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Abstract 
 

 

Research in materials science field is often driven by the necessity to 

overcome problems in fast, reliable and possibly cost effective ways. Many times the 

starting point to find a solution is a literature survey, to understand if someone 

already encountered a similar problem and proposed an answer, or if some authors 

developed a material that can be used to solve the issue. The work performed within 

this thesis however fits in another type of approach, i.e. research for the research's 

sake. 

In this kind of approach the efforts are not dedicated directly to solve a given, 

precise and detailed problem, but to invent and develop new types of materials, 

characterizing them so that other researchers can take benefits from both the 

synthetic way and the measured properties of the new material produced. 

In particular, this PhD thesis deals with the combination of two "exotic" class of 

materials, which are aerogels and polymer derived ceramics. 

Aerogel is actually a shape, more than a material, from the proper chemical 

point of view. This kind of shape, anyway, is so peculiar that many of the properties 

are common to all the aerogels' products, similarly to what happen for other class of 

materials like conductivity for metals, hardness for ceramics and high specific 

strength for polymers. These common properties are: low density, high specific 

surface and predominantly mesoporous microstructure. 

Polymer derived ceramic (PDC) denotes a family of ceramic materials that can 

be obtained by a controlled thermolysis of a polymeric precursor. These polymers 

are usually Si based and contain functional groups that allow to control the final 

chemistry of the ceramic produced, along with the great advantage that the shape 

can be set already in the polymeric state.  

Successfully combining the two techniques, i.e. to produce polymer derived 

ceramic aerogel, is the core of this thesis. 

Preference was given to the use of commercially available pre-ceramic 

polymers so ceramic aerogels belonging to the SiOCN system were produced, 

starting from polycarbosilane (SMP-10), polysilazane (PSZ-20) and polysiloxane 

(PMHS). 

A reliable procedure was set up to produce aerogels with different composition 

and microstructure, leading to a wide range of properties in terms of density, specific 

surface, high temperature stability, electrochemical functionality etc., as will be better 

depicted through the thesis. 

Additionally, some application of the materials produced were tested, in which 

the aerogel shape, combined with the proper chemistry, was expected to give 

interesting results.  
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Chapter I 
 

Introduction 
 

1.  
 

1.1 Aerogels 

 

Aerogels are highly porous materials, in which the volume is occupied for the most 

part by small, open and highly interconnected pores. These pores are sub-

micrometric and therefore cannot be seen at naked eye, the material appears indeed 

very homogenous and solid, even though it's usually made of air by more than 90% 

in volume. The first, and most known, aerogel type is the silica one; produced in 

1931 by S. S. Kistler [1] and made of pure amorphous silica. These types of aerogels 

are transparent with a typical blue nuance when observed on dark background, due 

to Rayleigh scattering of the light, as can be appreciated in figure 1-1. 

 

 

Figure 1-1: Silica aerogel disk produced as a reference 

Many other types of aerogels were produced after the pioneer work of Kistler, with 

research devoted to both changing the chemistry of the solid part and to modify the 

drying route. Up to now, metal oxides, carbides, nitrides and chalcogenides, along 

with organic and carbonaceous aerogels were produced and studied. An interesting 

handbook reassuming most of the aerogel synthetic ways, properties and 

applications was edited in 2011 [2]; it should be noted that at that time, no polymer 

derived ceramics aerogels were mentioned, since they had not yet been produced. 
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1.1.1 Production 

Many different ways are proposed in literature to produce aerogel materials, with 

some efforts devoted to study the gel formation pathway and many others focused 

on modifying the drying procedure. Indeed, two main steps can be defined in the 

production of an aerogel, the gel formation and its drying.  

1.1.1.1 Gel formation 

 

To produce metal oxides gels at least three routes are well studied, all of them taking 

advantage of the soft chemistry process, that enables the processing of solid 

materials at room temperature from a liquid phase.  

The oldest technique is using a solution of sodium metasilicate, Na2SiO3, in water. 

The water is acidified with HCl, and the sodium metasilicate reacts producing NaCl 

and SiO2 trough the reaction: 

 

ὔὥ2ὛὭὕ3 + 2 Ὄὅὰ+ ὼ Ὄ2ὕᴼ2ὔὥὅὰ+ ὛὭὕ2 + ὼ+ 1 Ὄ2ὕ. 

 

The water produced, and the one already present in the starting solution, is used to 

control the porosity of the gel, while the silica builds the solid skeleton creating the 

gel structure. This route is very cheap since all the chemicals are widely available but 

needs long processing time, due to the necessity of removing first the NaCl ions 

through multiple washing with deionized water, followed by a substitution of the 

water with alcohol or acetone to perform the supercritical drying. It has mostly an 

historical importance since it was the process used by Kistler to produce the first 

aerogels.  

A more widely applied route is the sol-gel one, that takes advantage of metal 

alkoxides as metal oxides precursors. The synthesis starts with the hydrolysis of the 

metal alkoxide as in: 

 

ὓ ὕὙ+ Ὄ2ὕᴼὓ ὕὌ+ ὙὕὌ 

 

that is usually promoted by acids and performed in diluted condition using the same 

alcohol that will be produced by the hydrolysis reaction. Further, the metal hydroxide 

can condense: 

 

ὓ ὕὌ+ ὕὌ ὓᴼὓ ὕ ὓ+ Ὄ2ὕ 

 

producing the metal oxide solid phase, that usually is in form of colloidal particles 

suspended in the liquid phase. When the concentration of the colloidal particles is 

sufficiently high a continuous solid skeleton is built, producing the typical colloidal gel 

structure. 
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The last method, named epoxide-initiated (or -assisted) gelation, uses a solution of 

metal salts, like chloride or nitrate, and initiate the formation of the metal oxide with a 

proton scavenger, commonly an organic epoxide. The pH increase leads to the 

subsequent formation of the metal hydroxide and, later on, to the metal oxide, very 

similarly to what happens in the classical sol-gel route. The main difference from the 

classical sol-gel technique is the starting precursor, that being a simple metal salt 

open the possibility to produce gels of many metal oxides, whose alkoxides may be 

hardly available.  

