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a  b  s  t  r  a  c  t

A  freeze-casting  route  towards  macroporous  SiOC/SiO2 ceramic  nanocomposites  from  preceramic
polymers  was developed.  Amorphous  SiOC/SiO2 monolith  with  pore  channels  aligned  along  the  freez-
ing  direction  were  obtained  from  commercially  available  methyl-phenyl-vinyl-hydrogen  polysiloxane
(Silres® H62C)  and  amorphous  silica  derived  from  rice  husk  ash  freeze-cast  with  water  or  tert-butyl
alcohol,  crosslinked  and  pyrolyzed  at 1100 ◦C in  nitrogen.  The  influence  of  processing  parameters  such  as
eywords:
olysiloxane
reeze-casting
orous ceramics

solvent  (tert-butyl  alcohol  or water),  polymer  to  silica  ratio  (2:1,  1:1,  1:2),  cooling  rate  (2,  4,  6 ◦C/min)  and
pre-crosslinking  of  polysiloxane  on  the porosity  and  structure  of the  obtained  ceramic  nanocomposites
were  assessed  by  X-ray  tomography,  XRD,  solid  state  NMR,  scanning  electron  microscopy  and  mercury
porosimetry.  The  microstructure  of  SiOC  ceramics  derived  from  the  Silres  H62C  polysiloxane  was  studied
ice husk ash
olymer-derived ceramics

as well.

. Introduction

Considerable attention has been paid in recent years to the fab-
ication of macroporous ceramics with controllable pore size and
eometry suitable for a variety of emerging applications such as
hermal insulation, gas separation, catalysis and bone replacement
1–4]. Defined macroporosity in ceramics is usually created during
rocessing by using replica materials, sacrificial fillers, direct foam-

ng or additive manufacturing techniques [3,5]. Freeze-casting, also
nown as ice templating, has gained increasing interest in recent
ears. During freezing, the liquid phase (e.g. water) solidifies and
rystallizes and thus acts as a porogen, leaving pores behind after
ts sublimation [6]. The pore structure of the freeze-cast materials

s to a large extent influenced by the processing parameters such as
ooling rate and direction, solid content in the formulation, and the
nal heat treatment [1,6–11]. Solvent in combination with freezing
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conditions is crucial for defining pore geometry [6,9], i.e. water typ-
ically leads to lamellar, camphene and cyclohexane – dendritic, and
tert-butyl alcohol – prismatic materials [6,9]. Water-based freeze
casting has been most extensively reported in literature, especially
for the processing of macroporous oxides such as Al2O3, ZrO2 and
zeolites [7,12,13].

Polymer derived ceramics (PDCs), synthesized by the pyrolysis
of preceramic polymers such as polysiloxanes, polycarbosiloxanes
and polycarbosilanes, is an emerging group of ceramic materi-
als [14]. Tailoring the molecular structure of preceramic polymers
offers a wide range of microstructural features that in turn deter-
mine the physicochemical properties of resulting PDCs. Adjusting
pyrolysis conditions (gas atmosphere, temperature, heating rate)
allows for the control over the phase composition, porosity and
microstructure of the resulting ceramics [15,16]. One  of the main
challenges in the processing of PDCs, however, is the high volume
shrinkage during the polymer-ceramic transformation. This can be
circumvented by the addition of fillers or by modifying the polymer
structure [14].
Freeze-casting has rarely been investigated for the process-
ing of macroporous PDCs or their composites [17–21].Since the
preceramic polymers are not soluble in or miscible with water,
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ther solvents such as camphene, cyclohexane and tert-butyl
lcohol have been applied for freeze-casting yielding in mate-
ials with dendritic and cellular pore geometries. Except the
tudy [19], all aforementioned works utilized either the pre-
ross-linked polymers or polymer-derived ceramic powders as, for
xample, in a recent report about hierarchically ordered micro-
eso-macroporous ceramic monoliths freeze-cast from silica sol
ixed with a SiOC powder derived from a commercial polysiloxane

22]. To the best of our knowledge, preceramic polymers have not
et been processed with a water-based freeze-casting technique
ithout being pre-cross-linked.

The main goal of the present study is to develop a freeze-casting
ethodology that allows fabrication of macroporous ceramic
onoliths from liquid preceramic polymers. The main emphasis

s laid on the processing of amorphous ceramics in environmen-
ally friendly solvents (water) with carbon neutral green additives
silica from rice husk) [23].

