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a b s t r a c t

A hierarchically-ordered macro/meso/microporous SiOC monolith was obtained via freeze-casting using

commercial polysiloxane as a raw material and silica sol as a binder and template source. The pre-ceramic

polymer polysiloxane was pyrolyzed at 600 çC to produce a hydrophilic surface; higher temperatures

would fully decompose the organic groups. When silica sol and polysiloxane precursor were combined

in freeze-casting method, after pyrolysis a polymer-derived SiOC ceramic monolith with a lamellar pore

morphology and a hierarchically-ordered pore structure was obtained. Decomposition of the polysiloxane

precursors results in the development of micropores, and particle packing is believed to be responsible

for the mesopore formation. Macro/mesoporous hierarchically-ordered ceramics with a specific surface

area of 74 m2/g are preserved at pyrolysis temperatures as high as 1000 çC. The influence of H44-derived

filler amount (10 wt–40 wt%), freezing temperature (−20 çC, −80 çC, −150 çC), and pyrolysis tempera-

ture (600 çC, 700 çC, 1000 çC) on open porosity, pore size distribution, and surface characteristics were

investigated.

1. Introduction

Macroporous monolithic ceramics may possess a high perme-

ability with respect to gases and liquids and have found uses in

a wide variety of industrial applications, including catalysis sup-

port [1], scaffolding for bone replacement [2], continuous flow

capillary microreactors [3], filters for diesel soot [4], and liquid

metal [5]. The incorporation of micropores (pore size <2 nm) and

mesopores (2 nm< pore size < 50 nm) into a macroporous structure

(pore size >50 nm) can combine improved mass transport with high

surface area and large pore volumes, significantly broadening a

material’s range of applicability [6]. Fabrication of hierarchically-

ordered porous ceramics normally involves the introduction of

pores during preparation via some combination of the following

methods: natural templating, surfactant templating, foaming, or

freeze-casting [7–10].

Freeze-casting is a special kind of sacrificial templating method;

the solvent solidifies and crystallizes (eg. ice) during the freezing

process, sublimates, and leaves pores behind [11]. Freezing rate,

solvents used, and precursor particle size will all have an influ-

ence on the final macroporous structure [12]. Water and organic
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solvents, like camphene and tert-butyl alcohol, are commonly used

for freeze-casting; the solvent used will influence the pore shape

resulting from crystallization (eg. lamellar, cellular, or dendritic)

[11,13,14]. Water is often used with inorganic ceramic powder sus-

pensions (eg. Al2O3, SiC, SiO2, ZrO2) [11,15] and the green body

obtained is then sintered to get a final macroporous monolith.

For the preparation of SiC monolith using inorganic precursors,

in order to get a mechanically strong monolith, sintering tem-

peratures higher than 1400 çC are normally required [16,17]. For

pre-ceramic precursors, camphene and tert-butyl alcohol have also

been used to fabricate macroporous SiOC and SiC monoliths by

freeze casting and pyrolysis [13,14].

The pre-ceramic precursors are polymers which can be con-

verted into a ceramic material (SiC, SiCN, SiOC, etc.) by heat

treatment in an inert atmosphere at temperatures in the range

of 1000 to 1400 çC [18]. Polymer-derived ceramics, which are

prepared at lower pyrolysis temperatures (500–1000 çC), have

porosities at all pore diameter scales and surface characteristics

[19,20]. Some studies on dendritic or cellular pore morphologies

of SiOC or SiC ceramics by freeze-casting using preceramic poly-

mer as precursor using camphene and tert-butyl alcohol has been

performed [13,14]. However, the degree of cross-linking needs

to be carefully monitored. Insufficient cross-linking will lead to

poor mechanical integrity, and excessive cross-linking of polymer

solution will cause gelation before freezing. To the best of our

http://dx.doi.org/10.1016/j.jeurceramsoc.2015.09.018 
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Table 1

Prepared materials and their composition, process, and pyrolysis parameters.

MaterialDenotation H44 derived filler[wt%] Silica sola[wt%] Freezing temperature[çC] Pyrolysis temperature[çC] (-xxx)

H44-10 wt-150-xxx 10 90 −150 600/700/1000

H44-20 wt-150-xxx 20 80 −150 600/700/1000

H44-30 wt-150-xxx 30 70 −150 600/700/1000

H44-40 wt-150-xxx 40 60 −150 600/700/1000

H44-40 wt-80-xxx 40 60 −80 600/700/1000

H44-40 wt-20-xxx 40 60 −20 600/700/1000

a Water content could be calculated based on the water content of silica sol (30 wt% silica, 70 wt% water). The solid phase includes H44-derived filler and silica nano-particles,

and for samples with 10 wt%, 20 wt%, 30 wt%, and 40 wt% of H44-derived filler, solid loading equals to 37 wt%, 44 wt%, 51 wt%, 58 wt%, respectively.

knowledge, as of this writing, there are no studies combining pre-

ceramic precursors with H2O to prepare porous SiOC materials with

a lamellar structure.