Some other routes to metal sulphides and nitrides gels are actually present, see for 

example the thio or hydrazide solïgel processes reviewed by A. L. Hector [3], but 

much less applied or applied only for very special synthesis. 

Another very wide field of aerogel materials is represented by the organic ones, in 

which polymeric carbon-based precursors are used to produce the gel. The 

preliminary work was done by R. W. Pekala and his coworkers and published for the 

first time in 1989 [4]. These gels were produced reacting resorcinol and 

formaldehyde, producing a network formed by the aromatic rings of the resorcinol 

bonded by ether bridges, as summarized in figure 1-2. This type of aerogels, along 

with other similar system like melamine-formaldehyde [5] and polyacrylonitrile [6], 

can be heat treated in inert atmosphere to convert them into conductive 

carbonaceous aerogel and graphitic aerogel. 

 

 

Figure 1-2: Resorcinol formaldehyde gel chemistry [4] 

Up to date, many other polymeric aerogels were produced using both natural and 

synthetic polymers, like cellulose [7], lignin [8], agar [1] and polysaccharides in 

general [9], polyurethane [10], polystyrene [11] and polypyrrole [12], among many 

others. 

N. Leventis and coworkers opened the way to produce metallic aerogels by 

carbothermal reduction of metal oxides, using precursors for both carbon and metal 

oxides and heat treating the intimately mixed system [13]. With the same technique it 

was possible also to produce metal carbides for those oxides that cannot be reduced 
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to pure metallic material by carbothermal reduction. In the case of noble metals, it's 

possible to produce directly the metallic gel and supercritically dry it, as proposed in 

[14]. 

1.1.1.2 Drying 

  

The peculiarity of the aerogel production route consists in the distinct drying 

procedure, which is performed bringing the liquid present in the pores to supercritical 

conditions and removing it as a supercritical fluid. This "trick" allows to remove the 

liquid without crossing the equilibrium line of liquid and vapor phase, so no meniscus 

is formed inside the pores. The presence of the meniscus is indeed accompanied by 

the development of stresses; for the liquid these are related to the dimension of the 

pore, the surface tension and the contact angle, through the YoungïLaplace 

equation: 

 

ὴὧ=
2ὅέί(—)

Ὑ
 

 

in which  is the surface tension of the liquid, ɗ is the contact angle between solid 

and liquid, R is the radius of the pore (assumed to be cylindrical, as in figure 1-3) and 

pc is the capillarity pressure experienced by the liquid, the direction of this pressure 

is parallel to the cylinder axis.  

 

Figure 1-3: pr and pa acting on the pore walls 

The walls of the pore on the other side experience both a radial pressure, that can 

be expressed as: 

ὴὶ= ὛὩὲ(—) 

 

and an axial pressure, expressed as: 

ὴὥ= ὅέί(—). 
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This pressure, applied to the surface of the pore walls, may lead to a closure of the 

pores during a conventional drying. Indeed, it must be considered that the specific 

surface area (SSA) of these gels is in the order of hundreds of m2/g, with a total 

porosity around 90 %vol and density usually about 0.1-0.2  g/cm2 ; meaning an 

average pore size in the range 10 - 200 nm. High values of specific surface means 

high total resulting pressure, that can be hardly tolerated by the low amount of solid 

material present. In other words, small pores give rise to high SSA values, increasing 

the total force applied to the skeleton which builds up the pore walls. During a 

common evaporative drying the surface tension leads to cracks and/or densification, 

a gel dried with this route is often called xerogel. 

The path followed during a supercritical drying procedure, summarized in figure 1-4, 

avoids the formation of the meniscus, therefore no capillary stresses arise and crack-

free dry gels can be obtained, in which the solid skeleton of the gel is preserved 

along with the small pores present among the particles.  

 

 

Figure 1-4: Supercritical drying path 

In principle, most of the liquids used for gelation and present in the pores after the 

gel formation can be brought to supercritical condition. Unfortunately, these 

conditions are usually reached at high temperature and high pressure, that can be 

prohibitive in a practical reactor, mostly for safety reasons (solvents are typically 

flammable or toxic). In addition, sometimes the supercritical phase can react with the 

solid phase as in the case of supercritical water, that is able to readily dissolve some 

metal oxides. To overcome these problems, a widely used liquid for supercritical 

drying of gels is CO2, that possess a practical critical temperature of 31 °C and a 

critical pressure of 74 bars in addition to be non flammable and non toxic. 

Accordingly, the liquid of the gel is first exchanged with liquid CO2 in an autoclave 

through some washing steps; once CO2 fully substituted the starting liquid it's 
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brought above the critical conditions and removed as supercritical phase with a 

controlled pressure release rate. If the starting liquid in the gel is not miscible with 

liquid CO2, for example in the case of water, an intermediate liquid exchange step is 

introduced with a liquid miscible with both the starting one and the carbon dioxide. 

Research efforts are dedicated to speed up the overall process, that on laboratory 

scale can last more than one week, by using a constant stream of already 

supercritical CO2 and proper reactor design. 

Other research works try to obtain the same aerogel microstructure avoiding the 

supercritical fluid approach, by acting on the surface tension of the liquid in order to 

minimize the stresses due to the meniscus presence. This technique uses drying 

control chemical additives (DCCA) that allow to produce aerogel-like materials with a 

much simpler evaporative drying. These additives reduce the surface tension of the 

liquid and diminish the forces experienced by the solid skeleton during the 

evaporative drying. With this route the microstructure of the gel shows typically 

smaller pores and higher density compared to material obtained with the supercritical 

way, due to the interaction of the DCCA with the gelling solution [15] and to the rising 

of some stresses related to the meniscus formation. Anyway, mesopores are 

preserved and the gel is able to sustain the drying and survive as a monolith, being 

called ambigel. Some authors also modify the surface of the solid skeleton, so that 

part of the shrinkage experienced during controlled evaporative drying can be 

recovered with a "spring back" phenomenon, triggered by a moderate temperature 

treatment (100-200°C) and made possible by the absence of chemical bond 

formation on the pore walls [16] [17]. 