. Materials and methods

.1. Materials

A commercial methyl-phenyl-vynil-hydrogen polysiloxane
Silres®H62C, denoted as LH62C afterwards, Wacker Chemie
mbH, Germany) was used as received, without further purifica-

ion. Crosslinking of the polymer – chosen according to the thermal
nalysis data from [24] − was performed in argon at 250 ◦C for

 h with a heating rate of 1 ◦C/min. The resulting material (labeled
s CH62C afterwards) was ground with planetary ball mill PM4
Retsch, Germany) for 1 h to produce fine powder (≤60 �m sieve
rating). Amorphous silica powder derived from rice husk ash was
sed as a filler. The extraction method of silica from rice husk ash

s reported elsewhere [25–27]. Amorphous silica consists of pri-
ary loose nanosized particles assembled in a secondary particle

gglomerate of approximately 5–10 �m surrounded by a shell, a
pecific surface area of 150 m2/g and a density of 1.6 g/cm3 [28].
istilled water (W)  and tert-butyl alcohol (TBA, (CH3)3OH, Merck,
ermany) were applied as solvents in the freeze-casting process.
extrin from potato starch (Sigma-Aldrich) and polyvinylbutyral

PVB, (C8H14O2)n Kuraray America Inc., USA) were used as the
inders for the water and alcohol containing phase, respectively.
odium dodecylbenzenesulfonate (DBSS, CH3(CH2)11C6H4SO3Na,

igma-Aldrich) was used as an emulsifier in the water-based routes.
olyethylenimine (PEI, (C2H5N)n, MW 10.000, 99% purity, Poly-
ciences PEI Inc., USA) and citric acid (CA, HOC(COOH)(CH2COOH)2,
oth, Germany) were used as dispersants for water-based and TBA-
ased slurries, respectively.

.2. Processing

The experimental procedure used in this study is summarized
n the flowchart presented in Fig. 1. Table 1 summarizes the experi-

ental parameters varied in this study along with the abbreviations
f the specimens. The nomenclature of monoliths was  defined
ased on the type of preceramic polymer (L for LH62C, C for CH62C),
atio of preceramic polymer to silica filler (21 for 2:1, 11 for 1:1,
nd 12 for 1:2, respectively), and solvent (W for water, TBA for
ertbutyl alcohol). Formulations with a total of 30 wt.% loading of
receramic polymer and the amorphous silica filler were stirred

n a solvent (W or TBA) with the additives for 4 h. The freeze-
asting was performed in a home-made freeze-casting setup that

llows for an unidirectional solidification with controlled cool-
ng rates of 2, 4 and 6 ◦C/min [29]. After the freezing process, all

ater-based samples were dried in a freeze-dryer (Christ Gamma
–20, Martin Christ Gefriertrocknungsanlagen GmbH, Germany) at
ramic Society 37 (2017) 4809–4820

−30 ◦C under vacuum (0.03 mbar) for ≥3 days. Because the vac-
uum pump in a freeze-dryer was  not equipped with membrane
filter for TBA solvent, the Schleck technique was used for subli-
mation of TBA. After sublimation, the cold samples are carefully
removed from the acrylic glass mold. Green bodies fabricated with
LH62C polymer were thermally cross-linked by placing them for
2 min  in the furnace pre-heated to 300 ◦C. Finally, all samples were
pyrolyzed at 1100 ◦C under nitrogen atmosphere for 4 h with a
heating rate of 3 ◦C/min. For improving the mechanical strength
of the monoliths and to study phase separation processes within
the polymer-derived matrix, an additional pyrolysis step at 1400 ◦C
with 3 ◦C/min for 4 h under argon atmosphere was performed.

2.3. Characterization

Total pore volume and pore size distribution of the whole
unbroken monoliths were measured by mercury porosimetry in
Porosimeter 2000 WS  (Carlo Erba, Italy). To obtain information
about the size and orientation of the pores in the scaffolds, X-ray
tomography measurements were conducted on unbroken whole
monoliths in a home-made setup [30]. The setup consists of a
C7942CA-02 flat panel detector (Hamamatsu, Japan) and a L8121-
03 microfocus X-ray tube (Hamamatsu, Japan), which was  operated
at 100 kV. Tomographic reconstructions were computed using
VGStudioMAx. The volumetric shrinkage was  calculated from the
lateral dimensions of the monoliths before and after pyrolysis.