Hierarchical micro/macroporous SiOC monoliths have been fab-

ricated by using a direct foaming method with polysiloxane in

the authors’ working group [21]. However, in this work, water is

used as the pore templating agent, and polysiloxane is used as the

precursor for the fabrication of lamellarly structured porous SiOC

monoliths via freeze casting. A trimodal micro-/meso-/macropous

structure were created by combination of decomposition of pre-

ceramic precursor with particle packing porosity and with ice

templating. First, the surface characteristics of the polysiloxane

precursor H44 was altered from hydrophobic to more hydrophilic

by partially decomposed polysiloxane in an atmosphere of inert

gas to “H44-derived filler” [22]. Then, this filler is mixed with silica

sol, which is used as the binder and water-containing phase. The

influences of the pyrolysis temperature, freezing temperature, and

precursor composition on specific surface area, porosity, pore size

distribution, and surface characteristics were studied. This method

should enable the fabrication of large amounts of bulk monolith by

reducing the very high volumetric shrinkage, and an appreciable

density increase during polymer to ceramic conversion. Adapt-

ing the water-based freeze-casting method to the fabrication of

polymer-derived ceramic monoliths offers the possibilities of gen-

erating a hierarchical pore structure with tailorable properties for

different applications.

2. Experimental details

2.1. Material

A commercial methyl-phenyl polysiloxane powder (Silres® H44,

Wacker Chemie AG) was used to prepare the H44-derived filler.

Silica sol (SiO2 nanoparticles, 8 nm, 30 wt% BegoSol® K, BEGO) was

used as the binder and water-containing phase. Polyacrylic acid

(PAA, Syntran 8140, Interpolymer) was added to adjust the pH value

to ensure the complete condensation reaction of silica sol during

the freezing process.

2.2. Processing

2.2.1. H44 derived fillers

The H44 was pre-cross-linked using a multi-stage heat treat-

ment in air at 80 çC, 140 çC, and 200 çC (all dwell times 2 h), with

a heating rate of 60 çC/h in between dwell times. The pre-cross-

linked polysiloxane pieces were then pyrolyzed at 600 çC under

a nitrogen atmosphere. The pyrolyzed samples were then ground

with a grinder drive (MF 10 basic Microfine grinder drive, IKA)

equipped with a 250 �m sieve grating. The resulting powder was

then transferred to a planetary ball milling machine (PM 400,

Retsch) and ground at 350 r/min for 4 h to produce a very fine

powder.

2.2.2. Macroporous polymer-derived ceramic monolith

H44-derived fillers were added to silica sol in amounts as given

in Table 1, and mixed with a rotating mixer. The pH of this suspen-

sion was adjusted to 6–7 by the addition of polyacrylic acid. The

resulting slurry was then placed under vacuum to remove bub-

bles created during stirring, then quickly transferred to aluminium

moulds and placed in freezers at various temperatures (given in

Table 1) until completely frozen. In order to reduce thermal stress

induced by heating, the frozen body was transferred to a −20 çC

freezer for 1 hour and then to a −4 çC freezer for 3 h before drying

in a climate chamber. The climate chamber was set to room temper-

ature, with humidity between 85% and 95% for 5 days. During the

drying step, more than 90% in the sample is removed, and resid-

ual water can be removed further during the cross-linking step.

The “green bodies” were then cross-linked using a multi-stage heat

treatment in air at 80, 140, and 200 çC (all dwell times 2 h), with a

heating rate of 60 çC/h in between dwell times. Finally, the samples

were pyrolyzed at various temperatures (given in Table 1) under an

atmosphere of nitrogen. The preparation steps of the macroporous

polymer-derived ceramic monoliths are shown in Fig. 1.