 

 

Figure 1-5: Xerogel, ambigel and aerogel route difference [18]. 
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These three types of dried gel structures, aerogel, ambigel and xerogels are 

summarized in figure 1-5. 

To be precise, also freeze-drying is sometimes considered a way to produce 

aerogels. The technique consists in removing the liquid phase first solidifying it and 

then sublimating the solid. This kind of drying may allow the production of monolithic 

materials called cryogels, even though most of the times just porous powders are 

obtained. Additionally, the formation of crystals while freezing the liquid modify the 

gel structure, introducing anisotropy and much bigger pores compared to those 

originally present in the gel, making the products very different from the more 

general aerogel structure.  

1.1.2 Properties 

Aerogels are composed by two phases, the solid skeleton and gas/pore system. The 

properties of an aerogel are given by the ratio between these two phases, their 

connectivity, their morphology and the chemistry of the backbone.  As well depicted 

by G. Reichenauer in [2], "a first visual and manual inspection of an aerogel usually 

already provides quite a bit of information: is the material transparent or translucent, 

is it brittle or ductile, how easily can the sample be deformed, how does it sound 

when you drop a piece of the aerogel under investigation on your table?" 

All these first eye properties are the result of the interaction between the density, the 

pore size distribution and the properties of the solid part. To produce a transparent 

aerogel it is not enough to have a transparent solid phase, the second condition to 

be fulfilled is the absence of large pores, precisely pores whose size is comparable 

with the wavelength of the visible light. The sound produced when dropped is 

affected, as a first approximation, by the bulk density and the elastic modulus of the 

solid. Though silica aerogel are fragile, robust aerogels are obtained if the silica 

backbone is covered with a cross-linked polymer as in [19], pointing out the 

importance of the bridges between the solid particle to increase the mechanical 

strength. 

More detailed information about the properties can be retrieved by structural and 

chemical characterization. The most popular characterization techniques applied to 

aerogels are devoted to understand the microstructure (SEM, N2 physisorption), the 

mechanical properties (flexure and compression test) and the chemistry (FT-IR, 

NMR, XPS). Other characterization methods are applied when a particular 

application is investigated.  

Some typical properties, related to the highly  porous nature of aerogel materials are: 

 low density (0.01-0.5 g/cm3), 

 high specific surface area (SSA, 100-1000 m2/g), 

 low thermal conductivity (0.015-0.050 W/mK), 

 small pores (10-500 nm). 

While some other important properties depend on the solid part: 



8 

 electrically conductive aerogels can be produced by carbonization of 

 various carbon precursors [4],  

 mechanically strong aerogels (2-8 MPa) are produced if polyimides are 

 used to build the backbone  [20],  

 silica aerogels possess very low dielectric constant (k<2) [21] and high 

 acoustic impedance (10-4 - 10-5 kg m2 /s). 

 transparent aerogels with high transmittance can be produced, for 

 example with SiO2 (Tr > 90% for 1 cm thick sample [22]) and cellulose 

 (Tr>85% for 0.5 cm thick sample [23]). 

These features are not only rare for other types of solids, but can also be tuned 

changing the chemical precursors, their ratio and the processing route (time, 

temperature, amount of solvent) used to produce the aerogel. 

 

1.1.3 Applications 

Aerogels are used, or their use was proposed, in a very wide number of fields, all of 

which take advantage of the combination of the porous microstructure and the 

versatile composition of the solid part. 

As major fields, catalysis, thermal insulation, electrochemistry and gas storage can 

be defined, while other niches like Cherenkov detectors, acoustic coupling, 

thickening agents, nontoxic pesticides, hypervelocity particle capture, special 

electronic parts, artistic samples, special molds for aluminum, drug delivery systems, 

personal care products, optical and electrical sensors, special filters, nuclear waste 

confinement, nano-thermites and water purification find benefits from the particular 

aerogel properties as collected in many review articles [24] [25] [2] [26] [27].  

Regarding commercial products anyway, mainly thermal insulation is exploited and 

applied to architectural, petrochemical and clothing fields, with two companies that 

produce mostly SiO2 based aerogel blankets, specifically for low (-200°C) and high 

(650°C) temperature: Cabot Corporation [28] and  Aspen Aerogels [29]. Another 

company, Oros apparel [30], sells an aerogel insulated jacket (of composition not 

better defined than "SolarCore aerogel") after a Kickstarter campaign to raise funds 

to start the production. A fourth company, named Aerogel Technologies LLC [31], 

sells products of the first three and additional polyurea and polyimide aerogels 

possessing much better mechanical properties (MPa range), but lower maximum 

temperature (80-300°C) and slightly higher thermal conductivity than SiO2 aerogels. 

Aerogel Technologies sells also monoliths of silica, resorcinol-formaldehyde and 

carbon aerogels, along with art pieces like those produced by Ioannis Michalous 

[32]. Further commercialization of aerogels is hindered by the relatively high price of 

these materials with respect to competitors, that often show worse properties but are 

much cheaper. In those cases in which the properties cannot be matched by other 
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existing materials (usually due to limitations in space and weight) the aerogels are 

applied, funding the R&D that allows to compete on a wider playground. 

