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Abstract

The hydrophobic properties of methyl poly siloxane (MK) were pushed into the

“hydrophilic” range by cross-linking it with (3-aminopropyl)triethoxysilane

(APTES) and subsequent pyrolysis to enable water-based freeze casting. Filler

properties are investigated by varying the ratios of MK to APTES (1:1, 1:2, 1:3,

1:4, 1:5), and pyrolysis temperatures (400°C, 500°C, 600°C) for the purpose of

determining an optimal set of characteristics for freeze casting. Additionally, filler

selection for this purpose is facilitated by analysis of zeta potential values and

vapor adsorption. It was found that water-based freeze casting with hybrid fillers,

followed by a pyrolysis step (600°C-700°C), leads to a SiOC ceramic monolith

with a lamellar pore morphology and a hierarchically ordered micro/meso/macrop-

ore structure. Samples pyrolyzed at 1000°C contain mesopores, having a SSA as

high as 51.6 m2/g. The hierarchically porous structure is very promising for appli-

cations involving gas or liquid transportation.
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1 | INTRODUCTION

Applications like catalysis, gas adsorption, water filtration,

molten metal filtration, bone tissue engineering, and energy

storage/conversion involving the gas or liquid transporta-

tion processes normally require that the material has a high

permeability to avoid mass transportation problems. These

problems can be mitigated by introducing macroporosity

into the materials’ structure.1-7 Depending on the specific

applications, hierarchical porous structures (meso/microp-

ore) and/or a high specific surface area may be required.

There are several techniques for fabricating macroporous

monoliths, such as sacrificial templating, direct foaming,

replica method, and additive manufacturing8-11; each of

these techniques have various benefits and drawbacks.

These methods have often been combined with other tech-

niques to produce macroporous monolith of hierarchical

structures.12,13

Freeze casting techniques (a special sacrificial templat-

ing method) create porosity by freezing a stable suspension

at low temperatures during which the freezing solvent

pushes the suspended ceramic particles away from the fro-

zen front.14 This near-net shape and powerful technique

has been widely used to produce bulky macroporous mono-

liths having different pore shapes by using water, cam-

phene, or tert-butyl alcohol or mixtures as the sublimate

medium.14-18 Additionally, additives can influence the final

pore morphology of the monolith.19
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Polymer-derived ceramics (normally SiC, SiCN, SiOC,

etc.) are prepared by pyrolyzing pre-ceramic polymers at

relatively low pyrolysis temperatures: 1000°C to 1400°C.20

When pre-polymers are pyroyzed at even lower tempera-

tures (500°C-700°C), microporosity, and occasionally

mesoporosity, can be obtained.21 Sacrificial templating,

direction foaming, and additive manufacturing methods

have been applied to shape porous polymer-derived ceram-

ics (foams, membranes, components with hierarchical

porosity). Meso/macroporous SiOC monoliths were

obtained by embedding periodic mesoporous organosilica

particles into foamed siloxane preceramic polymer.22

Micro/macropore SiOC monoliths have been prepared by

adding polymer-derived fillers and controllable pyrolysis

by direct foaming and sacrificial templating.23-25

Inorganic powders, mainly (Al2O3, ZrO2, SiC, Si3N4

etc.), have been mixed with water, camphene, or tert-butyl

alcohol to form stable suspensions for freeze casting to pro-

duce macroporous monoliths.15,16,26-28 Organic precursors,

such as polycarbosilane were mixed with camphene to get

a homogenous polymer solution; the pores formed by ther-

mally induced phase separation during freezing.29 Poly

(methyl-silsesquioxane) has also been used with tert-butyl

alcohol, camphene, and cyclohexane to get SiOC porous

material; precise control of cross-linking is required to pre-

vent early gelation or poor mechanical integrity.30 Poly-

mer-derived ceramics have the advantages of adjusting

pore sizes at different scales and altering surface character-

istics via processing parameters, while freeze casting can

be used to adjust the pore structure and permeability of the

macroprous monolith. The combination of polymethysilox-

ane with water-based freeze casting renders open the possi-

bility of producing a hierarchically ordered porous

monolith, however, few studies have been done, due to the

strong hydrophobicity of most preceramic polymers.