The pore morphology of the monoliths was  characterized by
Scanning Electron Microscopy (SEM) in a SU8030 microscope
(Hitachi, Japan) on the samples cut-off perpendicular to the
freezing-direction. The prepared samples for SEM characteriza-
tion were cut from the same height of all monoliths. Transmission
Electron Microscopy (TEM) characterization was performed on a
TECNAI G220 S-TWIN (FEI, Oregon, USA) with LaB6 electron gun,
operated at 200 kV. A Gatan MS794 P CCD camera and DigitalMi-
crograph software package were used for image recording and
evaluation. For elemental analysis, an EDX (EDAX) r-TEM SUTW
detector is coupled to the TEM. The samples for TEM characteriza-
tion were crushed and dispersed in ethanol, then a 3 �l drop was
applied on a holey carbon film, supported on a 300 mesh Cu-TEM-
grid. The samples were dried in air at 40 ◦C.

X-ray diffraction (XRD) patterns were recorded on powdered
samples in Philips PW 1830 diffractometer operated at 30 mA
and 40 kV with CuK�1 = 0.15406 nm radiation with a step time
of 10 s and step size of 0.02◦. Rietveld refinement was  per-
formed using the FULLPROF program [31]. The profile function
7 (Thompson-Cox-Hastings pseudo-Voigt convoluted with axial
divergence asymmetry function) [32] was  used in all refinements.
The resolution function of the instrument was  obtained from the
structure refinement of LaB6 standard. Solid state 29Si{1H} single
pulse and MAS  cross polarization (CP) measurements were carried
out on powdered samples in a Bruker Avance II spectrometer at
an external magnetic field of 9.4 T (i.e. a 1H resonance frequency
of 400 MHz) using a standard Bruker 4 mm double-resonance H-X
MAS  probe under MAS  rotation of 10 kHz 29Si NMR spectra were fit-
ted with a combination of Gaussian and Lorentzian functions using
the procedure of F. Massiot et al. [33].

3. Results and discussion

3.1. SiOC ceramics derived from the Silres H62C polysiloxane
Although Silres®H62C was  applied as a preceramic polymer in a
number of studies [24,34–45] the structure of the ceramics derived
therefrom was not addressed in sufficient detail. This issue hinders
a direct comparison of the influence of the silica filler on the struc-
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Fig. 1. Flowchart of experimental procedure used for the fabrication of SiOC/SiO2 macroporous monoliths by unidirectional freeze-casting from polysiloxane and silica from
rice  husk ash.

Table 1
SiOC/SiO2 specimens studied in this work.

Specimen Preceramic polymera Weight ratio of preceramic
polymer to amorphous silica

Solvent Dispersantb Binderc Emulsifierd (wt.%)

C12W CH62C 1:2 Water PEI Dextrin 0.2
C11W CH62C 1:1 Water PEI Dextrin 0.4
C21W CH62C 2:1 Water PEI Dextrin 0.8
C12T  CH62C 1:2 TBA CA PVB –
C11T  CH62C 1:1 TBA CA PVB –
C21T  CH62C 2:1 TBA CA PVB –
L12W LH62C 1:2 Water PEI Dextrin 0.2
L11W LH62C 1:1 Water PEI Dextrin 0.4
L21W LH62C 2:1 Water PEI Dextrin 0.8
L12T  LH62C 1:2 TBA CA PVB –
L11T  LH62C 1:1 TBA CA PVB –
L21T  LH62C 2:1 TBA CA PVB –

a liquid (LH62C), cross-linked (CH62C).
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b PEI (2 wt.%), CA (1 wt.%).
c dextrin (5 wt.%), PVB (2 wt.%).
d DBSS.

ure of the freeze-cast SiOC/SiO2 composites. Therefore, in the first
tep we studied the structure of SiOC ceramics derived from the
ilres H62C polysiloxane.

Silres H62C is a highly viscous liquid resin with approximately
2% weight loss in air [45]. At temperature of 250–260 ◦C reac-
ive Si-vinyl and Si-H bonds undergo thermal cross-linking through
ydrosilylation reaction [46]. At temperatures above 1000 ◦C, under
itrogen flow, the Silres H62C polysiloxane completely transforms
o SiOxCy ceramics with a weight loss of about 26% [24]. There-
ore, for the processing of monoliths we have chosen the following
onditions: (a) cross-linking at 250–300 ◦C; (b) pyrolysis at 1100 ◦C
o produce amorphous ceramics, (c) two-stage pyrolysis, first at
100 ◦C followed by 1400 ◦C to induce the phase-separation and
rystallization in the specimens.

