t be detected by XRD due to low intensity of peaks. The 

absence of diffraction peaks related to other secondary phases such as nickel sulfide 

confirms that the samples are single phase consisting after pyrolysis. Metallic nickel 

particles are formed during pyrolytic conversion of the nickel containing poly-

siloxanes under inert atmosphere. Released decomposition products such as 

hydrocarbons and hydrogen are creating reductive conditions within the sample and 

its pore network [16]. The absence of significant nickel peaks in NiN4APTES/600 due 

to superimposition by the background indicate very small nickel particles. 

The presence and distribution of nickel nanoparticles were investigated by image 

analysis of TEM images. Figure 7.7 depicts representative TEM images and the 

average nickel size of all samples after pyrolysis (a – g) and of NiA4APTES/600 after 

10 h stability test at 400 °C (h).  
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Figure 7.6 X-ray diffractograms of samples with different cross-linking agents, nickel precursors 
and pyrolysis temperatures. 

100 nm

(e) NiA4APTES/600 (g) NiN4APTES/600(f) NiA4APTES/500 (h) NiA4APTES/600
after stability test

(a) NiA2APD/600

50 nm

(b) NiA2APTES/600 (c) NiA2AE/600
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(d) NiA2TMEDA/600
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Figure 7.7 TEM images and Ni particle size of freshly pyrolyzed samples with different cross-
linking agents, nickel precursors and pyrolysis temperatures (a – g) and sample after 10 h on stream 
at 400 °C (h). 

When considering the samples with a complexing group to nickel ratio of 2, 

NiA2APD/600 and NiA2APTES/600 exhibit similar nickel particle sizes of 

(4.94 ± 4.42) nm and (3.91 ± 3.30) nm, respectively. Using AE and TMEDA as CLA lead 

to an increase in nickel particle size to (7.15 ± 6.65) nm and (12.4 ± 10.45) nm, 

respectively. While increasing the complexing group to nickel ratio from 2 to 4 only 

slightly decreases the nickel particle size, it significantly reduces the nickel particle 
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size distribution from (3.91 ± 3.30) nm to (3.61 ± 1.49) nm as it can be seen comparing 

NiA2APTES/600 and NiA4APTES/600. With a nickel particle size of (2.90 ± 1.91) nm 

NiA4APTES/500 shows smaller nickel particles compared to the same composition 

pyrolyzed at 600 °C. The smallest nickel particles and the most narrow particle 

distribution of (2.52 ± 0.82) nm was achieved by using nickel nitrate as nickel 

precursor. After the stability test of NiA4APTES/600 for 10 h at 400 °C under reaction 

conditions a considerable increase in the particle size by a factor of 3.33 to 

(12.02 ± 9.96) nm can be noticed. All observed particle sizes are in the range of 

reported nickel catalysts prepared by other methods [9, 28-33]. Evaluation of TEM 

images of the reference catalyst which are shown in Figure A.4.4 on page 202 reveals 

a nickel particle size of (37.15 ± 28.75) nm.  

 

7.4.4 Catalytic Performance 

CO2 methanation was used as probe reaction in order to investigate the applicability 

of nickel containing polysiloxanes for catalytic purposes. The carbon dioxide 

conversion XCO2 and the methane selectivity SCH4 are shown in Figure 7.8.  

Conversion as well as selectivity are maximized at the maximum reaction 

temperature of 400 °C for all samples except for NiA2TMEDA/600 which has its 

maximum selectivity at 250 °C. Since the thermodynamic equilibrium was not 

reached, the discussion of the data without considering underestimation of intrinsic 

activity is reasonable. Global maximum values of CCO2 = 0.49 and SCH4 = 0.74 are 

observed for NiA4APTES/600. Two groups can be identified when evaluating the 

conversion. For NiA2TMEDA/600 and NiA2AE/600 the conversion is very similar and 

exhibit with 0.18 and 0.19 the lowest measured values. In contrast, the other samples 

show considerable higher conversions ranging at 400 °C from 0.40 for NiA2APD/600 

to 0.49 for NiA4APTES/600 in the order NiA2APD/600 – NiA2APTES/600 – 

NiA4APTES/500 – NiN4APTES/600 – NiA4APTES/600. However, at low reactions 

temperatures from 250 °C to 350 °C the sample NiN4APTES/600 is clearly most 

effective. Following trends can be observed: the conversion increases when using 

APTES as CLA; increasing the complexing to nickel ratio from 2 to 4 improves the 

activity; the pyrolysis temperature has no influence on the conversion; and finally, 

using nickel nitrate as nickel precursor leads to superior conversion at low 

temperatures. 



 

 156 Chapter 7 In situ Formation of Ni Particles for CO2 Methanation 

 
Figure 7.8 Conversion of carbon dioxide XCO2 (a) and selectivity towards methane SCH4 (b) tested in 
CO2 methanation for different cross-linking agents, nickel precursors and pyrolysis temperatures. 

In contrast to the conversion, clustering of samples into groups is not possible for the 

selectivity towards methane. Some trends are obvious for the selectivity: APTES 

shows the best selectivity of all investigated CLAs and increasing the complexing 

group to nickel ratio. Changing the nickel precursor to nickel nitrate as well as 

reducing the pyrolysis temperature to 500 °C leads to superior selectivity in the 

temperature range of 250 °C to 350 °C. Exemplary stability test of sample 

NiA4APTES/600 at 400 °C for 10 h under reaction conditions shows that 91 % and 

88 % can be preserved for carbon dioxide conversion and methane selectivity, 

respectively. 

 

7.5 Discussion 

7.5.1 Influencing Factors on Ni Particle Size 

Most obviously, the pyrolysis temperature influences the nickel particle size. Higher 

temperatures facilitate the growth of nickel particles by diffusion and mechanisms 

such as Ostwald ripening. Though the pyrolysis temperature has an effect on the 

particle size, it is not the strongest influencing factor. The binding of nickel ions to 

the polymeric Si-O chain might be the reason for the comparable small increase of 

particle size with increasing temperature. Bazarjani et al. synthesized nickel particles 
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of 2 nm to 3 nm using a nickel containing polysilazane precursor [34]. Covalent bonds 

of the nickel complex with the polysilazane were found. The presence of nickel has a 

strong impact on the resulting microstructure. By reducing the barrier for 

heterogeneous pore nucleation as well as reducing the viscous flow of the pores, 

nickel nanoparticles lead to the pronounced development of porosity (BET SSA of 

215 m2·g–1). Furthermore, the formation of turbostratic carbon is catalyzed by nickel. 

While Bazarjani et al. used polysilazanes which provide very active functional groups, 

in the present work relatively inactive polymethylsiloxane acts as precursor. Hence, 

the binding of the nickel to the polymeric network is only possible by the 

condensation reaction of cross-linking active OH-groups. However, this argument is 

only valid for samples where the functionality of complexing and cross-linking is 

combined in one molecule. Thus, a connection of the nickel ion to the polymeric chain 

can be assumed as it was reported previously [11, 13, 35]. This is not true for the 

sample NiA2TMEDA/600 where the complexing agent TMEDA has no cross-linking 

active groups. Consequently, binding of the complexed nickel ions to the polymeric 

chain is not possible. Consequently, the highest observed particle size and broadest 

particle size distribution among all studied samples was found for NiA2TMEDA/600.  

In contrast, the CLAs APD, APTES and AE provide binding of the nickel ions to the 

polymeric chain. Among them, AE exhibits the largest nickel particles and APTES the 

smallest. Since each AE molecule has two complexing groups and according to the 

ratio complexing group/nickel of 2, each AE molecule is attributed to one nickel ion. 

Whereas two molecules of APD and APTES are attributed to one nickel ion, 

respectively. Additionally, attribution of two APTES and APD molecules to one nickel 

ion results in 6 and 4 cross-linking active groups per nickel ion, respectively. 

Compared to the 3 cross-linking active groups of AE, APD and APTES have a higher 

possibility to bind to the polymer chain. Furthermore, steric considerations suggest 

that it is more likely for APTES and APD complexed nickel ions to get bound to the 

polymer chain. A better distribution of cross-linking active groups around the ion is 

supposed to be the reason. Apparently, not only the complexing ability but also the 

capability to anchor the complex to the polymer chain is an influencing factor. By 

comparing the particle sizes of APTES (d = (3.91 ± 3.30) nm) and APD 

(d = (4.94 ± 4.42) nm) this becomes obvious. With 3 cross-linking active groups it is 
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more likely for APTES to bind to the polymer chain than it is for APD with only 2 

groups.  

Increasing the ratio of cross-linking active group to nickel from 2 to 4 in case of APTES 

as CLA decreases the nickel particle size. Usually, the coordination number of nickel 

is 6. Hence, it can be assumed that an increase of the ratio from 2 to 4 in case of APTES 

as CLA results in a more effective complexing and/or a more effective binding to the 

polymer chain leading to smaller nickel particles. The exact contribution of each 

single effect (complexing and binding) could not be clarified in this work. 