Sample compositions were varied during preparation by vary-

ing the weight ratio of H44-derived fillers (10–40 wt%) to silica

sol (90–60 wt%). Three freezing temperatures and three pyrolysis

temperatures were investigated: −150, −80, and −20 çC; and 600,

700, and 1000 çC, respectively. Full information, including sample

nomenclature is given in Table 1. For example, the name H44-

10 wt-150-xxx means that the weight percentage of H44-derived

filler is 10%, the remaining 90% is silica sol, freezing temperature is

−150 çC, and the sample was pyrolyzed at a temperature of xxx.

2.3. Characterization

Zeta potential was measured in order to get information on sur-

face charges and to evaluate the stability of the suspension. Zeta

potentials of the H44-derived filler were analysed using Disper-

sion Technology Zeta & Size 1200 (Dispersion Technology Inc). The

morphology of the H44-derived filler and pyrolyzed samples was

analysed via scanning electron microscopy (SEM, Camscan Series

2, Obducat CamScan Ltd.); sample specimens were first sputtered

with gold (K550, Emitech, Judges Scientific plc.). Macroporosities of

the monoliths were determined via mercury intrusion porosimetry

(Pascal 140/440, POROTEC GmbH). Specific BET surface areas and

BJH pore size distributions were determined by nitrogen adsorption

and desorption isotherms measured at 77K using a Belsorp-Mini

(Bel Japan, Inc.). The samples were degassed at 120 çC for 3 h. Before

degassing, the monolith materials were ground and sieved with a

300 �m mesh sieve in order to minimize nitrogen diffusion effects

during the measurements. Water vapour and n-heptane adsorption

measurements were carried out by placing vessels with >0.5 g of

sample powder (particle sizes f300 �m) inside closed Erlenmeyer

flasks filled with the solvent at equilibrium with its vapour phase at

room temperature. Samples were weighed at the start and end of a

24 h measurement period in order to determine the vapour uptake
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Fig. 1. Process scheme, parameter variation of synthesized samples and monolithic structure of pyrolyzed sample.

of the material. Later, the uptake was recalculated into g/m2 using

the BET surface of the materials.

3. Results

3.1. Properties of H44-derived fillers

The H44 precursor, which contains phenyl and methyl groups, is

very hydrophobic. Thus, the properties of H44-derived fillers had

to be modified in order to allow them to mix with water during

freeze casting. When the H44 precursor is pyrolyzed at 600 çC, the

decomposition of phenyl group occurs, resulting in a hybrid mate-

rial. Pre-pyrolyzed H44, which could not cross-link further (only

if are some –OH groups remaining), and act to fill the space, is

therefore referred to as H44-derived filler.

The planetary ball milling machine was used to reduce the parti-

cle size of the H44-derived filler; in freeze-casting, the filler particle

size greatly influences the pore structure [12]. Dynamic light scat-

tering measurements indicated a particle size range from 100 to

1000 nm, however, they display a tendency to aggregate, as shown

in Fig. 2a.

A surface charge on the particle was created predominantly by

the decomposition of phenyl groups during pyrolysis at 600 çC.

When the particles are mixed with water, the absolute value of

the zeta potential can indicate the stability of the suspension. Val-

ues between 1 and 10 mV indicate unstable suspensions, values

between 10 and 30 mV indicate that the suspension exhibits ini-

tial, temporary particle stability in de-ionized water [23,24], and

values above 30 mV suggest that the suspension is very stable. For

the H44-derived filler suspended in water, the absolute value of

zeta potential is found to be more than 10 mV, shown in Fig. 2b,

indicating a initial stability (up to 1 h; the freezing process takes

only a few minutes at −150 çC).

Compared to water, the negatively charged H44-derived fillers

had higher stability in anionic colloidal silica, due to stronger inter-

particle repulsion. The pH value of the slurry also influences the zeta

potential of particles, and thus the suspension stability. A slurry

pH value of 6 to 7 was experimentally determined to produce the

mechanically strongest monoliths after freezing. The cross-linking

(condensation) rate between silica particles is greatly influenced by

the pH of the slurry; this effect allows silica to act as a binder during

the preparation process. A pH value below 6 led to suspensions hav-

ing very low stability, while pH values of 8 to 11 lead to insufficient

Fig. 2. (a) SEM images of H44-derived fillers after planetary milling at 350 r/min for 4 h. (b) Zeta potential of the H44-derived filler in de-ionized water.
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Fig. 3. SEM images of pyrolyzed monoliths with different freezing temperatures. Horizontal length of the white boxes represents the sizes given therein.