Powder XRD reveals that LH62C-derived SiOC sample pyrolyzed
t 1100 ◦C in nitrogen is mainly amorphous with minor amounts of
urbostratic carbon (Fig. 2a). Nanocrystalline �-SiC and turbostratic

arbon segregate from the SiOC matrix after pyrolysis at 1400 ◦C.
he presence of turbostratic carbon is indicated by the disappear-
nce of (100) and (101) reflections, which are characteristic of the
three-dimensional ordering in graphite, and the appearance of a
non-symmetrical and two-dimensional reflection of (10) which
is the characteristic for disordered sp2-hybridized carbon [47,48].
These results are consistent with previous works on Silres H62C
polysiloxane and other polymer derived SiOC ceramics [49–51].
The Rietveld refinement of the XRD pattern of the LH62C sam-
ple pyrolyzed at 1400 ◦C (Fig. 2b) reveals 26 wt.% of �-SiC with
crystallite sizes of 1.5 nm and 74 wt.% of turbostratic carbon with
crystallite size 0.7 nm.  The average number of graphite stacking
layers, which was  estimated from d002 and crystallite size along
the c-axis (Lc) [52], is found to be 1.9. The absence of any crys-
talline SiO2 phase after pyrolysis at such high temperatures shows
the characteristic high-temperature stability of polymer-derived
ceramics, which can be attributed to the presence of free carbon
nanodomains. In fact, carbon can act as a diffusion barrier to the
atomic rearrangement and restrict the domain size of tetrahedral
SiO4 units which remains lower than the critical size required for

the nucleation of SiO2 phase [53].

The crystallization and phase-separation processes observed in
the LH62C-derived SiOC are confirmed by the TEM characterization.
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Fig. 2. LH62C-derived SiOC specimens: (a) XRD pattern of LH62C-derived SiOC specimen pyrolyzed at 1100 ◦C; tick marks refer to Bragg reflections of �-cristobalite, graphite
and  �-SiC; (b) Rietveld refinement of the XRD pattern of the LH62C-derived SiOC sample pyrolyzed at 1400 ◦C, showing observed (red circles), calculated (black solid line)
intensities and difference (green solid line). Tick marks refer to Bragg reflections of graphite (1) and cubic �-SiC (2). The large difference between observed and calculated
intensities at 2� ∼44◦ is due to the disappearance of (100) and (101) reflections characteristic of the 3D ordered graphite, and the appearance of non-symmetrical two-
dimensional reflection (10) which is the characteristic for disordered sp2-hybridized carbon. (For interpretation of the references to colour in this figure legend, the reader
is  referred to the web version of this article.)
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ig. 3. TEM images and diffraction pattern (inset in b) of LH62C-derived SiOC cera
orm-like turbostratic carbon precipitates.

he TEM images of LH62C pyrolyzed at 1100 ◦C display charac-
eristic worm-like turbostratic carbon precipitates embedded in
he amorphous SiOC matrix (Fig. 3). This result agrees with XRD
haracterization (see Fig. 2a) and the finding reported previously
5].

The pyrolysis at 1400 ◦C induces phase-segregation and crystal-
ization within the SiOC matrix. The dark-field image, presented in
ig. 4a, shows the formation of nano-sized crystals in the amor-
hous matrix. High-resolution TEM (Fig. 4b) confirms the presence

f nano-sized SiC crystallites (shown in white squares 2–4) with

 measured interplanar distance of approximately 0.25 ± 0.01 nm
hich corresponds to the [25] of �-SiC and was  confirmed by
yrolyzed at 1100 ◦C confirm the homogeneous amorphous matrix with embedded

Fourier-transformation and electron diffraction analysis (see Fig. 4
and Table S1). In addition, a high-volume fraction of the turbostratic
carbon with crystallites of a few nanometers in size are proven
(interplanar distance of 0.34 nm,  shown in white square 1). The
estimated crystallite sizes from TEM, agree with XRD results, which
give for �-SiC and turbostratic carbon 1.5 nm and 0.7 nm, respec-
tively.