Finally, also the nickel precursor influences the particle size. Organic ligands are 

reported to result in higher dispersion compared to nitrate in case of cobalt in 

impregnation methods [19, 36]. On the other hand, general problems of nitrate as 

precursor such as sintering and redistribution of nickel during calcination causing 

inferior dispersion which are reported for impregnation methods are not observed for 

the solution-based freeze casting method [8, 19]. The chelating character of the 

acetylacetonate anion provides the possibility for acetylacetonate to complex nickel 

ions and hence to block complexing sites even in solution. In contrast, nickel nitrate 

completely dissociates into ions when in solution. Consequently, complexing of 

nickel ions by the complexing agent is facilitated for the dissociated nickel nitrate. 

Thus, it is more likely that nickel ions are bound to the polymeric chain when using 

nickel nitrate compared to nickel acetylacetonate. Furthermore, nickel acetyl-

acetonate is composed of 3 nickel ions complexed by 6 acetylacetonate ligands. 

Whereas nickel nitrate consists of a single nickel ion. Hence, the presence of single 

nickel ions might be an additional reason for the better dispersion observed for nickel 

nitrate.  

 

7.5.2 Catalytic Performance 

The nickel particle size and dispersion are found to be the most influencing factors 

on the carbon dioxide conversion at a constant metal loading. The order of conversion 

reflects very well the order of nickel particle size with smaller nickel particles 

enhancing the conversion. In contrast to the findings of Macedo et al. no influence of 

the pyrolysis temperature was found [17]. Furthermore, the increase of 50 m2·g–1 in 

BET surface area was found to have no impact. Due to the presence of mainly 
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micropores generating the high BET surface area, diffusion limitation of reactants in 

micropores can be assumed.  

For CO2 hydrogenation, it is reported that the nickel particle size has an influence on 

the catalytic pathway and consequently on the selectivity [2]. In this study, a trend of 

increasing selectivity towards methane with decreasing nickel particle size was 

observed Most research found that increasing nickel size leads to higher selectivity 

towards methane [37-39]. Though, there are also studies reporting higher carbon 

monoxide selectivity with increasing nickel size [40]. The suggested mechanism bases 

on the carbon monoxide dissociation at highly uncoordinated sites present on steps 

of nickel [41]. While strong carbon monoxide adsorption at edges could enable direct 

methanation of carbon dioxide, nickel faces mainly produce carbon monoxide. On 

nickel faces carbon monoxide desorbs prior to methanation. Since smaller nickel 

particles are supposed to exhibit larger percentage of uncoordinated sites their 

selectivity towards methane is higher. This mechanism is in accordance with studies 

investigating nickel on supports with weak interaction [42, 43]. While supports with 

a strong support metal interaction such as titania and Nb2O5 are characterized by their 

reducibility, SiOC can be filed to the class of supports with weak support metal 

interaction such as silica [44].  

The reference catalyst performs similar to the ones prepared using TMEDA and AE as 

cross-linking agent. The higher hydrophobicity and the smaller nickel particles of the 

polymer-derived catalysts are reasons for the better performance of the polymer-

derived catalyst. Furthermore, the highly porous structure of the polymer-derived 

ceramic sample particles shown in Figure 7.3 (h) provides a higher number of 

accessible nickel sites compared to the dense silica particles.  

The reduced conversion during the stability test is most likely due to the increased 

nickel size and carbon deposition [44]. Though moderate sintering is taking place, the 

confinement of the nickel within the matrix is supposed to help preventing severe 

sintering by suppressing the mobility of nickel atoms.  
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7.6 Conclusions 

Micro- and macroporous nickel containing monoliths were prepared by solution-

based freeze casting of polymethylsiloxanes. The screening of four different 

complexing and cross-linking siloxanes with amino functionality revealed that 

(3-aminopropyl)triethoxysilane (APTES) is most efficient in creating small and well 

dispersed nickel particles. The formation of micropores due to the decomposition of 

organic groups of the polymer gives reason for the high BET surface area of around 

400 m2·g–1. Increasing the ratio of complexing groups to nickel improves the 

dispersion of nickel particles. The dispersion is further enhanced for changing the 

nickel precursor from nickel acetylacetonate to nickel nitrate. Catalytic tests of CO2 

methanation show a dependence of the carbon dioxide conversion and methane 

selectivity mainly on the nickel particle size. Furthermore, selectivity towards 

methane improves with decreasing particle size up to a value of 0.74. According to 

the mechanism, the adsorption of carbon monoxide is supposed to be stronger at 

nickel edges, whereas on faces carbon monoxide desorbs before methanation. Hence, 

methane generation is higher for smaller particles which exhibits more edges. 

Compared to nickel impregnated on silica, the polymer-derived catalysts show better 

conversion and selectivity. The highly porous structure of the polymer-derived 

ceramic samples might provide a better mass transport compared to the impregnated 

catalyst.  

This research shows promising catalytic activity of nickel containing polymer-derived 

ceramics for CO2 methanation tested in a packed bed reactor and opens up several 

potential approaches to further optimize monolithic metal containing polymer-

derived ceramics, e.g. heat and mass transfer considerations can be easily addressed 

by adapting the pore structure.  
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8 Summarizing Discussion 

This section provides a summarizing discussion of the most important findings in a 

concise way. For detailed explanations, it is referred to the corresponding chapters. 

Additionally, aspects which spread over multiple publications and thus were not yet 

taken a closer look at are discussed. 

In the first part of this work (see chapter 4 on pages 60 to 84), the fundamental 

relationships between the process parameters and the resulting pore structure and 

properties have been evaluated. This knowledge is crucial for the subsequent 

development of the pore structure according to the requirements of capillary 

transport and heterogeneous catalysis. The influence of the addition of preceramic 

(SiOC) and ceramic (silica, alumina) filler particles on the resulting pore structure and 

properties such as hydrophilicity, strength and specific surface area was investigated. 

Especially for the application in capillary transport, the increase of the mechanical 

strength was a key requirement.  

To alter the specific surface area and the hydrophilicity, preceramic filler particles 

with widely differing properties were added. These altering properties were realized 

by controlling chemical composition of the filler particles. Due to micropores which 

are formed during pyrolysis by decomposition of organic groups, the preceramic 

fillers H1 (H44; 1 mol% AP), H50 (H44; 50 mol% AP) and M1 (MK; 1 mol% AP) show 

very high BET surface areas of (607 ± 3) m2·g–1, (546 ± 1) m2·g–1 and (451 ± 1) m2·g–1, 

respectively. The phenyl group in the polymethylphenylsiloxane H44 (H1, H50) 

decomposes below 600 °C, whereas the methyl groups in H44 and MK (M1) are not 

decomposed at 600 °C [1]. Therefore, the use of phenyl containing H44 results in 

higher BET surface areas compared to polymethylsiloxane MK [2, 3]. Since pure 

APTES has a BET surface area of 350 m2·g–1, a decreasing BET surface area was found 

in literature for the addition of APTES to MK [4]. This can also be observed when 

comparing the fillers H1 (1 mol% AP) and H50 (50 mol% AP). Due to the absence of 

microporosity, the ceramic filler particles (silica spheres and alumina platelets) show 

a very low BET surface area and consequently the overall BET surface area of the 

monolithic samples is reduced.  
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Filler particles not only differ in BET surface area, but also in their hydrophilicity. Due 

to the decomposition of the hydrophobic phenyl groups at 600 °C, the preceramic 

fillers H1 and H50 show hydrophilic behavior [1, 5]. Additionally, an increase of the 

APTES concentration in the filler particles enhances the hydrophilicity. Almost all 

amino groups of APTES are decomposed at 600 °C, leading to the formation of 

hydrophilic silica [4]. In contrast to H1 and H50, M1 is not composed of phenyl groups, 

but of methyl groups which are thermally more stable and decompose at 600 °C to a 

lower extent [1]. Hence, M1 retains its hydrophobic surface character at 600 °C. As a 

result of the microporous matrix material, filler particles are not sealed by the 

surrounding matrix. Thus, highly precise tailoring of the BET surface area and the 

hydrophilicity in a wide range is possible by adjustment of the filler concentration 

and the filler composition. In addition, calculations based on a linear rule of mixture 

show very good agreement with the experimental results in the case of 

homogeneously distributed particles.  

Besides influencing physical properties, filler particles with spherical and non-

spherical shape have been used to increase the mechanical stability. As it is 

characteristic for cyclohexane, the usage of cyclohexane as solvent leads to a 

dendritic pore morphology [6, 7]. The mean pore window size and the open porosity 

is in the range of 13 µm to 21 µm and 60 % to 65 %, respectively. The consistency of 

these parameters indicate no influence of the addition of filler particles on the pore 

size distribution, the mean pore size and the open porosity. In the structure without 

filler particles, primary and secondary dendrites can be easily identified. Whereas 

with increasing content of filler particles, the isotropy of the structure is enhanced. 

Naviroj et al. assume that suspended particles are disrupting the dendritic 

solidification structure by inducing noise ahead of the freezing front [7]. Sufficient 

noise ahead of the freezing front disrupts the growth of the dendrite tips and affects 

the solidification microstructure [8]. Hence, fractal patterns are created instead of 

regular ones. By creating small temperature fluctuations and direct contact, particles 

located at the dendritic tip can act as noise.  