 

1.2 Polymer derived ceramics (PDC) 

 

The use of a polymer as a precursor for a non-oxide ceramic material was for the 

first time reported more than 50 years ago from Chantrell and Popper [33]. Some 

years later a patent was deposited by W. Verbeek [34] to produce ceramic fibers 

(and other "shaped articles") made of homogeneous mixture of silicon carbide and 

silicon nitride through the pyrolysis of a polysilazane precursor. About in the same 

years, Yajima published a procedure to produce a polycarbosilane that could be 

melt-spun to produce SiC fibers after pyrolysis [35]. The PDC route is somehow 

similar to the sol-gel route, i.e. the object is shaped at low temperature and the final 

chemistry is controlled by the precursors chemistry, with a main difference that 

carbide and boride ceramics can be produced (sol-gel is developed for mainly 

oxides, nitrides and chalcogenides) and that a thermal treatment (pyrolysis) is 

needed to convert the polymer into the ceramic material. 

Some review papers and books were published, trying to summarize the vast field of 

PDC materials in terms of chemistry, properties and applications. [36] [37] [38] [39] 

[40] [41] [42] [43] [44] [45] [46] [47]. 

 
Figure 1-6: General composition of organosilicon polymers [32] 
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Typically, pre-ceramic polymers are Si based polymers, with composition and 

relative general name summarized in figure 1-6. 

Polymers based on boron and aluminum, precursor for BCN and AlCN, can also be 

produced but are much less common, and used mostly for research purpose and in 

limited amounts. 

 

1.2.1 Production 

The production of organosilicon polymers starts from silicon chlorides, that are 

obtained by reaction of silicon with Cl2 or HCl at high temperature. The silicon source 

can be either metallic silicon, ferrosilicon alloys, silicon carbide or mixtures of silica 

and carbon. The Si-Cl and Si-H bonds are fairly reactive and can be used to 

introduce different functionalities, expressed in figure 1-7 as Si-R. 

 

 

Figure 1-7: Typical routes to different organosilicon polymers [32] 

The chlorosilane monomers can be polymerized with different compounds to obtain 

polysiloxanes, polysilazanes, polysilanes, polycarbosilanes and 

polysilylcarbodiimides and further functionalized to introduce extra elements like 

boron, hafnium etc., as reviewed in [38]. 

Apart from the chemistry, which is controlling (together with the pyrolysis 

atmosphere) the composition of the final ceramic, an important feature of a pre-

ceramic polymer is the pyrolysis yield, i.e. the %mass of ceramic material obtained 
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after the thermolysis in inert environment. To reach high yield values (typically 70-

80%), the polymer should be of sufficiently high molecular weight to avoid 

volatilization during shaping and cross-linking; cages, rings and branched structure 

also help to reduce the production of volatile fragments during pyrolysis [48]. 

Regarding the possibility to shape the component, the polymer should be either 

liquid, meltable or soluble in a solvent; the presence of latent reactivity is useful to 

cross-link the polymer in order to set the shape.  

The ceramic is obtained, as previously introduced, by a thermal treatment in inert 

atmosphere called pyrolysis, typically, after a treatment above 1000°C an 

amorphous ceramic material is produced. During this treatment the polymer 

experiences a mass loss, due to the production of volatile molecules like small 

silanes, hydrogen, methane and other hydrocarbons, and a shrinkage related to the 

change from a polymer, with a typical density of ~ 1 g/cm3, to a silicon-based 

ceramic having a density of ~ 2-3 g/cm3. During the pyrolysis treatment many factors 

can play a role on the properties of the ceramic material obtained. Among them, the 

type of gas used (inert, reactive, vacuum) [49] [50], the heating rate, maximum 

temperature reached and dwelling time, the presence of fillers and their composition, 

shape and dimensions [51] [52] can modify the chemistry and the microstructure of 

the PDC produced.  

 

1.2.2 Properties 

Si-based PDCs are a wide family of ceramic materials; changing the starting 

organosilicon polymers is possible to produce amorphous Si-C, Si-C-N, Si-O-C along 

with nanocomposites of the previous ceramics and amorphous carbon. It's also 

possible to introduce boron  [53], hafnium [54], zirconium [55] and aluminum [56] , 

creating a lot of different materials with tunable properties. This is to point out that, 

as previously seen with aerogels properties, a proper discussion on PDC properties 

can be very long as one should consider all the specific compositions and features. 

For the readers' sake just a brief summary of the general properties of the most 

studied PDC system, will be presented. 

Typically, the dispersion of the elements in the ceramics obtained by PDC route is so 

good that after pyrolysis the material is an amorphous ceramic, showing high 

resistance to crystallization and to creep, good hardness, high resistance to chemical 

attack and toward oxidation. In some cases, PDCs start to crystallize around 1200-

1300°C (Si-C, Si-O-C) [57], [58], [59] while in others the crystallization temperature 

can reach very high values, as in the case of Si-B-C-N which crystallize above 

1700°C [53]. Aside the remarkable high temperature properties, Si based PDCs also 

possess various functional features like piezoelectricity [60], electrical conductivity  

and semiconductivity [61] [62], ferromagnetism [63], transparency [64] [65], lithium 

host capacity [66] and photoluminescence [67]. 
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1.2.3 Applications 

A key advantage of using the PDC process to produce ceramic materials is the 

versatility of shaping technologies that can be used. Indeed, nearly all the techniques 

developed for conventional polymeric materials were applied to pre-ceramic 

polymers. Among these, thin layer technologies like tape casting [68], dip- and spin- 

coating [69] [67], spraying [70], ink jetting [ref], UV lithography [71]  allow to produce 

high tech coatings and microcomponents. Ceramic matrix composites (CMC) can be 

produced by impregnation of a fiber fabric with the ceramic precursor and 

subsequent pyrolysis (PIP process, polymer impregnation and pyrolysis), multiple 

PIP cycle allow obtaining a dense CMC [72]. In addition, the fibers can even be 

produced by PDC route so fully ceramic CMC are obtained. Ceramic nanopowders 

can be obtained by emulsion process [73] while dense components are produced by 

warm pressing [74]; direct blowing of pre-ceramic polymers allows producing ceramic 

foams [75] and layers of pre-ceramic polymer with proper filler materials can be used 

to join ceramic monoliths [76]. The polymer to ceramic transformation can be 

stopped at intermediate temperature (450-800°C) to take advantage of the 

microporosity formed during the ceramization reactions for gas sorption or separation 

application [77]. Micro- and meso- porous materials can also be obtained by etching 

the PDC with HF to remove silica nanodomains [78] or with Cl2 to selectively remove 

Si atoms [79]. 