Further insight into the SiOC microstructure is provided by
solid-state 29Si-NMR characterization, which demonstrates signif-

icant difference in the silicon environment in the LH62C-derived
SiOC samples pyrolyzed at 1100 and 1400 ◦C. The characteristic
peaks at chemical shifts of −114 and −14 ppm correspond to SiO4
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Fig. 4. TEM images of LH62C-derived SiOC specimen pyrolyzed at 1400 ◦C: a) dark field im
(inset)  shows crystalline �-SiC (see Table S1 for details), b) HR-TEM images confirm �
transformed high-resolution TEM data for �-SiC (2–4) and turbostratic carbon (1).
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ig. 5. Solid-State 29Si{1H}-NMR spectra of the LH62C-derived SiOC specimens
yrolyzed at 1100 ◦C (a) and 1400 ◦C (b). See the text for the interpretation of the
pectra.

nd SiC4 units and −82, −39 to different kinds of oxygen-rich
iCxO4−x [54,55], were observed for the specimen pyrolyzed at
100 ◦C. The specimen pyrolyzed at 1400 ◦C demonstrates chem-

cal shifts at −108 and −18 ppm, which correspond to SiO4 and
iC4 units. Peaks at −82 and −39 ppm, which could be assigned
o mixed-bond units such as SiO3C and SiO2C2, are not present in
his specimen. This result fully agrees with the XRD and TEM stud-
es pointed at the phase-separation of amorphous SiOC matrix to
rystalline �-SiC and amorphous SiO2 (Fig. 5).

.2. Freeze-cast SiOC/SiO2 monoliths

The monolithic green bodies freeze-cast from LH62C polysilox-
ne without filler do not stay form-stable and begin to flow after
he sublimation of the solvent (water or TBA). Therefore, to form-

tabilize the freeze-cast monolithic green bodies the amorphous
ilica is added as a filler to preceramic polymer. Alternatively, we
tudy another route in which the LH62C polysiloxane is thermally
ross-linked before freeze-casting and then mixed with amorphous
age displays tiny nanocrystallites in an amorphous matrix and diffraction pattern
-SiC (squares 2–4) and turbostratic carbon (square 1). The insets show Fourier-

silica. As very brittle specimens were obtained in this route, the
main emphasis is laid on the processing of amorphous ceramics
from liquid LH62C polysiloxane and amorphous silica derived from
the rice husk ash. Therefore, the pyrolysis temperature is set to
1100 ◦C, only in exceptional cases the pyrolysis is performed at
1400 ◦C to study the effect of phase-separation on the stability of
monoliths. To make the process more environmentally friendly,
water-based route is also investigated.

The form-stabilization of green-bodies (Fig. 6) as well as a sig-
nificant reduction of volume shrinkage (Fig. 7) is achieved for
specimens with amorphous silica filler starting from the weight
ratio of polymer to silica 1:1. Form-stabilization is further improved
and shrinkage further reduced by increasing the silica content and
by using water instead of TBA as a solvent. The shrinkage is further
reduced by applying the crosslinked polymer; however, as these
specimens are very brittle and their fabrication requires an addi-
tional step and a similar processing route was recently reported
[22], in the next sections we mainly focus on the characterization of
the specimens fabricated from liquid polymer, that is LH62C-based
samples.

As the shrinkage is significantly reduced in the specimens
freeze-cast with amorphous silica starting from the weight ratio
of polymer to silica 1:1, in the next step these materials are ana-
lyzed in more detail, i.e. especially the influence of the solvent
(water or TBA), cooling rate (2, 4 and 6 ◦C/min), and the poly-
mer  crosslinking on the pore geometry and the microstructure of
the specimens is addressed. As the main interest was  to fabricate
macroporous amorphous specimens, the emphasis was laid on the
samples pyrolyzed at 1100 ◦C. Here, one must notice a main differ-
ence between TBA- and water-based freeze-casting processing. In
the former silica particles are dispersed in the solution of polysilox-
ane in the TBA; in the latter, the silica particles are dispersed
in the microemulsion of polysiloxane in water. These specimens
were not homogeneous due to the foaming effect of the emulsi-
fier (DBSS). Despite this difference, the influence of the parameters
stated above is similar for both processing routes and can be sum-
marized as follows: (i) an increase in the cooling rate reduces the
pore size, and (ii) the use of the cross-linked polymer (i.e. CH62C-
derived specimens) results in particulate walls that destabilize the

monoliths. Both solvents – TBA and water – allow for the fabrication
of pore channels oriented along the freezing direction.
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Fig. 6. Photographs of C11W (a), L11T (b) and L21T (c) monoliths frozen at 2 ◦C/min. Left images display green-bodies after sublimation of a solvent (a) followed by thermal
cross-linking (b, c); right images display the specimens pyrolyzed at 1100 ◦C. The L21T monolith was  not form-stable and was destroyed during the pyrolysis.
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Fig. 7. Volume shrinkage of the LH62C- and CH62C-derived SiOC/S