Apart from porosity and pore size, the pore morphology directly influences the 

mechanical properties of freeze cast samples [9]. The addition of 25 vol% of filler M1 

improves the compressive strength by a factor of 1.9 for a pyrolysis temperature of 

1000 °C. Whereas, the increase of filler particles to 50 vol% leads to a decrease of 
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strength. The increase in strength is attributed to a change in the pore morphology 

showing enhanced isotropy. Another aspect is the reduction of elongated pores. 

Assuming a discrepancy between the axis of pores and the axis of the applied load, 

the resistance against load out of crystal axis is increased by both of these structural 

aspects. Load out of crystal axis results in shear stress between single pore channels. 

In filler free samples, the pore walls between elongated pore channels are rather thin 

leading to a low resistance. In contrast, addition of filler reduces this weak points by 

enhancing the isotropy and diminishing elongated pores. Changing the composition 

of the preceramic filler particles from M1 to H1 and H50 reduces the strengthening 

effect. Due to different decomposition of H1 and H50 compared to the matrix, crack 

formation around the filler particles during pyrolysis is assumed to result in less 

enhancement. 

Comparing the manufactured solution-based structures of this work with polymer-

derived ceramics prepared by suspension-based freeze casting reveals that the 

solution-based freeze casting process results in considerable superior mechanical 

stability. At very similar compositions, suspension-based structures show a 

compressive strength of 1.6 MPa to 5.9 MPa whereas the solution-based structures of 

this work lead to a strength of up to 67.5 MPa [10]. Two aspects are contributing to 

the drastically increased strength. First, the suspension-based samples are 

characterized by single particles with a small amount of binder which provides only a 

reduced contact between the particles. Contrary, in solution-based freeze casting the 

structure is composed of a homogeneous and continuous solid. Secondly, the pore 

morphology is different. The suspension-based samples were prepared with water 

whereas cyclohexane was used in solution-based freeze casting. Although it is 

difficult to exactly determine the impact of the pore morphology when comparing 

solution- and suspension-based freeze casting, it is reasonable to assume that the 

ramified dendritic structure of cyclohexane is superior to the lamellar and almost 

layered structure of water.  

No well-known strengthening/toughening mechanisms, such as crack deflection and 

crack bridging are observed for the addition of alumina platelets. At low filler 

concentrations (1.7 vol%), the addition of platelets is more effective than the addition 

of spherical particles. Hence, at the same concentration the platelets manipulate the 

pore morphology to a greater extend. Besides having a slightly higher particle size, 
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the platelets exhibit a highly different shape compared to the spherical fillers. It can 

be assumed, that the platelet like shape creates more noise at the freezing front, 

resulting in higher disruption of the dendrite tips. 

However, increasing the content of alumina platelets to 3.5 vol% induces crack 

formation as shown in chapter 4.4.1.2 on page 71. Crack formation is caused by the 

difference in the coefficient of thermal expansion between the matrix and the 

alumina platelets [11]. 

The knowledge of the possibilities to alter the pore structure by adding fillers is a 

great base to manufacture and test porous monoliths in two relevant fields of 

application: capillary transport and heterogeneous catalysis. In the context of the 

capillary transport, the relation between wicking performance and properties which 

are characterizing the porous structure such as porosity, pore window size and pore 

morphology is a key aspect which is elucidated in the second part of this work (see 

chapter 5 on pages 85 to 116). Besides filler-free and filler containing (50 vol%) 

samples which were produced with cyclohexane as solvent and already have been 

described in the first part of this work (see chapter 4 on pages 58 to 84), prismatic 

structures were obtained by using tert-butyl alcohol as solvent.  

In general, the wicking behavior depends on the pore structure and the first time steps 

are mostly influenced by the viscous force, whereas for longer times the influence of 

the gravity becomes more significant [12]. The tested samples differ in pore window 

size (11 µm to 21 µm), porosity (60 % to 79 %) and pore morphology (dendritic and 

prismatic). The fastest wicking and the strongest influence of gravity was recorded for 

the sample with the highest porosity and the highest pore window size which equals 

to the highest permeability. Though exhibiting a very similar pore window size and 

porosity, the isotropic dendritic structure (CH40/50) wicks considerable faster than 

the prismatic structure (TBA40/0). The differences in pore morphology result in a 

higher permeability and consequently in a lower influence of the viscous force for the 

isotropic dendritic structure. This implies that the isotropic dendritic pore 

morphology has a higher ability of liquid flow compared to the prismatic pore 

morphology. Generally, it turns out that the sample with the highest viscous 

resistance has the slowest imbibition rate, while the smallest viscous resistance 
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results in a high imbibition rate. In addition, the samples with the highest influence 

of gravitation have the biggest change in the slope during wicking.  

It has to be noted, that there is no general optimum of the wicking speed. Both, fast 

as well as slow wicking have application areas. While small pore sizes with slow 

wicking are beneficial for phase separation purposes e.g. separation of liquid fuels 

from vapor, fast wicking caused by high porosity and large pores is used in the context 

transport, e.g. transport of liquid fuel to the engine. In specific applications, both 

functions should be provided by one component. In this case, either a compromise 

has to be found or the component needs to be composed of multiple sections with 

different pore structures. 

Prediction of the wicking was performed using the Lucas-Washburn equation. This 

approach simplifies the pore structure to a bundle of capillaries which is described by 

three macroscopic parameters: the open porosity, the permeability and the static 

radius [12-15]. In this study, the static radius equals the pore window radius. When 

considering the permeability which was obtained by the Darcy experiment KDarcy, the 

prediction underestimates the wicking experiment. Thus, it can be concluded that, 

despite independently determined macroscopic parameters, the Lucas-Washburn 

equation does not predict the imbibition rate correctly. In contrast, the prediction 

which uses the permeability obtained by fitting the wicking curve Kwicking shows a good 

accordance with the experimental data for the prismatic (TBA40/0), the isotropic 

dendritic (CH40/50) and the dendritic structure with a porosity of 79 % (CH20/0). This 

can be attributed to the fact, that in this case the permeability is a fitting parameter 

determined from the first mass increase of the imbibed mass of the wicking 

experiment. Thus, a match at initial wicking is ensured.  

However, the dendritic structure with a porosity of 61 % (CH40/0) behaves differently 

compared to the prediction. The experimental curve does not show the typical Lucas-

Washburn behavior. After an initial coincident mass increase, further progression is 

characterized by a linear mass increase. Furthermore, removing the closed external 

surface results in an increase of the imbibition rate of 20 %. Hence, the external open 

surface favors the imbibition of the liquid into the dendritic structure with a porosity 

of 61 % [15-18]. A linear wicking curve was observed in other wicking investigations, 

too [14]. The authors explained the linear course with an additional pressure created 
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in a superheated structure by the evaporating liquid, which could not escape fast 

enough from the pore network. However, the samples in the present work are not 

superheated and consequently the evaporation of liquid can be neglected. Thus, 

structural features are supposed to cause the abnormal wicking behavior. At higher 

magnifications of the SEM images in Figure 5.4 (see page 98), it can be observed, that 

some pores of the dendritic low porous structure (CH40/0) seem to be closed. As a 

result, the reduced available number of transport routes for the liquid slows down the 

wicking. Especially, the interface between clusters of internally aligned pores is 

supposed to be prone to reduced flow by the lack of interconnectivity. 

Therefore, eliminating the interfaces between clusters by changing the freezing 

condition from non-unidirectional to unidirectional freezing was investigated (see 

chapter 6 on pages 117 to 140). Unidirectional freezing ideally provides a fully aligned 

pore structure with dendrites or prismatic pore channels running from bottom to top 

without any interruption. Wicking tests of prismatic and dendritic structures with two 

different porosities of approx. 80 % and 60 % revealed no linear section. Hence, the 

absence of a linear section in wicking curves of the dendritic structures with a low 

porosity (CH40-20, CH40fast and CH40slow) supports the assumption of limited 

interconnectivity causing the linear wicking behavior.  

To qualitatively confirm the hypothesis of limited interconnectivity in dendritic 

structures, µ-CT scans of non-unidirectional and unidirectional frozen samples were 

performed. High resolution CT scans with a pixel size of 2 µm ensure a representative 

reconstruction of the pore structure. As the first step to judge the interconnectivity 

between aligned pore clusters, each primary dendrite with its corresponding direction 

and complete pore volume which includes secondary dendrites has to be identified. 

This allows to identify the interface between clusters of different orientation. And 

finally, the transition pore volume between different clusters which was defined as 

the measure of interconnectivity can be determined. Following image processing 

steps have been performed to implement this approach: binarisation thresholding, 

calculation of the Euclidean distance transform, discrimination of Euclidean distance 

transform, 3D skeletization via thinning algorithm, classification of vectors which are 

associated to the direction of primary dendrites, reconstruction of skeleton lines of 

primary dendrites which were separated due to the elimination of intersection points, 

calculation of average distance between dendrites in one cluster, successive dilation 
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of dendrites, seeded-watershed algorithm, multiplication of the watershed transform 

with the binary image, dilatation of the pore volume and summing up in one image.  