Thanks to such a versatile shaping approach, PDC are applied as structural and 

thermo-structural components in harsh/high temperature environment, as in the case 

of CMCs and fibers [80], and micro mechanical system (MEMS) [44]. Additionally, 

functional application like optical and electrical sensors [81], catalyst support [82], 

gas separation membranes [77] and gas storage [83], lithium batteries anodes [84], 

anti-graffiti coatings [85], high temperature sealant [86], heating elements [87] and 

brake pads binder [88]. 

On the market is present a wide range of siloxanes, also called silicones, that can be 

used as precursors for SiOC ceramics. (Note that not all the silicones can be used 

since, as previously stated, apart from the chemistry the polymeric precursor should 

have reactive moieties that can be used to cross-link the polymeric chains and 

decrease their volatilization during pyrolysis). Polycarbosilanes are also on market, 

with widely known SMP-10 product from Starfire Systems Inc. and polysilazanes 

from KiON Defense Technologies. Other ceramic precursors were commercialized in 

the past, like Nippon Carbon or Sigma Aldrich polycarbosilanes, or are produced by 

specialized companies to be directly used to manufacture fibers as in the case of 

Nicalon, Sylramic and Tyranno Si(O)C fibers.  
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1.3 Motivation of the work 

 

We are interested in producing silicon carbide, oxycarbide and carbonitride aerogels. 

In literature, metal carbides aerogels are produced only by carbothermal reduction, 

heat treating at high temperature in inert atmosphere aerogels composed by a 

mixture of oxides and carbon; if nitrogen and/or ammonia atmosphere is used, 

carbonitrides aerogels can be obtained. Taking advantage of the PDC process to 

produce these kinds of aerogels is believed to greatly enhance the versatility and 

simplify the production route. Silicon oxycarbides areogels on the other side can be 

produced by classical sol-gel technique and the PDC route in this case could be 

beneficial to expand the chemical composition range of this kind of materials. 

In this thesis the objective was to produce gels made of pre-ceramic polymers, like 

polysiloxane, polycarbosilane and polysilazane, to dry them with supercritical CO2 

method, and heat treat them in controlled atmosphere to obtain the relative silicon 

carbide, carbonitride or oxycarbide. This method started to be developed in the 

Ceramic and Glass Laboratory of the University of Trento right before the beginning 

of this PhD thesis work [89]. 
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Chapter II 
 

Experimental 
 

2.  
 

 

In this chapter, a brief description of the experimental part will be given, starting with 

some details about the equipments used to obtain the PDC aerogels, the reagents 

and the characterization methods; to move in the end to the synthesis procedure. 

 

2.1 Equipments 

 

2.1.1 Parr digestion vessel 

As will be illustrated in the last paragraph of this chapter, the synthesis route requires 

a mild temperature (150°C) to increase the cross-linking rate of the polymers. 

Unfortunately, the solvents used to produce the gels possess a boiling point at 

ambient pressure well below that temperature (56-81°C) so a way has to be found to 

keep the solvent liquid during the cross-linking and formation of the gel. The solution 

adopted is to perform the gelation in a closed vessel, in this manner during heating 

part of the solvent will evaporate and the pressure will rise to match the vapor 

pressure of the solvent, maintaining it liquid. The vessel should be able to stand the 

pressure, the temperature and be non-reactive with any of the chemicals used. Parr 

digestion vessels (Parr Instrument Company) are widely used for this kind of tasks, 

as shown in figure 2-1 they consist of a chrome plated bronze jacket that provide the 

mechanical strength required, an inner chemically inert PTFE 

(polytetrafluoroethylene) liner and a sealing cap provided with a spring, able to 

release unpredicted high pressure build up. 

The used model is a Parr Digestion Vessel 4749, with an inner cup capacity of 23 

mL, a maximum temperature allowed of 250°C and a maximum pressure of 125 bar.  
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Figure 2-1: Parr digestion vessel schematics and spare part list 

 

2.1.2 CO2 autoclave and thermo bath  

Once the gels are obtained, the starting solvent must be substituted with liquid CO2, 

through multiple washing, before bringing the CO2 above the critical point to remove 

it as supercritical fluid. To perform these washing steps and supercritical drying 

(SCD) it's needed an autoclave that can withstand the high pressure (100 bar) 

involved and whose temperature can be precisely controlled, at least within 1°C, and 

changed at will. Some commercial autoclaves specifically designed for CO2 SCD 

exist on the market, for example automatic critical point drier provided by Tousimis®, 

manual autoclave from Structure Probe Inc. and reactor systems for industrial 

volumes provided by Parr Instruments Company and Amar Equipments Pvt Ltd. 

Unfortunately, all the commercial devices are pretty expensive (>10000 ú) and 

designed for drying well know samples with less devotion to research custom 

features.  

For these reasons, a custom autoclave was built by the UniTN department of physics 

machine shop, using schematics, ideas and solutions from the web [29], from 

professors R.Campostrini, G.D.Sorarù, V.M.Sglavo and V.Fontanari along with work 

experience of technician P.Gennara.  

The autoclave, shown in figure 2-2, has the great advantage of possessing two glass 

windows, that allow to see through to evaluate the liquid level and, most importantly, 

to follow samples behavior during all the liquid exchange steps and drying (figure 2-

3). Valves, pipings and joints were purchased from Swagelok® while the CO2 tank 

(figure 2-4) was provided with a deep drain tube to extract directly the liquid CO2. 
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The design of the autoclave provided the possibility to change the temperature of the 

device connecting it to a thermostated water bath (figure 2-4).  