Methyl phenyl polysiloxane (H44) has been “hy-

drophilicized” by thermal decomposition in an inert gas

atmosphere, and has been successfully applied in water-

based freeze casting in our group, resulting in hierarchi-

cally ordered micro/meso/macroporous SiOC monoliths.31

However, in case of methyl polysiloxane (MK), the

hydrophilicization by thermal decomposition will not be

practical due to high decomposition temperature of methyl

groups, therefore, other methods are required for modifying

surface characteristics (hydrophilicity/hydrophobicity). For

example, hydrophilic sodium silicate-based gels have been

composited with silylating agents to produce hydrophobic

aerogels.32 The wettability of polydimethylsiloxane has

been improved by plasma treatment, producing a thin, brit-

tle, oxidized surface layer.33 And, a thin film composite

polyamide nanofiltration membrane has been chemically

modified by graft polymerization and functional group sub-

stitution to increase the negative charge and hydrophilicity

of the raw membrane.34 In this work, we develop a way to

modify the surface characteristics of methyl polysiloxane to

use it as a filler for water-based freeze casting by cross-

linking it with (3-aminopropyl)triethoxysilane (APTES) and

subsequent pyrolysis. The optimization of hydrophilicity

was achieved by varying the ratios of polymethylsiloxane

to APTES and pyrolysis temperatures. The obtained hybrid

material was mixed with silica sol (which served as both a

binder and water phase) during freeze casting. After pyrol-

ysis, hierarchically ordered micro/meso/macropore SiOC

ceramic monoliths with lamellar macropores were obtained.

This work not only render applying hydrophobic polysilox-

ane to water-based freeze casting for producing hierarchi-

cally ordered porous monoliths by combining freeze

casting with preceramic precursors, but also offers multiple

possibilities in terms of surface characteristics, and

microstructures on different scales.

2 | EXPERIMENTAL PROCEDURE

2.1 | Materials

A silicone resin poly(methyl-silsesquioxane) was acquired

from Silres� MK, Wacker Chemie AG, Germany. Silica sol

(30 wt% SiO2 nanoparticles, 8 nm, BegoSol� K) was

acquired from Bremer Goldschl€agerei Wilh. Herbst GmbH

& Co. KG., Bremen, Germany. Polyacrylic acid (PAA, Syn-

tran 8140) was purchased from Interpolymer GmbH, Has-

sloch, Germany. (3-aminopropyl)triethoxysilane (APTES)

was purchased from abcr GmbH, Germany.

2.2 | Processing

The silica sol acts as a binder and water source during the

freezing process. There are some criteria for choosing the

precursors applicable for water (silica sol)-based freeze

casting. The particles need to be hydrophilic to mix with

water, and negatively charged, due to the negatively

charged silica particles, and have a zeta potential (Zeta

potential <�30 mV) high enough to form a stable suspen-

sion.35 The hydrophobic MK is altered to hydrophilic

material via cross-linking with APTES and a following

pyrolysis process. These hydrophilic materials prepared

with varied MK: APTES ratios and pyrolysis temperatures

were screened for fillers usable for freeze casting.

2.2.1 | Preparation of fillers

A quantity of 70.3 g (1 mol) of MK was dissolved in

70 mL ethanol. APTES was added into the above solution.