The reconstruction of the CT-scans for a non-unidirectional and for an unidirectional 

frozen sample is shown in Figure 8.1 (a) and (b), respectively. Furthermore, the 

determined skeleton lines of the primary dendrites are displayed in Figure 8.1 (c) and 

(d). Even without any further anlysis of the data, it can be seen that the non-

unidirectional frozen sample exhibits primary dendrites with various orientations. In 

contrast, the primary dendrites in the unidirectional frozen sample are fully aligned 

in only one direction. 

 

Figure 8.1 Reconstruction of the CT-scans of a (a) non-unidirection and of an (b) unidirectional 
frozen sample; skeleton lines of the primary dendrites in a (c) non-unidirectional and in a (d) 
unidirectional frozen sample. 

(a) (b)

Dimensions:
0.96 x 0.96 x 0.96 mm3

Dimensions:
0.96 x 0.96 x 0.96 mm3

(c) (d)

Dimensions:
0.96 x 0.96 x 0.96 mm3

Dimensions:
0.96 x 0.96 x 0.96 mm3
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The analysis of the orientation of the primary dendrites is shown in Figure 8.2. In case 

of the non-unidirectional frozen sample, the orientations of the primary dendrites are 

clustered. Each cluster is indicated by a red arrow. Hence, multiple orientations of 

primary dendrites exist which can be attributed to the presence of different clusters 

of aligned pore areas. In contrast, the unidirectional frozen sample exhibits only one 

single orientation. Hence, the pore structure is fully aligned and the primary 

dendrites running through the whole sample without any interruption. These 

findings on the alignment of pores and the difference between non-unidirectional 

and unidirectional freezing confirm the results presented in chapter 5 and 6 (see 

pages 85 to 116 and 117 to 140). 

 

Figure 8.2 Representation of the orientation of the primary dendrites for the (a) non-unidirectional 
and (b) unidirectional frozen sample. 

In order to determine the interface between clusters of aligned pores, the pore volume 

of each pore channel which consists of the primary dendrite and the corresponding 

secondary dendrites needs to be identified. The result of this segmentation is shown 

in Figure 8.3 for the non-unidirectional frozen sample. 
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Dimensions:
0.96 x 0.96 x 0.96 mm3

 

Figure 8.3 Segmentation of the pores in the non-unidirectional frozen sample. 

Since the unidirectional structure does not show an interface between clusters, the 

pore volume at the interface which can be attributed to two different clusters (red) is 

shown in Figure 8.4 (a) only for the non-unidirectional frozen sample. For a better 

comprehensibility, Figure 8.4 (b) depicts only three clusters with the corresponding 

transition volume (red). It becomes clear that distinct transition volumes between the 

clusters exist throughout the whole structure. Hence, different clusters of aligned 

pores are connected with each other. But as it can be seen especially in Figure 8.4 (b), 

the connection between clusters is limited to distinct points. There is no continuous 

transition of the pore structure from one cluster to another. Consequently, porosity 

of the interface is reduced and it acts as a throttle in mass transport applications. 

These findings are in accordance with experimental results of a wicking test at non-

unidirecetional and unidirectional structures which show a significantly slower 

wicking for the non-unidirectional sample (see chapters 5 and 6 on pages 85 to 116 

and 117 to 140). 

As these investigations are preliminary, only qualitative and no quantitative 

statements are reasonable. Nevertheless, the presented data proves that the 

interconnectivity between clusters with different pore orientations is an influential 

feature of freeze cast monoliths. Especially, for mass transport applications this 

aspect should not be neglected as it can have a significant impact on the performance. 
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(a) (b)

Dimensions:
0.96 x 0.96 x 0.96 mm3

 

Figure 8.4 (a) Transition volume between clusters of different orientation (red) for the non-
unidiectional frozen sample; (b) three extracted clusters with the corresponding transition volume 
(red). 

Additionally to the unidirectionality, gradients in the pore window size have been 

avoided by changing the freezing conditions from constant freezing temperature 

(CFT) to constant freezing velocity (CFV). Furthermore, the influence of both freezing 

conditions on the wicking was investigated. Constant freezing temperature 

conditions are characterized by a clear decrease of freezing front velocity with time. 

The thermal resistance increases with progressing freezing front and leads to a 

decrease of the thermal gradient at the freezing front [19]. Consequently, the freezing 

front velocity decreases with time and results in an increasing pore window size from 

bottom to top of factors between 1.2 and 3.5. This correlation was also reported in 

literature for suspension-based freeze casting using water as liquid phase [20]. 

Furthermore, a gradient in pore window size creates a gradient in the driving force for 

wicking which changes the wicking speed additionally to the influence of gravity. 

When adapting the temperature program, two different constant freezing front 

velocities were achieved indicated by an almost constant slope. The realized freezing 

front velocities are influenced by the composition of the solution and differ from 

3.3 µm·s–1 to 6.8 µm·s–1. Constant freezing front velocities over the complete height 

of the sample are easier to achieve for slow freezing front velocities. Depending on 

the solvent, the freezing front velocity deviates to higher or lower velocities. Due to 

different melting points of TBA (Tm = 23 °C to 26 °C) and CH (Tm = 6.5 °C) the thermal 

gradient at initial freezing (0 °C) is higher for TBA compared to CH.  
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A constant freezing front velocity generates a homogeneous pore window size as 

observed for most of the samples frozen at CFV conditions. Deviations from the 

constant pore window sizes in CFV conditions are caused by locally different freezing 

front velocities. Following theoretical considerations, decreasing the freezing front 

velocity from CFV slow to CFV fast conditions results in an increase of the pore 

window diameter by 14 % to 67 %. In addition, samples with higher solid loading are 

more sensitive to variations in freezing front velocity and allow for a larger range of 

achievable pore window sizes. At low solid loadings which are connected to large pore 

window sizes, the thermodynamics of crystal growth are assumed to reduce the 

increase of pore window size with decreasing freezing front velocity. Furthermore, 

small pore window sizes at low solid loading are difficult to achieve due to the 

dependence of the pore window size on the solid loading. In contrast, decreasing the 

freezing front velocity to obtain larger pores at high solid loading is easily possible.  

In wicking tests, samples frozen at higher velocity reach the saturation mass faster 

for all compositions. A higher freezing front velocity is connected to a smaller pore 

window size which results in faster wicking according to Equation 6.2. In agreement 

with Equation 6.3, a smaller pore window size is also related to a lower permeability 

which decreases the wicking speed. However, the wicking results indicate that this 

decrease in permeability is not sufficient to compensate the increase in wicking speed 

caused by a small pore window size. In general, the wicking into the dendritic pore 

structure is slower than into the prismatic structure. Secondary dendrites which are 

perpendicular to primary ones need to be filled during wicking by flow through 

primary dendrites. Hence, in the dendritic pore morphology a higher pore volume has 

to be filled through smaller pores compared to the prismatic structure of the TBA 

samples. As already described above, the Lucas-Washburn equation assumes a bundle 

of aligned capillary tubes of the same radii. This assumption only holds for the 

prismatic pore structure and an open porosity of approx. 75 %. Decreasing the 

porosity to approx. 60 % or even changing to a dendritic pore structure leads to a 

pronounced overestimation of the wicking speed by the analytical solution. In 

addition to the findings on non-unidirectional structures (see chapter 5 on pages 85 

to 116), also the wicking of unidirectionally solidified structures can be predicted by 

the Lucas-Washburn equation only for pore structures which exhibit a very specific 

set of properties.  
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The second part of this work has shown that the knowledge of the relationship 

between structural properties and the resulting wicking behavior combined with the 

flexibility of the solution-based freeze casting process enables to tailor porous media 

in a wide range (see chapter 5 and 6 on pages 85 to 140). This knowledge is 

fundamental when applying solution-based freeze cast structures. Consequently, a 

large variety of applications correlated to mass transport (e.g. filtration, storage, 

adsorption) can be approached and optimized structures can be developed when 

considering the fundamental findings of this work. Especially, the precise control of 

the pore structure by means of composition as well as freezing conditions gives many 

degrees of freedom in designing optimized and very specific structures. Besides in 

capillary transport applications, control of the pore structure is also essential for 

monolithic catalysts. Nevertheless, the efficient design of the pore structure is only 

one task on the way to a monolithic catalysts. First, it has to be ensured that the 

underlying principles and processes of manufacturing a porous metal containing PDC 

monolith are understood and controllable. Additionally, the catalytic activity without 

the influence of the macroporous monolith has to be evaluated to generate a 

benchmark for the optimization of the monolithic catalyst. 

These basic investigations are described in the third part of this work (see section 7 

on pages 141 to 162). The first aspect was the adaption of the one step in situ 

formation of nickel particles from the known reflux synthesis to solution-based freeze 

casting by selecting an effective complexing- and cross-linking agent. The applied 

complexing and cross-linking agents (CLAs) differ in the ratio between complexing 

groups (R’NH2, R’2NH and R’3N) and cross-linking active groups (OR). The ratio ranges 

from 0 (Tetramethylethylenediamine, TMEDA) to 1/2 ((3-aminopropyl)diethoxy-

methylsilane, APD), 1/3 ((3-aminopropyl)triethoxysilane, AP) and 2/3 

((2-aminoethyl)-3-aminopropyltrimethoxysilane, AE). In the case of catalytic 

reactions involving water such as the CO2 methanation, the hydrophilicity of the 

structure is influencing the catalytic performance. As Si containing CLAs mainly add 

additional hydrophilic SiO units to the pyrolyzed structure, the choice of the CLA 

impacts on the hydrophilicity [4, 21]. APD and APTES exhibit one silicon atom per 

complexing amino group. In contrast, AE includes only 0.5 silicon atoms per amino 

group and TMEDA has no silicon atoms at all. Therefore, the ratio of vapor adsorption 
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is similar for samples with APD and AP. In contrast, the sample with TMEDA which 

has no additional hydrophilic SiO units exhibits the lowest hydrophilicity.  