Some representative examples of the monolith fabricated with
BA and water are given below along with the most significant fea-
ures and peculiarities. Fig. 8 displays the X-ray micro-tomogram
nd SEM images confirming hexagonal-like (prismatic) pore chan-
els in the L11T samples solidified in the TBA. This specimen
isplays columnar pores (at the top of the specimen), intermedi-
te and dense (at the bottom of the specimen) structures. This is a
ypical feature of the ceramics fabricated by unidirectional freeze-
asting. The initial TBA crystals nucleated in the cold region − close
o the cold copper surface at the bottom of the specimen − are ran-
omly oriented and the growth velocity is high enough to entrap
ll the particles, leading to a dense microstructure at the bottom
art of the monolith [11]. At the intermediate positions the pores
re oriented randomly. At the top the alignment of the pores along

he freezing gradient is observed. The hexagonal form of the pores
s similar to that previously observed in YSZ ceramics frozen with
BA and is due to the hexagonal packing of TBA crystals [56].
onoliths fabricated in water at 4 ◦C/min and pyrolyzed at 1100 ◦C.

A decrease in the cooling rate enhances the pore radius and
reduces the total pore volume (Fig. 9). For example, the L11T
specimen frozen with 6 ◦C/min displays a broad pore radius dis-
tribution in range of 3–>50 �m with a median radius pore radius of
16.3 �m and a total intruded pore volume of 1719 mm3/g. An addi-
tional contribution of tiny pores around 0.005–0.05 �m is observed,
which is caused by pores within the walls. By reducing the cooling
rate from 6 to 2 ◦C/min the median radius pore radius increases
from 16.3 to 26.3 �m,  while the number of small pores (<3 �m)
slightly increases. The total intruded pore volume is reduced to
1544 mm3/g.

All samples fabricated in water display lamellar pores aligned
parallel to the freezing direction (Fig. 10). The pore size and the wall
thickness decrease with increasing cooling rate; a large number of

bridges between the walls found in these specimens is desirable
for stiffening and strengthening the materials. The pore size distri-
bution and the pore volume for specimen frozen with 6 ◦C/min is
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Fig. 8. Hexagonal pore channels in L11T monolith pyrolyzed at 1100 ◦C. Left: SEM images with different magnification of the L11T specimen frozen with 4 ◦C/min. The images
are  taken from the surface of the specimens cut perpendicular to the freezing direction. Middle: X-ray micro-tomogram of the L11T specimen frozen with 4 ◦C/min. Right:
SEM  images of the L11T specimen frozen with 2 ◦C/min. The images are taken from the surface of the samples taken at the positions indicated in the tomogram parallel to
the  freezing direction. It should be noted that these images just show the pore morphology regarding to the type of solvent and the position where the photos are taken. The
pore  size changes depending to the cooling rate.
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ig. 9. Mercury intrusion porosimetry results: pore size distribution and pore volu

hown in Fig. 11. Most of the pore radii range between 0.01–30 �m
ith a median radius of 5.4 �m and a total intruded pore vol-
me  of 2408 mm3/g. The increase in pore volume for water-based
repared monoliths (see also Fig. 9) is in good agreement with
eville et al. [9]. Among others, by increasing the surface tension,

he breakthrough concentration and thus amount of macropores in
omparison to micropores will be increased. Smaller pore sizes for
ater-based routes can be attributed to faster heat transfer (that
ffectively means higher cooling rates and freezing front velocities)
ue to higher thermal conductivity of water (∼0.6 W/mK  at 280 K
57]) if compared to TBA (∼0.1 W/mK  [58]).
the L11T monoliths frozen with a) 2 and b) 6 ◦C/min and pyrolyzed at 1100 ◦C.

The effect of pyrolysis temperature on the pores wall consoli-
dation of monoliths prepared by cross-linked polymer is shown in
Fig. 12. Also in this case, characteristic pore channels are observed
in the samples freeze-cast in water and TBA. However, in compar-
ison to the LH62C-based routes, the polymer crosslinking leads to
more randomly oriented pores with inhomogeneously distributed
micron-sized particles within the walls that make the pore walls
loose, weak and unstable. The latter can be significantly strength-

ened in the specimens pyrolyzed at 1400 ◦C (Fig. 12c and d) which,
however, are less porous and already phase-separated, as it will be
shown below. In the next step the structure of the L11W specimens
is addressed in more detail by XRD (Fig. 13), TEM (Figs. 14 and 16)
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Fig. 10. Influence of cooling rate on the size of lamellar pores in the monoliths freeze-c
6 ◦C/min (g-i) and pyrolyzed at 1100 ◦C. The images are taken from the surface of the spe

Fig. 11. Mercury intrusion porosimetry results: pore size distribution and pore vol-
u

a
fi

p
S
t
a
p
p

�-cristobalite (main phase) and �-tridymite. Similar to the LH62C-
me  in the L11W monoliths frozen with 6 ◦C/min and pyrolyzed at 1100 ◦C.

nd NMR  (Fig. 15) to identify the influence of the amorphous SiO2
ller on the microstructure of the SiOC/SiO2 ceramics.