The molar ratios of MK:APTES were varied (1:1; 2:1; 3:1;

5:1). Water was used to catalyze the cross-linking, added

dropwise to the solution. The mixture obtained was stirred



until the solidification was complete. The amount of water

added was calculated based on the active groups of MK

and APTES.36 The solid was then transferred to the cross-

linking oven using a multi-stage heat treatment in air at

80°C, 140°C, and 200°C (all dwell times 2 hour), with a

heating rate of 60°C h�1 in between dwell times. The pre-

cross-linked polysiloxane pieces were then pyrolyzed at

various temperatures (400°C, 500°C, or 600°C) under a

nitrogen atmosphere. The heating rate was set to

120°C h�1 up to 100°C below the target temperature and

then 30°C h�1 to the final temperature, with a dwell time

of 4 hour. The powders were then transferred to a plane-

tary ball milling machine (PM 400; Retsch, Hann, Ger-

many) and ground at 350 r min�1 for 6 hour to produce

fine powders. These hybrid fillers are used for the follow-

ing freeze casting process.

2.2.2 | Preparation of porous monolith

A total of 30 wt% precursor powders were added to

70 wt% silica sol under stirring. The pH was adjusted to

6-7 using PAA to ensure the complete condensation reac-

tion of silica sol. Compared to water, the negatively

charged MK-APTES-derived fillers had higher stability in

anionic colloidal silica, due to stronger interparticle repul-

sion. 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 sus-

pensions having very low stability, while pH values of 8

to 11 lead to insufficient condensation. The obtained

slurry was then placed under vacuum at 300 mbar for

5 minute to remove bubbles created during stirring. Then,

it was poured into a 120 mm (adjustable to account for

slurry amount) 9 70 mm 9 25 mm mold, made of 2 alu-

minum plates (high heat conduction), and a polyvinyl

chloride (PVC) U-shaped plate (relatively insulating).

Then, the mold was quickly transferred to a freezer

(�150°C) for 2 hour to produce a completely frozen

body. The samples were then transferred to a freeze dryer

for 5 days at �30°C for sublimation. Finally, the samples

were pyrolyzed at different pyrolysis temperatures (600°C,

700°C, 1000°C) under a nitrogen atmosphere. A scheme

of the preparation process is shown in Figure 1. The fil-

lers followed the nomenclature “xMK-yAPTES-xxx” and

the post-pyrolysis freeze cast samples followed the

nomenclature “xMK-yAPTES-xxx-yyy”; the molar ratio of

MK:APTES is x/y, the first value xxx is the pyrolysis

temperature of the filler material (200°C means the

samples were only cross-linked with the heating program:

80°C, 140°C, and 200°C), and the second value yyy

describes the pyrolysis temperature of the monolith.

2.3 | Characterizations

Thermogravimetric analysis (TGA; STA503, B€ahr-Thermo-

analyse GmbH, H€ullhorst, Germany) was performed at a

temperature range of 20–1000°C under flowing nitrogen

(2 L h�1) with a heating rate of 10°C min�1. Zeta poten-

tials of the hybrid fillers were measured (Dispersion Tech-

nology Zeta & Size 1200; Dispersion Technology Inc.,

Bedford, NY, USA) to evaluate the surface charges of par-

ticles and the stability of the suspension. Specific surface

areas and pore size distributions were determined by nitro-

gen adsorption and desorption isotherms (Belsorp-Mini,

Bel Japan, Inc., Toyonaka, Osaka, Japan). The monolith

materials were ground and sieved with a 300 lm mesh

sieve in order to minimize nitrogen diffusion effects during

the measurements, and were degassed at 120°C for 3 hour

before the analysis. Water vapor and n-heptane adsorption

measurements were carried out by placing vessels with

~0.5 g of sample powder (particle sizes ≤300 lm) inside

of closed Erlenmeyer flasks filled with the solvents at equi-

librium with their vapor phase at room temperature. Sam-

ples were weighed at the start and end of a 24 hour

measurement period in order to determine the vapor uptake

of the material. The uptake was then recalculated into g/m2

using the specific surface area of the materials (measured

by nitrogen adsorption). The particle size and pore mor-

phology of samples was analyzed via scanning electron

FIGURE 1 Process scheme, parameter variations of synthesized

samples, and sample monolith pyrolyzed at 1000°C [Color figure can

be viewed at wileyonlinelibrary.com]



microscopy (SEM, Camscan Series2, Obducat CamScan

Ltd., Dortmund, Germany). Samples were sputtered with

gold (K550, Emitech, Judges Scientific plc., London, UK)

before measurements. Mercury intrusion porosimetry (Pas-

cal 140/440, POROTEC GmbH, Frankfurt am Main, Ger-

many) was used to determine the macroporosities.