Most obviously, the pyrolysis temperature influences the nickel particle size. Higher 

temperatures facilitate the growth of nickel particles by diffusion and mechanisms 

such as Ostwald ripening. Besides the pyrolysis temperature, further aspects 

influence the nickel particle size. The binding of Ni ions to the polymeric Si-O chain 

might be the reason for the comparable small increase of particle size with increasing 

temperature. This argument is only valid for samples where the functionality of 

complexing and cross-linking is combined in one molecule. Thus, a connection of the 

nickel ion to the polymeric chain can be assumed as it was reported previously [22-

24]. This is not true for the sample with TMEDA where the complexing agent TMEDA 

has no cross-linking active groups. Consequently, binding of the complexed nickel 

ions to the polymeric chain is not possible. As a result, the highest observed particle 

size and broadest particle size distribution among all studied samples is present for 

TMEDA. In contrast, the CLAs APD, APTES and AE provide binding of the nickel ions 

to the polymeric chain. Among them, AE exhibits the largest nickel particles and 

APTES the smallest. Since each AE molecule has two complexing groups and 

according to the ratio complexing group to nickel of 2, each AE molecule is attributed 

to one nickel ion. Whereas two molecules of APD and APTES are attributed to one 

nickel ion, respectively. Additionally, the attribution of two APTES and APD 

molecules to one nickel ion results in 6 and 4 cross-linking active groups per nickel, 

respectively. By comparing the particle sizes of APTES (d = (3.91 ± 3.30) nm) and APD 

(d = (4.94 ± 4.42) nm), the impact of the available cross-linking active groups becomes 

obvious. Compared to the 3 cross-linking active groups of AE per nickel ion, APD (4 

cross-linking active groups per nickel) and APTES (6 cross-linking active groups per 

nickel) generally have a higher possibility to bind to the polymer chain. Furthermore, 

steric considerations suggest that it is more likely for nickel ions which are complexed 

by APTES and APD to get bound to the polymer chain. A better distribution of the 

cross-linking active groups of the CLA (2 molecules of APD/APTES per nickel vs. 1 

molecule of AE per nickel) around the ion is supposed to be the reason. Apparently, 

not only the complexing ability but also the capability to anchor the complex to the 

polymer chain is an important factor.  
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The second aspect in this thematic area was the improvement of the catalytic activity 

by adapting following process parameters: increasing the ratio of nickel to 

complexing groups from 2 to 4, changing the nickel ligand from acetylacetonate to 

nitrate and decreasing the pyrolysis temperature from 600 °C to 500 °C. As already 

mentioned, lower pyrolysis temperatures lead to smaller nickel particles due to 

suppressed diffusion. Also increasing the ratio of nickel to complexing agent 

facilitates the formation of smaller nickel particles. More complexing and cross-

linking groups provide a better complexing and simultaneously increase the 

probability of a complexed nickel ion to be bound to the polymeric chain. The 

chelating character of the acetylacetonate anion provides the possibility for 

acetylacetonate to complex nickel ions and hence to block complexing sites even in 

solution. In contrast, nickel nitrate completely dissociates into ions when in solution. 

Consequently, complexing of nickel ions by the complexing agent is facilitated for the 

dissociated nickel nitrate.  

The catalytic activity was assessed in a packed-bed reactor on sample powders. 

Concerning the carbon dioxide conversion, the nickel particle size and dispersion are 

the most influencing factors. The order of carbon dioxide conversion and methane 

selectivity reflects very well the order of the nickel particle size with smaller nickel 

particles enhancing the conversion and the selectivity. For carbon dioxide 

hydrogenation, it is reported that the nickel particle size has an influence on the 

catalytic pathway and consequently on the selectivity [25]. Most research states that 

increasing nickel size leads to higher selectivity towards methane [26-28]. Though, 

there are also studies which report higher selectivity towards carbon monoxide with 

increasing nickel size [29]. The suggested mechanism bases on the dissociation of 

carbon monoxide at highly uncoordinated sites present on steps of nickel [30]. While 

the strong adsorption of carbon monoxide at edges could enable direct methanation 

of carbon dioxide, nickel faces mainly produce carbon monoxide due to the desorption 

of carbon monoxide prior to methanation. Since smaller nickel particles are supposed 

to exhibit a larger percentage of uncoordinated sites, their selectivity towards 

methane is higher. This mechanism is in accordance with studies investigating nickel 

on supports with weak interaction [31, 32]. While supports with a strong support 

metal interaction such as titania and Nb2O5 are characterized by their reducibility, 

SiOC can be filed to the class of supports with weak support metal interaction like 
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also silica [33]. In general, the in situ formation of nickel particles in polymer-derived 

ceramics shows promising carbon dioxide conversion (up to 0.49) and methane 

selectivity (up to 0.74) in CO2 methanation assessed in a packed bed reactor.  

Although supports such as samarium(III) oxide or ceria outperform SiOC as support, 

the feature of inherent catalytic activity of the presented catalysts is a reasonable 

advantage compared to a support which requires a coating. Especially at varying 

temperatures together with differences in the thermal expansion coefficient between 

support and washcoat flake-off of the catalytic layer is a very critical aspect. 

Degradation of the catalyst performance and the damage of downstream equipment 

are potential harmful consequences [34-36]. Additionally, abrasive conditions such as 

high gas velocities or the presence of particles in the stream may cause erosion of the 

washcoat and consequently dropping catalytic conversion [37]. As a result, the 

inherent catalytic activity of metal containing SiOC structures makes them a highly 

promising alternative for reactions at specific severe conditions such as largely 

varying temperatures or abrasive conditions. 

Due to the superior heat- and mass transport properties, monolithic heterogeneous 

catalysts are high potential alternatives to packed-bed reactors. Although the 

catalytic performance of a monolithic catalyst was not assessed within this work, the 

macroporous structure of the catalyst particles provides a relatively large accessible 

surface area. As compared to dense particles with a mesoporous washcoat, hampering 

of the reaction due to mass transport limitation is very unlikely and needs no 

consideration. In order to take full advantage of the monolithic catalysts a multi-

objective optimization problem has been solvend and the resulting design guidelines 

have been reported in the literature [38]. Since the catalysts needs to be optimized 

according to the specific reaction and the actual operating conditions, only general 

guidelines are given in the following. Small pore window diameters below 1 mm 

provide large specific surface area. Hence, a high space-time yield can be obtained. 

To prevent thermal runaway in exothermic reactions due to a lack of thermal 

conductivity of the structure the porosity needs to be carefully adapted. Despite the 

small pore windows, high pressure losses are avoided due to the relatively high 

porosity. For example, in case of carbon dioxide methanation in porous sponges it 

was found that at a constant pore window size of 200 µm, the porosity should decrease 

from 90 % to 70 % in the radial direction core to shell [38]. All the mentioned 
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guidelines can be addressed in solution-based freeze casting with the knowledge of 

the fundamental relationship between processing parameters and resulting pore 

structure as it is presented in the first and second part of this work (see chapter 4, 5 

and 6).  

A further and very common applications of porous structures is the use as 

membranes. Although this important field of application is not presented in detail in 

this work, research was done on the manufacturing of electrical conductive 

membranes as gas diffusion layer for zinc air batteries [39]. This study bases on the 

fundamental findings which have been presented in chapter 5. Solution-based freeze 

tape casting resulted in flat membranes with a thickness of 390 µm to 450 µm, a 

porosity of 55 % and an average pore window diameter of 3 µm to 10 µm. Graphite 

particles were added as filler according to the findings presented in the first part of 

this work (see chapter 4 on pages 60 to 84) to provide electrical conductivity. As 

shown in Figure 8.5, the membranes are characterized by a bilayered structure with a 

thin denser top layer and a sponge like bottom layer. Evaporation of the solvent after 

the tape casting and before complete freezing leads to the formation of the dense top 

layer. The electrical conductivity increased by five orders of magnitude due to the 

addition of graphite particles. After coating the membrane with PTFE to increase the 

hydrophobicity and applying a commercial platinum/ruthenium catalyst the 

membrane outperforms the commercial electrode with longer discharge times. 