Fig. 4. Pore size distribution versus relative pore volume (coloured columns) and open porosity curves (coloured lines) obtained from Hg-porosimetry of pyrolyzed samples:

(a) Samples with different H44-derived filler amounts, pyrolyzed at 600 çC; (b) Samples with different precursor ratios, pyrolyzed at 1000 çC.

cross-linking of silica sol during freezing process. When the slurry

was prepared with a pH >11, gelation occured before freezing could

commence. Radial shrinkage of samples pyrolyzed at 600 çC, 700 çC,

and 1000 çC, was observed to be 3%, 4%, and 11% respectively.

Powder XRD analysis (Supplement Fig. 1) confirms that the

final product is structurally amorphous (no SiC or SiO2 peaks are

detected). SiOC is not a single stoichiometric phase, but instead

built from nanodomains of amorphous SiO2 and carbon; the mate-

rial produced in this work is a SiOC material, having varying carbon

contents and domain sizes. Wherein the sample contains especially

for high contents of silica particles, it may also be described as SiO2

nanoparticles embedded in a SiOC ceramic matrix.

3.2. Pore structure and porosity

3.2.1. Effect of freezing temperature on pore structure

The pore structure and porosity depends heavily on the freez-

ing process. During freezing, the ice crystals tend to nucleate at the

bottom surface of the cylindrical mould, growing upwards along

the axis. However, due to the low thermal conductivity of the

H44-derived filler materials, ice crystal growth inward from the

circumference of the mould quickly comes to dominate the growth

structure of the monolith. The ice growth forms anisotropic pore

structures [25].

The pore structures of the monolith are shown in Fig. 3. The pore

morphologies of pyrolyzed monoliths differ with changes in freez-

ing temperature (varied freezing rates). The samples, which were

frozen at −150 çC, display a tubular (also described in other liter-

ature as “columnar”) pore structure, while the samples frozen at

−80 çC and −20 çC, show a lamellar pore structure. The pore sizes

increase with increasing freezing temperature (decreased freezing

rate). The pore diameters of H44-derived samples range from less

than 10 �m (−150 çC), to 20 �m (−20 çC). Fig. 3c shows how the

wall is constructed from particles, which are the H44-derived filler

materials. The macropore size can also be analyzed with Hg intru-

sion porosimetry, which provides additional information about the

porosity.

Fig. 4 shows the results of the Hg-intrusion porosimetry of

pyrolyzed samples having various amounts of H44-derived filler.

The detected macropore sizes exhibit very narrow distributions,

and all of the pore sizes fall into the range of 1 to 10 �m. This indi-

cates that a very uniform pore size is produced by freeze casting,

similar to other pore sizes found in literature [26]. The increase in

H44-derived filler amounts (and simultaneous decrease in water

content) leads to lower porosity and smaller pore size. When the

filler amounts varied from 10 wt% (further decreases lead to poor

monolith structure) to 40 wt% (further increases result in an inho-

mogeneous suspension), open porosity decreases from 70 to 45%.

Additionally, pore diameters shift to a lower average value; around

5 to 1 �m. Similar trends occur with samples pyrolyzed at 700

and 1000 çC, as shown in Fig. 4b. Notably, the solid phase includes

H44-derived filler and silica nanoparticles; samples having 10,

20, 30, and 40 wt% H44-derived filler content, together with sil-

ica nanoparticles constitute, respectively, 37, 44, 51, and 58 wt%.

Since porosity is determined by the solid volume, it will decrease

with increasing H44-derived filler. Fig. 4a and b demonstrate that

the pyrolysis temperatures used had no obvious influence on the

macroporous structure in terms of pore size and porosity.

3.3. Specific surface area and hierarchical structure

3.3.1. Effects of solid loading and pyrolysis temperature

The presence of hysteresis loops in the nitrogen adsorption and

desorption isotherms in Fig. 5a indicates a mesoporous structure

in all of the samples even after pyrolysis at 1000 çC. However,

the microporous component of the structure is only stable up to

700 çC; pyrolysis at 1000 çC results in an almost complete collapse

of the micropores. Macroporosity is normally preserved at higher

4



Fig. 5. (a) Nitrogen adsorption-desorption isotherms for samples with 40 wt% H44-derived filler, pyrolyzed at different temperatures. (b) BJH analysis of pore size distribution.

(c) Specific BET surface areas of pyrolyzed (600/700/1000 çC) monoliths as determined by nitrogen adsorption for samples with varied H44-derived filler loadings.

pyrolysis temperatures [27]. BJH analysis (Fig. 5b) indicates meso-

pore diameters between 2 and 12 nm. Interestingly, mesopore size

and count seem not to be influenced significantly by pyrolysis tem-

perature, as can be observed by the shape of the hysteresis loop in

Fig. 5a, and the BJH plots in Fig. 5b.