3 | RESULTS

3.1 | Fillers

3.1.1 | Thermal decomposition of fillers

The cross-linked APTES, MK, and cross-linked xMK-

yAPTES-xxx samples were investigated by TGA, as shown

in Figure 2, to determine the pyrolysis temperature to pro-

duce the fillers. The cross-linked MK shows less than 3%

decomposition before 700°C, due to the high thermal sta-

bility of methyl groups in the resin.36 Decomposition of

amino groups in the cross-linked APTES begins around

400°C; the majority of the decomposition happens before

600°C.

Mass loss of cross-linked xMK-yAPTES-200 shows

thermal decomposition behaviors similar to “pure” APTES.

The decomposition starts at 400°C, and proceeds to 900°C.

Pyrolysis temperatures of 400°C, 500°C and 600°C were

chosen for pyrolyzing xMK-yAPTES-200, after the obser-

vation that 600°C was high enough to decompose the

-NH2 group while preserving a certain number of –CH3

groups, which can help bonds formation between the pre-

pyrolyzed granulates. The thermal decomposition of resul-

tant hybrid filler xMK-yAPTES-600 was also investigated.

It was shown that the decomposition of xMK-yAPTES-600

was negligible even up to 1000°C, which highly reduces

the gas produced during pyrolysis.

3.1.2 | Specific surface areas of fillers

The specific surface areas (SSA) of the hybrid fillers were

investigated in order to determine the influence of their

SSA on the final monoliths. The specific surface areas

(SSA) of the hybrid fillers in Table 1 show that both the

pyrolysis temperature and MK:APTES molar ratios have an

influence on the SSA. The SSA of the fillers ranged from

164 to 321 m2/g. This high specific surface area is due to

micropores produced during pyrolysis, which can be

inferred from the nitrogen adsorption isotherms. For the

pure (unmixed) precursors, a SSA of 350 m2/g was

observed for APTES, while MK showed a SSA of 280 m2/

g after cross-linking and pyrolysis at 600°C.37,38 However,

the SSAs of xMK-yAPTES-600 filler prepared with differ-

ent MK:APTES ratios (from 5:1 to 1:1) decreased with the

increasing APTES content. Interestingly, SSA at the ratio

1:2 is 281 m2/g also among the highest values. That means

a linear relation between the SSA and the MK:APTES ratio

was not observed. A possible explanation is that the SSA

are not only influenced by the MK:APTES ratio, but also

by the cross-linking behavior, which was also influenced

by other factors, the stirring rate or the ambient tempera-

ture, or even different batches of MK from the same sup-

plier, etc. Both APTES and MK needed to be hydrolyzed

to cross-link. 1 mol MK has only 4% of active groups that

can be cross-linked, while 1 mol of APTES can be easily

hydrolyzed and has 3 mol hydroxyl groups after hydrol-

ysis that can cross-link fully. The cross-linking between

hydrolyzed APTES molecules is much faster than with

hydrolyzed MK, which can be influenced by the stirring

rate or the ambient temperature, etc. accordingly resulting

in different networks and SSA. Pyrolysis of different

cross-linked products at different temperatures resulted in

different SSA. The SSA of single material cross-linked

TABLE 1 Prepared material, MK:APTES molar compositions,

pyrolysis parameters and resultant specific surface area

Sample

MK: APTES

molar ratio

Pyrolysis

temperature

(°C)

Specific

surface

area (m2/g)