According to the XRD results (Fig. 13a) the L11W sample
yrolyzed at 1100 ◦C remains amorphous, however, in contrast to
iOC ceramics derived from Silres H62C polymer, the TEM charac-
erization indicates the precipitations of SiC nanocrystallites in the

morphous SiOC matrix as well as amorphous SiO2 filler. The inter-
lanar distance of approximately 0.25 nm corresponds to the (111)
lanes of �-SiC. In addition, crystalline CaO particles are observed.
ast in water: SEM images of the L11W monoliths frozen with 2 (a-c), 4 (d-f) and
cimens cut parallel to the freezing direction from the same height.

The latter could arise either from the impurities from the natural
rice husk or from the contamination of the sample.

The XRD and TEM results point out that the polymer-derived
matrix prevents the crystallization of amorphous silica particles
embedded in it. Similar tendencies in the high temperature sta-
bilization were observed for ZrO2/SiOC and HfO2/SiOC ceramic
nanocomposites, i.e. ZrO2 and HfO2 particles remained amorphous
after the pyrolysis in argon at 1100 and 1300 ◦C, respectively, and
crystalized to tetragonal/cubic phases above 1300 ◦C [59,60]. For
better resolution of the signals of the carbon containing species,
solid-state 29Si-NMR was  performed for a L21W sample with high
carbon content. The characteristic peaks observed at chemical shifts
of −108 and −21 ppm correspond to SiO4 and SiC4 units, while
−65, −31 correspond to different kinds of oxygen-rich SiCxO4−x
units [54,55]. In contrast to 29Si-NMR spectra of LH62C-derived
SiOC sample (see Fig. 15), the intensity of SiO4 peak of the com-
posite is much higher in comparison to the intensities of the
carbon containing Si-O-C-species, which is due to the silica filler.
Furthermore, all peaks are shifted towards lower fields in compar-
ison to the LH62C-derived SiOC. As mixed Si-C-O bonds are still
observed, the amorphous SiOC matrix remains still intact and the
phase-segregation into the oxygen-rich and carbon-rich units is not
completed similar to the LH62C-derived SiOC specimens.

With increasing pyrolysis temperature to 1400 ◦C, amor-
phous silica particles embedded in SiOC matrix crystallizes to
derived sample the SiOC matrix undergoes the phase separation
to �-SiC and turbostratic carbon. The Rietveld refinement of the
XRD pattern of the L11W sample pyrolyzed at 1400 ◦C (Fig. 13b)
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Fig. 12. Effect of pyrolysis temperature on the pores wall consolidation of cross-linked sample and phase-separation of pore structure: SEM images of the C11T monoliths
frozen  at 6 ◦C/min and pyrolyzed at 1100 (a, b) and 1400 ◦C (c, d). The images are taken from the surface of the specimens cut perpendicular to the freezing direction.

Fig. 13. XRD pattern of (a) L11W sample pyrolyzed at 1100 ◦C; (b) Rietveld refinement of L11W sample pyrolyzed at 1400 ◦C, showing observed (red circles), calculated
(black  solid line) intensities and difference (green solid line). Tick marks refer to Bragg reflections of �-cristobalite SiO2 (1), (2), �-SiC (2) and (3) hexagonal �-tridymite. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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isplays the silica is the main crystalline phase with 84.4 wt.%
f �-cristobalite with crystallite sizes of 19.6 nm and 1.1 wt.% of
-tridymite with crystallite sizes of 13.1 nm �-SiC phase with

rystallite sizes of 3.9 nm is of about 14.6 wt.%. The dark-field
EM images confirm the formation of nano-sized crystals in the
morphous matrix similar to the LH62C-derived SiOC specimen;
he Fourier-transformed high-resolution TEM data and electron
diffraction analysis confirm the nano-sized SiC crystallites with a
measured interplanar distance of approximately 0.245 nm which
correspond to the (111) planes of �-SiC polymorph. In addi-