The thermobath was not only used to bring the whole system above the critical 

temperature of CO2 to perform the SCD, but also to fill the autoclave with liquid CO2. 

Indeed, there's no reason for the liquid CO2 to fill the autoclave since no pump is 

connected to the system and, in absence of other external factors, the equilibrium 

pressure would be quickly reached on both the branches of the system. However, by 

using the thermobath to cool the autoclave below room temperature it's possible to 

create a stable difference in pressure between the CO2 tank (which is at room 

temperature) and the autoclave, allowing the draining of liquid from the tank for the 

exchange steps.  

 

 

Figure 2-2: CO2 supercritical autoclave 
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Figure 2-3:  Three fully visible samples immersed in liquid CO2 

 

 

Figure 2-4 : Thermostated water bath and liquid CO2 tank 
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2.1.3 Tubular furnaces 

To convert the pre-ceramic aerogels into silicon carbide, oxycarbide and carbonitride 

aerogels a thermal treatment in inert environment (pyrolysis) is needed. Tubular 

furnaces allow to control the atmosphere inside the tube and are often applied for 

this kind of treatments. Within this work, two types of tubular furnaces were used, the 

most used one is a Lindbergh Blue high temperature furnace with an alumina tube, 

shown in figure 2-5, capable of reaching 1600°C as a maximum temperature and 

connected to argon, nitrogen and synthetic air lines. The second one is a Gero 

tubular furnace limited to 1100°C and equipped with a silica tube, that was used for 

special treatments with Cl2 and H2 gas flow in the Technical University of Dresden 

(TUD). 

 

 

Figure 2-5: High temperature tubular furnace Lindbergh Blue 

 

2.1.4 Graphite furnace 

For high temperature stability test a high temperature graphite furnace (Astro model 

1000-4560-FP30, Thermal Technology LLC, figure 2-6) was used, connected to 

argon line and to flowing water cooling. The original graphite/boron carbide 

thermocouple was calibrated with a C type thermocouple and a Ircon Ultimax® 

pyrometer. 
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Figure 2-6: Astro high temperature graphite furnace 

 

2.2 Reagents 

 

Three commercially available liquid pre-ceramic polymers were chosen to produce 

ceramic aerogels belonging to the Si-C-N-O system, all of them bearing Si-H 

moieties in order to be cross-linked by the hydrosilylation reaction. 

 

2.2.1 Polycarbosilane SMP-10 

Starfire's SMP-10 allylhydropolycarbosilane (also known as AHPCS) imposed itself 

as the world's most used polycarbosilane thanks to some key features that allow 

good processability and final properties of the ceramic. First of all it's a low viscosity 

liquid that can be used in PIP (polymer infiltration and pyrolysis) process, filling all 

the voids and pores without the need to be melted. Second, as can be seen in the 
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structural formula drawn by L.Interrante in [90] and reported in figure 2-7, it 

possesses allyl moieties that can be used to thermally cross-link it at a moderate 

temperature, that can be also lowered with the addition of a peroxide radical initiator. 

Third, the presence of abundant Si-H groups makes possible to keep the Si/C molar 

ratio close to 1. The combination of branched structure, high presence of reactive 

group and low amount of carbon allow to obtain, after pyrolysis, a nearly 

stoichiometric SiC with high mass yield of ~80%.  

 

 

Figure 2-7: Structural formula of AHPCS as resulted from GPC and NMR studies [90] 

 Some properties of the polymer are reported in table 2-1 as specified in Starfire's 

datasheet. 

 

Properties of StarPCSTM SMP-10 

Density 0.998 g/cm3 

Appearance Clear, Amber liquid 

Viscosity 40 to 100 cPs at 25°C 

Compatible Solvents Hexanes, Tetrahydrofuran, Toluene, Insoluble in water 

Flash Point 89°C 

Moisture Absorption <0.1% in 24 hours at room temperature, moisture sensitive 

Surface Tension 30 dynes/cm2 

Storage Vacuum container or inert environment; Refrigerated 

Cross-linking 180-400°C 

Table 2-1: SMP-10 general properties 
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The polymer was characterized with NMR and FT-IR analysis, the results are 

reported in figures 2-8, 2-9 and 2-10. Assignments of the peaks in the NMR and FT-

IR spectra were done based on literature [91] [92] [93]. 

 

 

Figure 2-8: 29Si NMR spectrum of virgin SMP-10 

 

Figure 2-9: 1H NMR spectrum of virgin SMP-10 

 

Figure 2-10: FT-IR transmission spectrum of virgin SMP-10 
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The spectra reveals a structure very similar to the one reported in figure 2-7 which is 

also close, in Si-H and C=C moieties ratio, to the average composition reported by 

Starfire's vendor and presented in figure 2-11. 

 

 

Figure 2-11: Average composition of SMP-10 as declared by Starfire's vendor 

 

Thermogravimetry was performed on the neat SMP-10, cross-linked at 150°C with 

the addition of 10 ppm of Pt catalyst (Karstedt's catalyst), in Argon flow with a 

heating rate of 10°/min (figure 2-12). The Pt catalyst promotes the hydrosilylation 

cross-linking as will be shown later on. It can be seen that most of the weight loss is 

experienced below 1000°C, reaching a total value slightly above 20%. This mass 

loss is attributed to evolution of H2, CH4, SiH4 and CH3SiH3 produced by 

dehydrocoupling and redistribution reactions among Si-C, C-H and Si-H bonds. [93] 

 

 

Figure 2-12 :TG curve measured on cross-linked SMP-10 
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2.2.2 Polysilazane PSZ-20 

Ceraset® PSZ-20 is a liquid polymeric precursor for Si-C-N ceramics sold by Clariant 

GmbH and originally developed by KiON Defense Technology. Some properties 

extracted from the Clariant's datasheet are reported in table 2-2. 