Enhanced oxygen exchange rates and short pathways for the oxygen ion/-electron 

kinetics are supposed to be the reason. Additionally, stability up to 200 cycles proofs 

excellent cycling stability. However, the relatively low electrical conductivity results 

in reduced discharge voltage compared to the reference electrode. In summary, 

solution-based freeze tape casting provides a new strategy to design gas diffusion 

layers for energy conversion and storage devices. These findings show once more that 

the optimization of structures obtained by solution-based freeze casting according to 

results presented within this work offers a very high potential to tackle challenges in 

several applications. 
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Figure 8.5 Cross sectional image of the pore structure of the bilayered gas diffusion layer 
membrane with a dense top layer (red) and a sponge-like bottom layer (blue) [39]. 
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9 Conclusions 

As a base for the subsequent development of structures according to the requirements 

of capillary transport and heterogeneous catalysis, this work investigated on the first 

part the fundamental influence of the addition of filler particles on the pore structure 

and further properties. The addition of preceramic and ceramic filler particles proved 

to be effective in significantly altering important properties of SiOC monoliths such 

as the pore morphology, the mechanical strength, the specific surface area and the 

hydrophilicity. The different decomposition behavior of the preceramic fillers which 

is determined by the chemical composition gives rise to varying BET surface area and 

hydrophilicity. As a result of the microporous matrix material, the filler particles are 

accessible though being embedded in the surrounding matrix. Adjustment of the filler 

concentration as well as the filler composition enables precise tailoring of the BET 

surface area and the hydrophilicity in a wide range. In addition, calculations based on 

a linear rule of mixture show very good agreement with the experimental results in 

the case of homogeneously distributed particles.  

While no influence of the filler particles on the mean pore window diameter, the 

porosity and the pore size distribution was found, the dendritic pore morphology was 

altered by the addition of filler particles. With increasing content of filler particles, 

the isotropy of the dendritic structure increases and the structure is called isotropic 

dendritic. Particles are supposed to induce temperature fluctuations and hence 

disrupt the dendritic solidification. The remarkable increase in compressive strength 

is attributed to the change in the pore morphology showing enhanced isotropy. 

Especially for the capillary transport, the enhancement of the mechanical strength 

was a key requirement. At low filler concentrations (1.7 vol%), the addition of alumina 

platelets which exhibit a low aspect ratio is more effective in improving the strength 

than the addition of spherical particles. Hence, at the same concentration the 

platelets manipulate the pore morphology to a greater extend.  

The knowledge of the possibilities to influence the pore structure by adding fillers is 

an excellent base to manufacture porous monoliths with different structural motifs 

and test these pore structures on their capillary transport ability. Isothermal wicking 

experiments in axial direction at room temperature reveal the fastest wicking for the 
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sample with the highest permeability (highest porosity and pore window size). 

Though having similar pore window size and porosity, the differences in pore 

morphology between isotropic dendritic and prismatic result in a higher permeability 

and consequently faster wicking for the isotropic dendritic structure. This implies 

that the isotropic dendritic pore morphology has a higher ability of fluid flow 

compared to the prismatic pore morphology. Generally, the sample with the highest 

viscous resistance has the slowest imbibition rate. The wicking of the dendritic 

structure with a low porosity is characterized by a linear mass increase which deviates 

from the typical wicking behavior. Due to the presence of an increased number of 

dead-end pores, the available number of transport routes for the liquid is suggested 

to be reduced and the wicking is slowed down. Especially, the interface between 

clusters of internally aligned pores is supposed to be prone to reduced flow by the lack 

of interconnectivity. In the case of unidirectional freezing which provides a fully 

aligned pore structure without any interruption, no linear section is present in the 

wicking curves of the dendritic structure. This supports the assumption of limited 

interconnectivity causing the linear wicking behavior.  

In addition to the unidirectionality, the freezing front velocity was altered. Due to 

increasing thermal resistance, constant freezing temperature conditions (CFT) are 

characterized by a clear decrease of freezing front velocity with time. The resulting 

gradient in pore window size creates a gradient in the driving force for wicking which 

changes the wicking speed additionally to the influence of gravity. In contrast, a 

constant freezing front velocity (CFV) generates a homogeneous pore window size 

observed for most of the samples frozen at CFV conditions. Decreasing the freezing 

front velocity from CFV slow (approx. 3.3 µm·s–1) to CFV fast (approx. 6.8 µm·s–1) 

conditions results in an increase of the pore window diameter by 14 % to 67 %. 

Furthermore, samples with a higher solid loading are more sensitive to variations in 

freezing front velocity and allow for a larger range of achievable pore window sizes. 

In general, the wicking into unidirectional dendritic pore structures is slower than 

into unidirectional prismatic structures. Secondary dendrites which are perpendicular 

to primary ones need to be filled during wicking by flow through primary dendrites. 

Hence, in the dendritic pore morphology a higher pore volume has to be filled through 

smaller pores compared to the prismatic structure of the TBA samples.  
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The wicking of all non-unidirectional structures is underestimated by the prediction 

using the Lucas-Washburn equation with gravity effects. In the case of directionally 

aligned pore structures, only the prismatic structure with an open porosity of approx. 

60 % exhibit a good agreement with the prediction. Decreasing the porosity to approx. 

60 % or even changing to a dendritic pore structure leads to a pronounced deviation 

between the experimental data and the analytical solution. As a result, the wicking of 

solution-based freeze cast structures can be predicted by the Lucas-Washburn 

equation only for pore structures which exhibit a very specific set of properties. The 

assumptions made by the Lucas-Washburn equation are too restrictive to allow for a 

reliable prediction of wicking in such complex three dimensional structures. 

Besides the application in capillary transport, macroporous monoliths have a high 

potential in heterogeneous catalysis due to their superior heat- and mass transport 

properties compared to conventional packed-bed reactors. Because of some 

drawbacks of the commercially applied method of using a washcoat, supports with an 

inherent catalytic activity are of substantial interest. With the development and 

testing of novel porous catalytic active structures in this work, another field of 

application for solution-based freeze cast PDCs is opened up besides the capillary 

transport. However, before optimizing the pore structure of a monolithic catalyst, it 

has to be ensured that the underlying principles and processes of manufacturing a 

porous metal containing PDC monolith are understood and controllable. By adapting 

the in situ formation of nickel particles from reflux synthesis, porous metal 

containing solution-based freeze cast PDCs were prepared. Four complexing and 

cross-linking agents with amino functionality were screened according to their ability 

to generate small and well distributed nickel particles. Not only the complexing 

ability but also the capability to anchor the complex to the polymer chain is an 

important factor. The binding of nickel ions to the polymeric Si-O chain might be the 

reason for the comparable small increase of particle size with increasing pyrolysis 

temperature. This argument is only valid for samples where the functionality of 

complexing and cross-linking is combined in one molecule. In this case, a connection 

of the nickel ion to the polymeric chain can be assumed. (3-aminopropyl)triethoxy-

silane as complexing and cross-linking agent, a ratio of complexing groups to nickel 

of 4 and nickel nitrate as nickel source formed the smallest nickel particles of 

(2.52 ± 0.82) nm. The catalytic activity was tested in a packed-bed reactor using the 
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CO2 methanation as probe reaction. The nickel particle size and dispersion are the 

most influencing factors on the carbon dioxide conversion of nickel containing SiOC. 

The order of carbon dioxide conversion and methane selectivity reflects very well the 

order of nickel particle size with smaller nickel particles enhancing the conversion 

and selectivity. In general, the in situ formation of nickel particles in polymer-derived 

ceramics shows carbon dioxide conversion (up to 0.49) and methane selectivity (up to 

0.74). 

In short, this work reveals the fundamental relationships between the process 

parameters (e.g. the addition of fillers or the freezing conditions) and the resulting 

pore structure of solution-based freeze cast PDCs. These findings represent a toolbox 

which enables the efficient development of the pore structure according to the 

requirements of various applications. Furthermore, this work demonstrates the 

adaption and development of the structure for two relevant applications: capillary 

transport and heterogeneous catalysis. Regarding capillary transport applications, 

the determined relationship between structural properties and the resulting wicking 

behavior combined with the flexibility of the solution-based freeze casting process 

results in a high potential of tailoring porous media for capillary transport. 

Additionally, the underlying principles and processes of manufacturing an inherent 

catalytic active porous metal containing PDC monolith by solution-based freeze 

casting were elucidated. The combination of these findings with the knowledge of the 

precise tailoring of the pore structure is a powerful approach towards inherent 

catalytic active PDCs by solution-based freeze casting for heterogeneous catalysis. 
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10 Outlook 

Recalling the results of this work, further research on several aspects is promising. 

Three main categories of future work can be defined. Firstly, broadening the set of 

properties which can be achieved by the combination of solution-based freeze casting 

and the addition of fillers in order to meet the requirements of further applications. 

Another aspect in this context is the tackling of the limited flexibility of solution-

based freeze casting in terms of pore size. Secondly, perform wicking test at cryogenic 

conditions. And lastly, increasing the metal loading and performing investigations on 

the catalytic activity and heat- and mass transfer of monolithic catalysts with 

optimization of the pore structure.  

Concerning the broadening of the set of properties, the fillers which were used in this 

work varied only in the BET surface area, the hydrophilicity and the aspect ratio. 

However, applications of porous media such as electrode materials and magnetic 

membranes require electrical conductivity and magnetic properties, respectively. In 

general, the possibility to control the pore structure by adapting the freeze casting 

process is crucial for applications like electrode materials. One example of an 

electrical conductive membrane by solution-based freeze casting was briefly touched 

in the summarizing discussion: gas diffusion layer for zinc air batteries (see page 178). 