tion, turbostratic carbon precipitates with interplanar distances of
0.355 nm and crystallite sizes of a few nanometers are observed.
Graphite, which is observed by TEM, could not be confirmed by
XRD, probably because the graphite reflections are overlapped
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Fig. 14. HR-TEM images of L11W sample pyrolyzed at 1100 ◦C display tiny crystallites of �-SiC and crystalline CaO (a). In (b) the amorphous silica particle with the
corresponding EDX spectra is shown.
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ig. 15. Solid-state 29Si{1H}-NMR spectrum of L21W sample pyrolyzed at 1100 ◦C.
ee  the text for the interpretation of the spectra.

y highly intense reflections of the crystalline SiO2 phases. The
EM images display also monocrystalline SiO2 (probably tridymite
hase), which were not observed in the LH62C-derived SiOC speci-
en, crystallized during pyrolysis from the amorphous silica filler.
o indication was found, that crystalline silica is formed out of

he SiOC matrix itself. As known, SiO2 crystallization from the
morphous SiOC matrix in polymer derived ceramics is inhibited,
.e. cristobalite was observed in for SiOC PDCs only for long term
nnealing times at temperatures between 1300 and 1400 ◦C [61].
n the SiOC matrix carbon impedes the required breaking up of
i O C bonds and hinders the diffusion and rearrangement of
toms to crystalline silica structures.
. Conclusions

We  successfully fabricated polymer-derived macroporous
morphous SiOC/SiO2 monoliths with aligned pore channels by
freeze-casting techniques using water and tert-butyl alcohol as
solvents. A commercially available methyl-phenyl-vinyl-hydrogen
polysiloxane (Silres® H62C) was applied as preceramic polymer.
Amorphous silica obtained from rice husk ash was  used as a filler
to reduce shrinkage of polymer-derived ceramics and enhance
the form stability of the final monoliths. The pre-crosslinking of
the polysiloxane before the freeze-casting process also reduces
shrinkage but leads to inhomogeneous cell walls and thus to lower
mechanical strength of the monoliths which can be improved by
sintering at higher pyrolysis temperatures. By varying the cooling
rate the pores can be tailored in size, i.e. slow cooling rates lead to
large pores. To make the processing route more environmentally
friendly, the freeze-casting process was adapted to water-based
microemulsions of polysiloxane with silica. Water-based freeze-
casting leads to characteristic lamellar pore structures. Monoliths
with a polymeric ratio to silica of 1:1 were analyzed in detail.
While tert-butyl alcohol based processing route leads to a pore
radius distribution mainly in the range of 3 �m–50 �m with a
median pore size radius of 16.3 �m and a total intruded pore
volume of 1719 mm3/g, water leads to finer pores with broad
pore radius distribution between 0.01–30 �m and a median pore
radius of 5.4 �m and a total intruded pore volume of 2408 mm3/g.
Complementary XRD, solid-state NMR  and TEM characterizations
were performed for the ceramic nanocomposites as well as for the
pure polymer-derived SiOC ceramics for comparison. After pyrol-
ysis at 1100 ◦C both materials are X-ray amorphous. Interestingly,
silica filler stays amorphous within the polymer-derived matrix,
although crystallization for the pure silica is already observed at
this temperature. Thus, free carbon within the polymer-derived
matrix hinders not only the phase segregation and crystallization
within the SiOC matrix, but also of amorphous particles dispersed
in it. After pyrolysis at 1400 ◦C SiOC matrix segregation in oxygen-
rich and carbon-rich SiCxO4−x units takes place. XRD and TEM show
nanocrystalline �-SiC and turbostratic carbon phases in the range
of 1–2 nm.  In the nanocomposite, crystallization of the amorphous

silica filler to cristobalite and tridymite phases is observed along
with crystal growth of the silica phase.
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Fig. 16. L11W sample pyrolyzed at 1400 ◦C: a) dark field TEM image displays tiny crystals within the amorphous matrix, b) HR-TEM show �-SiC nanocrystals with interplanar
distances of approximately 0.245 nm that correspond to (111) planes (inset shows Fourier-transformed high-resolution TEM data) and turbostratic carbon with interplanar
d  c) bes
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istances of 0.355 nm (inset shows Fourier-transformed high resolution TEM data);
inset:  diffraction pattern of �-SiC, see Table S1 for details); d) SiO2 crystals (probab
mage  with lower magnification and corresponding diffraction pattern, see Table S1
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