 

Properties of Ceraset® PSZ 20 

Density 1.0-1.1 g/cm3 

Appearance Pale yellow liquid 

Viscosity 180  to 750 cPs at 20°C 

Compatible Solvents Dry aprotic solvents (alkanes, ethers, esters) 

Flash Point 63°C 

Moisture Absorption Moisture sensitive, quick processing in air possible 

Storage Refrigerated (4°C), 6 months shelf life 

Cross-linking 100-250°C 

Table 2-2: General properties of PSZ-20 

The structure of this polymer, similarly to SMP-10 polycarbosilane, contains both 

C=C and Si-H groups, as can be seen from the figure 2-13 reported in the technical 

bulletin provided by KiON [94], that allow a the cross-linking of the polymer. 

 

 

Figure 2-13: Average composition of PSZ-20 

The characterization with NMR and FT-IR (spectra in figure 2-14, 2-15, 2-16) 

confirmed the average structure provided by the company.  
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Figure 2-14: 29Si NMR spectrum of PSZ-20 

The SiO4 units presence evidenced by the peak at -110 ppm in the 29Si spectrum 

indicates the reactivity of the polymer towards atmospheric moisture. It should be 

noted that the acquisition of 29Si spectrum took more than one day while the open air 

use for the synthesis was maintained in seconds-to-minutes range, indeed, no silica 

traces were observed in the FT-IR spectrum. Assignments of the peaks in the NMR 

and FT-IR spectra were done accordingly to literature [95] [96] [97]. 

 

 

Figure 2-15: 1H NMR spectrum of PSZ-20 
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Figure 2-16: FT-IR spectrum of PSZ-20 

Thermogravimetry (figure 2-17) was performed, as for the SMP-10 polymers, after 

cross-linking the PSZ-20 at 150°C with the addition Karstedt's catalyst. Argon flow 

was used. PSZ-20 experiences a mass loss due to evolution of oligomers (low 

temperature, first step) higher than SMP-10, but a final mass loss lower than the 

polycarbosilane. Additionally, at temperature higher than 1400°C  the TG curve 

shows a new mass loss step related to the decomposition of silicon nitride, with 

production of silicon carbide and nitrogen gas as depicted by the equation:  

 

ὛὭ3ὔ4 + 3ὅᴼ3ὛὭὅ+ 2ὔ2 

 

as in reference [98]. The decomposition at 1400°C is visible if argon is used as a 

inert gas, while is hindered/delayed in nitrogen flow [99]. From literature, the evolved 

products in the case of silazanes pyrolysis are similar to those found for 

polycarbosilanes, with the addition of N containing molecules like ammonia or small 

organic amines deriving from transamination reactions and N2 at high temperature 

[100]. 
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Figure 2-17: TG in argon flow of Pt cross-linked PSZ-20 

 

2.2.3 Polysiloxane PMHS 

 

PolyMethylHydroSiloxane (PMHS), is a transparent liquid silicone oil possessing low 

viscosity and widely used as mild reducing agent in organic chemistry. Differently 

from SMP-10 and PSZ-20, it's not a proprietary silicon based polymer, it possesses a 

linear structure and does not bear C=C moieties. Some properties are reported in 

table 2-3, collected from various datasheet (Sigma-Aldrich, Alfa Aesar) and from 

reference literature. The polymer used in this thesis work was purchased from Alfa 

Aesar and possessed a viscosity of 25 cPs and a purity of 97%. To be used as a 

pre-ceramic polymer it must be modified to be properly cross-linked prior to pyrolysis. 

A first method was used by Lu [101] who converted part of the Si-H in Si-OH, the Si-

OH groups can then condense and produce oxygen bridges that render the polymer 

infusible. A pyrolysis in nitrogen at 700°C of this condensation cross-linked PMHS 

gives a yield of 73%. Another method, developed by Blum [102] is to use the Si-H 

bonds to cross-link and functionalize the polymer with a vinyl bearing siloxane or with 

divinylbenzene (DVB). Depending on the amount of DVB used, SiOC ceramic are 

obtained after pyrolysis with different yield and free carbon content [103].  

NMR characterization was not performed since the structure, reported in figure 2-18, 

is well established in siloxane field.  
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Properties of PMHS 

Density 1.0  g/cm3 

Appearance Transparent liquid 

Viscosity 10  to 50 cPs at 20°C 

Compatible Solvents Hydrocarbons, ethers, acetone, alcohols but MeOH 

Flash Point 204°C 

Moisture Absorption Slightly moisture sensitive 

Storage Cool, dry storage, no special requirements 

Cross-linking Oxidation, Hydrosilylation 

Table 2-3 : General properties of PMHS 

 

Figure 2-18:Average structural formula of PMHS 

A control FT-IR spectrum (figure 2-19) was acquired which confirms very well the 

structure proposed above. 

 

 

Figure 2-19: FT-IR spectrum of PMHS polymer 
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2.2.4 Cross-linkers, DVB and TVS 

As was presented before, all the used ceramic precursors bear Si-H functional 

groups that can be used to cross-link them by means of hydrosilylation reaction. This 

type of addition reaction, as shown in the equation below, is free of by-products and 

can be efficiently catalyzed by Pt compounds, allowing the curing of the pre-ceramic 

resins at low-to-mild temperature (RT to 200°C) 

 

ὛὭ Ὄ+ ὅ= ὅ ᴼ  ὛὭ ὅ ὅ 

 

The first cross-linker investigated was divinylbenzene (DVB), being an aromatic ring 

with two vinyl groups in ortho or meta positions as shown in figure 2-20. It was 

bought from Sigma Aldrich, technical grade, 80% mixture of isomers with 

ethylvinylbenzene and diethylbenzene. Even though it contains 1% of polymerization 

inhibitor it must be stored in a cold place (2-8°C), indeed after some days at room 

temperature it turns from a clear liquid into a transparent solid resin. 