The influence of H44-derived filler amounts on specific surface

area (SSA) was also studied (Fig. 4c). It can be seen that the SSA could

be influenced by changes in the amounts of added filler, and varied

from 46.8 to 350 m2/g. At a pyrolysis temperature of 600 çC, with

the H44-derived filler amounts increasing from 10 to 40 wt%, the

SSA increased from 220 to 350 m2/g. Using a pyrolysis temperature

of 700 çC, the SSA rose from 146.2 to 159.8 m2/g with increasing

H44-derived filler amounts. After a pyrolysis at 1000 çC, the SSA

5



Fig. 6. Water and n-heptane vapor adsorption at 25 çC for samples with different H44-derived filler amounts pyrolyzed at 600 and 700 çC. The sorption data were recalculated

using the specific BET surface area from N2 adsorption.

still increased, rising from 46.8 to 74.4 m2/g with increasing filler

amount.

3.4. Surface characteristics

Hydrophilicity and hydrophobicity characteristics of the

pyrolyzed samples are indicated by water and n-heptane vapour

adsorption at 22 çC (Fig. 6). All of the samples obtained display

hydrophilic surface characteristics. Depending on the pyrolysis

temperature and the H44-derived filler amounts, the hydrophilic-

ity varies. Higher pyrolysis temperatures (1000 çC) lead to the

decomposition of methyl groups in the precursor, resulting in

improved surface hydrophilicity of the pyrolyzed sample. This is

indicated by greater amounts of water vapour adsorbed per SSA,

compared to the n-heptane adsorption. The water vapour adsorp-

tion greatly increased with increasing pyrolysis temperature, from

0.019 to 0.084 mmol/m2, compared to n-heptane adsorption: 0.005

to 0.015 mmol/m2. For samples pyrolyzed at 600 çC, when the filler

amount increases from 10 wt% to 40 wt%, the more hydrophilic sil-

ica content decreases, resulting in an overall decrease in the water

adsorption with increasing filler content.

4. Discussion

4.1. Lamellar morphology of SiOC materials

The surface characteristics of polymer precursors can be

adjusted by preliminary pyrolysis. Initial work has shown that

H44 precursor pyrolyzed at 500 çC still exhibits a very hydropho-

bic surface based on water and n-heptane adsorption results. After

pyrolysis at 600 çC, the resultant filler material’s surface displays

more hydrophilic characteristics (see Supplemental Fig. 2). This

enables the formation of the suspension with water. Pyrolysis at

higher temperatures would increase the hydrophilicity slightly, but

lead to a higher degree of decomposition of the H44 precursor. This

would reduce the carbon content in the final SiOC material and

monolith mechanical strength.

Unlike polysiloxane dissolving in an organic solvent, such as

camphene, in which the pore structure is created by a thermally-

induced phase separation of solvent from solute [28], the pore

structure is created by H44-derived filler material pushed aside by

ice crystals as they grow. During the freezing process, the parti-

cles in the slurry are repelled by the moving ice solidification front,

concentrated, and trapped in between the growing ice crystals.

The now-agglomerated silica particles will undergo a cross-linking

reaction and act as a binder, forming a mechanically strong mono-

lith. It has been reported that at high solid contents, a tubular

(or columnar) pore structure is produced during the freeze cast-

ing process [12,29]. The pore morphologies of pyrolyzed monoliths

differ when frozen at different temperatures; structures varied

from tubular pores to lamellar pores. Macropore structures did not

change during pyrolysis.

Water crystallizes in the hexagonal crystal system, with the ice

crystals having a growth velocity approximately 100 times faster

in the a-direction of the hexagonal base than in the perpendic-

ular c-direction [30]. As a result, ice crystals develop a lamellar

microstructure parallel to the a-direction, resulting in a lamellar

spacing. Lower freezing temperatures result in higher freezing front

velocities. For the samples freezing at −150 çC, the higher freezing

velocity lead to smaller ice lamellae. The ice growth along the c-axis

Fig. 7. (a) 3D representation of the influence of filler amount and pyrolysis temperatures on SSA. (b) Influence of filler amounts and freezing temperatures on porosity. (c)

Influence of factors from 7b on pore size.
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bridged lamellar pores and resulted in a tubular channel structure.

Conversely, wall thickness increased greatly with warmer freezing

temperatures, due to lower numbers of ice crystal nucleations and

a lower ice front velocity at slower freezing rates [12].