Although showing a very promising performance, the relatively low electrical 

conductivity is the major limiting factor. To further enhance the electrical 

conductivity, fillers with very low or very high aspect ratios should be incorporated. 

Such fillers are supposed to generate a percolation path at lower filler concentrations 

and result in higher conductivity at constant concentrations, respectively. Hence, 

structures such as carbon nanotubes and graphene oxide flakes should be preferred. 

In principle, also metallic filler particles can provide electrical conductivity. But due 

to their higher density compared to the carbon allotropes, sedimentation during the 

freezing process is more likely for metallic fillers. In suspension-based freeze casting, 

magnetic particles were already used to align the particles according to an external 

magnetic field. Also magnetic SiFeOC nanocomposites were already synthesized 

using a single-source-precursor. Nevertheless, the promising combination of a 

10 
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porous monolith formed by solution-based freeze casting and magnetic SiOC or the 

addition of magnetic particles such as iron(III)oxide was not yet investigated.  

Furthermore, a very general and severely limiting aspect of solution-based freeze 

casting should be addressed. Though the porosity and pore morphology can be widely 

altered, up to now the pore size is restricted to a range between a few micrometers to 

approx. 70 µm. This excludes many applications from being tackled with solution-

based freeze casting as larger pore sizes are widely required in e.g. waste water 

filtration (> 80 µm). One approach to solve this problem is to manipulate the crystal 

growth by surface active molecules at low freezing velocities. In suspension-based 

freeze casting with water as dispersing medium, this approach was successfully 

implemented. The pore size of the highly uniform pores was increased up to 100 µm 

by the addition of ice structuring compounds such as zirconium acetate or 

cryoprotectants, e.g. glycerol and antifreeze proteins. Due to the lower surface 

tension of organic solvents compared to water, finding suitable molecules for 

solution-based freeze casting of preceramic polymers is supposed to be more 

challenging. So far no research is published on this aspect. Nevertheless, research on 

this field is worthwhile as it would highly extend the potential applicability of 

solution-based freeze cast structures. 

Regarding the application in capillary transport, wicking tests at cryogenic conditions 

would push porous SiOC monoliths closer to the application of propellant 

management devices. Until now, wicking was only evaluated at room temperature 

which excludes the relevant impact of the beneficial thermal properties of SiOC as 

well as neglects vapor formation due to superheated structures. Due to its low thermal 

conductivity, SiOC has a high potential to improve the capillary transport of cryogenic 

liquids. 

With regard to heterogeneous catalysis, this work investigated the catalytic activity 

on sample powder in a packed-bed reactor. Although the particles themselves exhibit 

a hierarchical pore structure, the influence of the macroporous structure obtained by 

freeze casting on the catalytic performance of a monolith was not investigated yet. In 

order to use the entire potential of the in situ formation of nickel particles in solution-

based freeze casting, the catalytic activity needs to be assessed on monoliths. Once 

tested as monolith, the pore structure of the samples can be designed according to 
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reported design guidelines in order to improve mass and heat transfer properties. 

These guidelines state that radially graded structures significantly improve important 

parameters such as pressure loss and temperature increase. Low porosity close to the 

wall was found to promote heat conductivity and results in efficient conversion of the 

reactants. Furthermore, a low porosity induces low superficial velocities and leads to 

long residence times and thus high yields. On the other hand, high porosity in the 

center provides low pressure loss. As a result, it is worthwhile to manufacture 

structures with graded properties e.g. porosity and pore size. Depending on the 

property, the gradient can be continuously or discontinuously. For discontinuous 

gradients, multiple step freeze casting is necessary which was already reported for 

suspension-based freeze casting. By multiple step freeze-casting, layered as well as 

core-shell structures can be manufactured. In contrast to suspension-based freeze 

casting and to avoid collapse of the first structure, particular attention has to be paid 

to the degree of cross-linking in multiple step solution-based freeze casting. This can 

be achieved by e.g. thermal cross-linking prior to the second freeze-casting step.  

Additionally, a straightforward approach to increase the catalytic performance is to 

increase the metal loading. The maximum metal loading is given by the solubility of 

the metal salt in the solvent. By carefully adjusting the compositions of the metal 

containing solution and of the preceramic polymer containing solution according to 

the limits of solubility it is possible to increase the metal loading. According to 

preliminary results, an increase of at least 50 % is possible without further adaption 

of the process. A higher metal loading not only enhances the conversion, but also 

facilitates investigations on the interaction between the nickel and the SiOC support. 

This includes the determination of potential intermediate species. The knowledge of 

the intermediates and the interaction of nickel with SiOC would significantly 

contribute to the comprehensive understanding of the catalytic activity in nickel 

containing SiOC. Preliminary measurements with surface sensitive methods such as 

in-situ XPS have been turned out to be difficult within this work due to the relatively 

low metal content at the surface of the samples. 
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Nomination 

List of Abbreviations 

Abbreviation Name 

A Alumina platelets 
AE (2-aminoethyl)-3-aminopropyltrimethoxysilane 
APTES (3-aminopropyl)triethoxysilane 
APD (3-aminopropyl)diethoxymethylsilane 
BET Brunauer-Emmett-Teller method 
CFV Constant freezing velocity 
CH Cyclohexane 
CLA Complexing and cross-linking agent 
CVT Constant freezing temperature 
DMSO Dimethyl sulfoxide 
EC Experimental closed 
EDX Energy-dispersive X-ray spectroscopy 
EO Experimental open 
FFV Freezing front velocity 
GC Gas chromatography 
H1 Preceramic filler particle, H44 1 mol% AP 
H44 Silres® H44, polymethylphenylsiloxane 
H50 Preceramic filler particle, H44 50 mol% AP 
HFE Hydrofluoroether 
M1 Preceramic filler particle, MK 1 mol% AP 
MK Silres® MK, polymethylsiloxane 
N Numerical 
NiA Nickel(II) acetylacetonate 
NiN Nickel(II) nitrate hexahydrate 
PDC Polymer-derived ceramic 
PET Polyethylene terephthalate 
PVC Polyvinylchloride 
RT Room temperature 
S Silica particles 
SEM Scanning electron microscopy  
SSA Specific surface area  
STA Simultaneous thermal analysis 
TBA Tert-butyl alcohol 
TEM Transmission electron microscopy 
TGA Thermogravimetric analysis  
TMEDA Tetramethylethylenediamine 
WHSV Weight hourly space velocity 
XRD X-ray diffraction  
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List of Symbols 

 

Symbol Quantity Unit 

A Cross section area m2 
aspec Specific surface area m2·g–1 
BETcalc Calculated BET specific surface area m2·g–1 

BETRef BET specific surface area of the matrix m2·g–1 
BETFiller BET specific surface area of the filler m2·g–1 

b 
Parameter, describing the influence of the viscous 
friction 

s·m–2 

C Constant in BET equation 1 
c Parameter, describing the influence of the gravity m–1 
cgeo Geometrical factor, describing the pore structure 1 
D Diameter of the sample m 
d Particle size of metal particles m 
d50 Mean particle size of filler particles m 
g Gravitational acceleration m·s–2 
H Height of the sample m 
HDarcy Height of samples for Darcy test m 
h Wicking height m 
.
h  Interstitial velocity m·s–2 

hCHP 
Height of water column in constant head 
permeability test 

m 

heq Equilibrium height m 
j Water flux through lateral surface kg·s–1·m–2 
K Permeability m2 
KDarcy Permeability obtained by Darcy test m2 
KWicking Permeability obtained from a wicking experiment m2 
MN2 Molecular mass of nitrogen mol·g–1 

m Mass kg 
meq Equilibrium mass kg 
msat Mass of the completely saturated sample kg 
mw, Darcy Mass of permeated water in Darcy test kg 
NA Avogadro constant 1 
p Pressure in nitrogen adsorption measurment Pa 

p0 
Saturated vapor pressure in nitrogen adsorption 
measurement 

Pa 

R Pore radius m 
RDarcy Radius of samples for Darcy test m 

Rmerc 
Mean pore window radius obtained by mercury 
intrusion 

m 

Rs Static radius m 
r Radial direction according to coordinate system 1 

continued on next page 
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continued from previous page 

Symbol Quantity Unit 

S0 
Average area occupied by an adsorbed nitrogen 
molecule 

m2 

SCH4 Selectivity towards methane 1 
TM Melting point °C 
t Time s 
tDarcy Measurement time in Darcy test s 
us Superficial velocity m·s–1 𝑉̇ Volumetric flow rate m3·s–1 
XCO2 Conversion of carbon dioxide 1 
x Volume fraction 1 
YCH4 Yield of methane 1 
z Axial direction according to coordinate system 1 α Coefficient of thermal expansion K–1 ΔRG298 Gibbs free energy at 298.15 K kJ·mol–1 ΔRH298 Reaction enthalpy at 298.15 K kJ·mol–1 ΔL Length m Δp Pressure difference Pa ΔpDarcy Pressure difference in Darcy test Pa Θ Contact angle ° μ Dynamic viscosity Pa·s μl Dynamic viscosity of test liquid Pa·s μW Dynamic viscosity of water Pa·s ν Specific adsorbed volume m3 νm Specific volume of a mono-layer m3 ρ Density kg·m–3 ρl Density of test liquid kg·m–3 ρN2 Density of nitrogen kg·m–3 ρW Density of water kg·m–3 σ Surface tension N·m–1 σl Surface tension of test liquid N·m–1 σlp Surface tension of interface liquid-particle N·m–1 σsl Surface tension of interface solid-liquid N·m–1 σsp Surface tension of interface solid-particle N·m–1 ϕ Open porosity 1 
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A Appendix 

A.1 Supplementary Data for Chapter 4 

5 µm

(a) (b)

10 µm
 

Figure A.1.1 SEM images of (a) agglomerated silica filler particles at sample 25S/600 and (b) cracks 
around alumina at sample 3.5A/1000. 