 

 

Figure 2-20: Structural formula of DVB 

The FT-IR spectrum of DVB is reported in figure 2-22 and confirms the structure, 

evidences of the mixture of o- and m- disubstituted benzene are noted, the 

assignment of the peaks was done from reference literature [104]. 

The second cross-linker used was tetravinylsilane (TVS), a tetrafunctional Si-based 

molecule which structure is reported in figure 2-21. 

 

 

Figure 2-21: Structural formula of TVS 

It was purchased from Fluorochem ltd. with a declared purity of 97% and stored in 

the same conditions as DVB, even though its reactivity was noticed to be lower (no 

solid formation if left out from the fridge for some days). The corresponding FT-IR 
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spectrum is reported in figure 2-23, the assignments were done based on literature 

[105] and confirm the structure of figure 2-21. 

 

 

Figure 2-22: FT-IR spectrum of DVB 

 

Figure 2-23 FT-IR spectrum of TVS 
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2.2.5 Solvents and catalyst 

The solvents requirements in this works were: ability to dissolve all the reagents, 

inertness with regard to the reagents, in particular to Si-H groups, and possibly 

mixable with liquid CO2. Cyclohexane is a very low polarity aprotic solvent that 

perfectly matches all these requirements so it was used in high quantities and from 

different sources, i.e. Sigma Aldrich, Exacta-Optech and Alfa Aesar, the purity being 

always higher than 99.5%. Acetone is an aprotic highly polar solvent and was used 

only to produce some PMHS/DVB gels to investigate the role of the solvent in the 

gelation and drying processes. Similarly, tetrahydrofuran (THF) was used to produce 

some SMP-10 gels with a polar solvent since the polycarbosilane could not be easily 

dissolved in acetone. 

 

 Acetone Cyclohexane THF 

Boiling point (°C) 56 81 66 

Density (g/cm3) 0.79 0.77 0.88 

Dipole moment (D) 2.7 0 1.8 

Dielectric constant (er) 20.7 2.0 7.6 

Surface tension (mJ/m2) 25.2 25.0 26.4 

Vapor pressure 150°C (bar) 10.7 6.7 8.0 

Table 2-4 : General properties of the solvents used 

Both THF and acetone were purchased from Sigma Aldrich with a purity >99.5%; 

THF contained 250 ppm of BHT as peroxide inhibitor. Some properties of these 

three liquids are reported in table 2-4. The hydrosilylation reaction, even though 

thermodynamically favored, do not proceed in absence of catalyst at low 

temperature, indeed the exploit of this reaction started after the discovery of the very 

efficient hexachloroplatinic acid catalyst by J.L.Speier [106] [107] [108]. Another very 

powerful Pt catalyst is the so called "Karstedt's catalyst" that consist of a Pt(0) 

organometallic compound in which the platinum atoms are coordinated with the vinyl 

groups of 1,3-divinyl-1,1,3,3-tetramethyldisiloxane as shown in figure 2-24. 

 

 

Figure 2-24: Structural formula of Karstedt's catalyst complex 
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This catalyst is even more active than the hexachloroplatinic acid and can be 

dissolved in organic non polar solvent, making it the most used hydrosilylation 

catalyst in the silicone industry [109] [110]. It was purchased from Sigma-Aldrich in a 

xylene solution containing 2% of Pt. For practical dosing this solution was further 

diluted 1:19 in xylene to obtain a practical 0.1% Pt catalyst solution. 

 

2.3 Characterization methods 

 

Here will be presented some details of the characterization techniques used. 

2.3.1 Density measurements 

To characterize highly porous materials like aerogels, the first, important and 

(usually) simple method is to measure the "bulk" density (also called geometrical 

density), defined as the ratio between the weight and the geometrical volume 

occupied. This is not an intrinsic property of a material but depends on the amount of 

porosity and the true density (also, skeleton density) of the solid material, as 

depicted in figure 2-25. 

 

 

Figure 2-25: Concept definition of bulk and true density 

If the sample is a monolith with a regular shape like a cylinder or a parallelepiped, 

the task is easily accomplished with a caliper and an analytical scale. For this 

reason, care was taken to produce regular cylindrical aerogels sample of appropriate 

volume (>1-2 cm3) to minimize the errors done by caliper measuring. 

The true density was measured by helium picnometry with a Micromeritics 

instrument (model 1035). Helium picnometry allows indeed to measure the real 

volume occupied by the solid part of the sample, if closed porosity is absent. The 

general scheme of a picnometer is shown in figure 2-26 in which Vs is the volume of 

the sample, Vc is the volume of the chamber without the sample, Vr is a reference 

volume and M represents the manometer. 
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Figure 2-26: General scheme of a picnometer 

The working principle is the following: 

 in isothermal state, the chamber containing the sample is pressurized with 

helium, which amount is given by the volume occupied (Vc-Vs) and the pressure 

reached (P1) by the well know gas equation PV=nRT; 

 the helium is expanded in a reference volume (Vr) and the equilibrium 

pressure is measured (P2); 

 being known Vr and Vc, and P1 and P2 is possible to calculate Vs through 

the equation: 

 

ὠί= ὠὧ
ὠὶ

(
ὖ1
ὖ2

1)
. 

 

The calculated Vs represents the volume that cannot be occupied by helium gas, so 

the real volume of the solid part of the sample, plus the volume occupied by closed 

porosity, if present. If this value is used to calculate the density, the true density of 

the solid is computed. 

 

2.3.2 Porosity measurements 

Measuring the porosity means to quantify the amount of pores present in the sample. 

The quantity is usually expressed in volumetrical percent (%vol) or in a kind of 

"inverted" density expressed as cm3 of pores per gram of material (cm3/g or cc/g). 

The total amount of pore volume can be quickly computed from bulk (”ὦ) and 

skeleton (”ί)  density values, by applying the equation: 

 

%ὺέὰὴέὶὩί= 1
 ”ὦ

”ί
. 

 