4.2. Hierarchical structure

The freeze-casting method by itself can only produce macrop-

orous structures. However, by combining freeze-casting with the

pre-ceramic polymer, micropores were introduced via decompo-

sition of the pre-ceramic polymer [22]. Additionally, the packing

geometry of the H44-derived filler with silica particles and itself

results in the formation of a mesoporous structure [31]; the sizes of

the particles directly influence the pore size. The H44-derived filler

particles fall into the sub-micron range, which normally should pro-

duce pores in the same size range. However, during the pyrolysis

of the green body, the silica particles and H44 derived filler may

still react [32]. This allows the particles to bind together, reduc-

ing the ‘particle packing’ pore size, and maximizing the mechanical

strength of the final monolith. Thus, it is important that the prelim-

inary pyrolysis temperature not exceed 600 çC to get mechanically

strong monolith. As shown in Fig. 5, mesopores appeared to be unaf-

fected by pyrolysis temperatures from 600 to 1000 çC, likely due to

the relative stability of the H44-derived filler material at these tem-

peratures (see TGA results in Supplemental Fig. 3). Additionally,

silica particles are well embedded in the ceramic matrix, which

suppresses silica particle growth (silica particles not embedded in

a ceramic matrix are expected to coarsen greatly at the applied

temperature of 1000 çC). This phenomenon is often observed for

particles embedded in a carbon matrix [33]. The usage of silica

sol also plays an important role in the mechanical strength of the

monolith.

4.3. Influences of the process parameters

SSA measured by nitrogen adsorption and desorption, open

porosity and pore size measured by Hg intrusion were plotted

against pyrolysis temperature, H44-derived filler amount, and

freezing temperature, respectively. The 3D visualization in Fig. 7

shows that the pyrolysis temperature has more influence on SSA

than amounts of H44-derived filler. The highest SSA is obtained for

materials with a filler amount of 40 wt% pyrolyzed at 600 çC. The

freezing temperature was found to have very little impact on SSA

(not shown). The reason for the adjustable SSA is the H44-derived

filler, which exhibits a SSA of around 500 m2/g for the pristine mate-

rial pyrolysed at 600 çC [22,34]. Due to the relatively high amount of

H44-derived filler in the monolith, increasing the filler amount can,

to a point, increase the SSA. At pyrolysis temperatures of 1000 çC,

micropores are destroyed, and mesopores are still preserved, the

less contribution of mesopores to SSA resulting in a reduction of

SSA gains with increasing filler percentages.

The main factors influencing the resultant morphology and

porosity are the freezing temperature and solid loading; also

observed for materials derived from inorganic powders [12].

Increases in solid content of the suspension at the same freezing

temperatures result in slightly smaller ice crystals, due to a lowered

water content. Both H44-derived filler amount and freezing tem-

perature influence the open porosity and pore size. For porosity,

filler amount plays a major role. However, for the sample H44-

10 wt-xx-1000, when frozen at −20 çC, a much larger pore size and

thicker pore walls resulted. The extremely high water content led

to a very fragile monolith structure, which collapsed easily into

powder. The pore structure might be partially destroyed during

the drying process, leading to the low porosity. In some studies

that have used camphene and tert-butyl alcohol as the solvent,

solid loading influenced pore size dramatically [13]. However, in

this study, pore size was not strongly influenced by filler amount,

likely due to the rapid crystallization of water compared to other

solvents. The highest porosity can be achieved with lowest filler

amounts at lowest freezing temperature.

5. Conclusion

Polymer-derived ceramic monoliths with hierarchically-

ordered micro-/meso-/macroporous structures have been

fabricated for the first time using a water-based freeze-casting

method and polysiloxane-based filler as the solid phase. The

hierarchically-ordered pore structure, pore size distribution,

porosity, SSA, surface characteristics can be adjusted by varying

pyrolysis temperatures, solid loadings, and freezing temperatures.

The combination of polymer-derived filler materials with freeze-

casting not only results in lamellar SiOC structures (pore sizes

from a few up to ca. 20 �m), but is also responsible for a relatively

high SSA (46.8 m2/g to 350 m2/g) in the presence of mesopores

(diameters of 2 to 12 nm). Using H44-derived filler material as

the solid phase enables the fabrication of bulk monoliths, free

of cracks. The hierarchically-ordered structure, in combination

with adjustable material properties, like surface characteristics,

could be enormously advantageous for applications such as gas

separation and liquid filtration.
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