200 µm
 

Figure A.1.2 SEM image of 1.7A/1000 with increased isotropy of the pore structure compared to 
Ref/1000. 

A 



 

 A.1 Supplementary Data for Chapter 4 193 

0.0 0.2 0.4 0.6 0.8 1.0
0

50

100

150

 

N
2

 ad
so

rp
ti

on
 (

ST
P

) 
/ 

cm
3
g-1

p/p
0

 Ads Ref/600

 Des Ref/600

 Ads 25H1/600

 Des 25H1/600

 Ads 50H1/600

 Des 50H1/600

 

Figure A.1.3 Nitrogen adsorption and desorption isotherms exemplary for samples Ref/600, 
25H1/600 and 50H1/600. 
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Figure A.1.4 Water and heptane adsorption at 22 °C for polymeric and inorganic filler particles and 
samples with different filler particles content at different pyrolysis temperatures. 
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A.2 Supplementary Data for Chapter 5 
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Figure A.2.1 Relative pore volume obtained by mercury porosimetry for all investigated samples; 
exemplary only one measurement out of the three tests of each sample is shown. 
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A.2.1 Derivation of the Lucas-Washburn equation for Porous Media 

Permeability K is the ability of a porous material to allow fluids to pass through it. It 

is a property of the porous material and is commonly defined by the Darcy law [1]. 

Different methods are proposed to determine the permeability of a porous structure 

in literature. Thus, the permeability can be determined for example by constant head 

permeability measurements, or as a fitting parameter of the viscous dominated part 

of the wicking experiment [2-4]. Both methods base on the Darcy law, which is given 

by ∆𝑝∆𝐿 = − 𝜇𝐾 𝑢𝑠. (A.2.1) 

To facilitate an overview all symbols used in equations are listed on page 189. The 

permeability describes how easily a liquid can flow through a porous medium. The 

permeability is the parameter of the structure, which is related to the porosity, as well 

as to the shape of the pores. The superficial velocity 𝑢𝑠 can be expressed in terms of 

the mass of liquid per unit time per unit area  

𝑢𝑠 = Δ𝑚𝜌𝐴Δ𝑡 
(A.2.2) 

with the cross section area 

𝐴 = 𝜋4 𝐷2 
(A.2.3) 

and an expression for the length ∆𝐿 = ℎ𝑠 , the permeability can be determined from a 

flow measurement using 

𝐾 =  𝜇ℎ𝑠∆𝑝 𝑚𝜌 𝜋4 𝐷2𝑡. (A.2.4) 

Another method would be to fit the permeability to the viscous dominated part of the 

wicking experiment. This approach is also based on the Darcy equation A.2.1 (see 

page 195). The superficial velocity is replaced by the interstitial velocity ℎ̇ within the 

porous structure, given by  𝑢𝑠 = 𝜙ℎ̇ 
(A.2.5) 
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Furthermore, the length in the Darcy equation is replaced by the height of the wicking 

process ∆𝐿 = ℎ, which results in the following notation of the Darcy law.  ∆𝑝ℎ = 𝜇𝐾 𝜙ℎ̇ 
(A.2.6) 

The driving force for the capillary rise is the capillary pressure resulting from the 

curvature of the liquid-vapor interface. It is expressed by the Young-Laplace equation 

∆𝑝 = 2𝜎 cos 𝜃𝑅𝑠  
(A.2.7) 

Rearranging Equation A.2.6 and Equation A.2.7, one obtains the Lucas-Washburn 

equation for porous materials [5, 6] 

ℎ̇ℎ = 2𝜎 cos 𝜃 𝐾𝜙𝜇𝑅𝑠 . (A.2.8) 

After separation of variables and the subsequent integration with ℎ(𝑡 = 0) = 0 leads 

to ℎ2𝑡 = 4𝜎 cos 𝜃 𝐾𝜙𝜇𝑅𝑠 . (A.2.9) 

Since the weight-measurement technique was used in this work, the height in 

Equation A.2.9 on page 196 was converted into a mass equation using the following 

equation. 𝑚 =  𝜙𝜌𝐴ℎ 
(A.2.10) 

with 

𝐴 = 𝜋4 𝐷2. (A.2.11) 

It follows 𝑚2𝑡 =  4𝜎 cos 𝜃𝜌𝑙2𝐴2𝜙𝜇𝑙  𝐾𝑅𝑠. (A.2.12) 

With knowledge of the parameters of the porous structure and liquid parameters, the 

permeability can be determined using this equation. For this, the knowledge of m2·t–1 

is required, which can be determined from the wicking experiment.   
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A.2.2 Formation of Lateral Surface 

In the past, a lot of research was conducted on suspension-based freezing using 

different solvents as well as particles [7-10]. Only few studies also investigated as part 

of the research the morphology of the lateral surface [11, 12]. They found porous 

lateral surfaces with slightly reduced permeability of a factor of 1.7 due to reduced 

pore sizes [11]. As demonstrated in Figure 5.6, the water flux j(EC) of the as prepared 

surface varies in dependence on the composition of the sample. But all samples show 

a larger ratio between open and closed surface as well as significantly lower water flux 

j in case of closed lateral surface compared to literature. Though a direct comparison 

with literature is not possible due to different pore morphology, pore size and 

porosity, it can be stated, that the lateral surface is significantly less permeable for 

samples presented in this work compared to previous studies.  

Two main determining factors for the formation of a less permeable lateral surface 

should be described in the following. The first is the use of a silicon-coated PET film 

between mold and solution. Its very smooth and anti-adhesive surface prevents the 

formation of critical nuclei due to an absence of crystallization sites. Consequently, 

significantly less crystals are formed at the interface solution – film. The second 

factor is the difference in segregation mechanism between literature and this work. 

Previous research was conducted using suspended particles, hence suspension-based 

freeze casting with the segregation process of particle rejection and entrapment 

between solvent crystals [11, 12]. In contrast, polymeric solutions which are used in 

this work segregate according to thermally induced phase separation [13, 14]. In 

suspension-based freeze casting it can be assumed, that the particles can still be 

rejected and entrapped in between the crystals even though the crystals had 

approached already very close to the wall. Though the interaction of particles with 

the advancing solidification front is strongly influenced by parameters such as 

particle size, particle shape and freezing front velocity, this assumption is reasonable 

due to findings that the particles are for most cases displaced only by a fraction of 

their diameter in direction of freezing [15, 16]. This results in a very limited increase 

of particle concentration in front of the crystal tip and hence in the possibility that 

the crystal reaches the wall by rejecting all particles between the crystal tip and the 

wall. This is in correlation with previous studies showing open lateral surfaces for 

suspension-based freeze casting [11]. In contrast to the segregation mechanism of 
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particle rejection and entrapment, thermally induced phase separation results in a 

pronounced concentration profile with increased polymer concentration in front of 

the crystal tip [14]. Consequently, a dense solid layer is formed at the interface 

solution – wall. As a result, it can be stated that the prevention of nucleation on the 

interface solution – wall by a silicon-coated film and the segregation mechanism of 

thermally induced phase separation are supposed to be main influential factors for 

the formation of a dense lateral surface  
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Figure A.3.1 Experimental and modeled position of freezing front during freeze casting in 
dependence on solvent, solid loading and freezing conditions grouped by the freezing conditions. 
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Figure A.3.2 Exemplary pore window size distribution in dependence on the position obtained by 
mercury intrusion porosimetry. 
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Figure A.4.1 Open porosity and mean pore window diameter for samples with different cross-
linking agents, nickel precursors and pyrolysis temperatures. 

(a) Ni free/600
0 mol% NiA
1 mol% AP

(b) NiA0.08AP/600
12 mol% NiA
1 mol% AP

(c) NiA2AP/600
4 mol% NiA
8 mol% AP

(d) NiA4AP/600
4 mol% NiA
16 mol% AP

50 µm 100 µm

50 µm 50 µm
 

Figure A.4.2 SEM images of samples with increasing amount of APTES from (a) and (b) 1 mol% to 
(b) 8 mol% and (c) 16 mol%; (a) was prepared without the addition of nickel and represents the 
characteristic prismatic pore morphology obtained by TBA; (b) exhibits an increased nickel content 
with a very low nickel to APTES ratio and represents the influence of high nickel at comparable low 
APTES contents. 
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Figure A.4.3 Nitrogen adsorption and desorption isotherms for samples with different cross-linking 
agents, nickel precursors and pyrolysis temperatures. 

 

100 nm
 

Figure A.4.4 TEM image of the reference catalyst prepared by wet impregnation of silica with 
nickel nitrate. 
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