5MK-1APTES-600 5:1 600 283

3MK-1APTES-600 3:1 600 227

2MK-1APTES-600 2:1 600 224

1MK-1APTES-600 1:1 600 164

1MK-1APTES-500 1:1 500 321

1MK-1APTES-400 1:1 400 124

1MK-2APTES-600 1:2 600 281

FIGURE 2 TGA of cross-linked xMK-yAPTES-xxx and cross-

linked APTES and cross-linked MK [Color figure can be viewed at

wileyonlinelibrary.com]



APTES and MK at pyrolysis temperature of 500°C are

440 m2/g and smaller than 25 m2/g, respectively.37,38

Higher SSA were achieved at 500°C for APTES and at

600°C for MK, which explains the relation of SSA with

pyrolysis temperature. The SSA of 1MK-1APTES-xxx at

400°C, 500°C, and 600°C are 124, 321, and 164 m2/g,

respectively. At 500°C, the molar ratio MK: APTES = 1

produced the highest SSA among all the fillers.

3.1.3 | Surface characteristics of fillers

The applicability of preceramic polymers for water-based

freeze casting will be greatly influenced by hydrophobicity.

Thus, the influence of the pyrolysis temperature and the

MK:APTES molar ratios on the surface characteristics were

investigated. Hydrophilicity and hydrophobicity of the pyr-

olyzed samples are determined using water and n-heptane

vapor adsorption at 22°C (Figure 3). The vapor adsorption

(mmol/m2), recalculated based on the SSA values, were

influenced by the specific surface area. However, the

hydrophilicity was reflected by the ratio of water/heptane

adsorption, instead of the absolute value of the water or

vapor adsorption. All the samples except 1MK-APTES-400

have a much higher water vapor adsorption than n-heptane

adsorption, displaying hydrophilic surface characteristics,

which might be applicable for freeze casting. However,

only 1MK-1APTES-600 in Figure 3A shows anomalously

high hydrophilicity. The pyrolysis temperature was fixed to

600°C, at which most of the -NH2 groups are decomposed.

Hydrophilicity varies with the molar ratio of MK:

APTES. The highest hydrophilicity was obtained with the

sample 1MK-1APTES-600. Higher MK content normally

produces a filler having more hydrophobic groups, result-

ing in a less hydrophilic material. Higher APTES content

results in higher hydrophilicity, due to the hydrophilic

SiO2, formed by decomposition of APTES. 1MK-2APTES-

600 (MK:APTES=2) shows lower adsorption than 1MK-

1APTES-600 (MK:APTES=1). This can be explained by

the difference of SSA. 1MK-1APTES-600 has a SSA of

164 m2/g, and 1MK-2APTES-600 has a SSA of 281 m2/g.

Therefore, the vapor adsorption of 1MK-1APTES-600 is

lower than 1MK-2APTES-600. The ratios of water/heptane

adsorption are 1.2, 1.5, 1.6, 2.5, and 2.4, respectively,

when the MK:APTES ratios were changing from 5:1,

3:1, 2:1, 1:1, 1:2. This showed the increase of the

hydrophilicity with increasing APTES contents (The ratios

of water/heptane1MK-1APTES-600 and 1MK-2APTES-

600 are 2.5 and 2.4, respectively, which means that the

hydrophilicity is very similar). The surface characteristics

of the fillers produce predictable surface characteristics in

the final porous monolith.

The zeta potentials of the xMK-yAPTES-xxx fillers

were measured by dispersing the precursor particles into

water to form a suspension. Normally, an absolute value of

zeta potential greater than 30 mV is considered to be stable

suspension.35 As seen from Figure 4, the particles are

mostly negatively charged. At the pH value higher than 6,

it was observed that, the absolute values of zeta potential

of 1MK-1APTES600, is higher than 30 mV, which can

form stable suspension. During freeze casting, the pH is

adjusted to 6-7 to improve the condensation of silica sol.

Due to inadequate hydrophilicity, the other fillers can only

be partially wet by water, forming an unstable suspension,

which would not be useful in water-based freeze casting.

At almost the whole pH range, 1MK-1APTES-400 fil-

lers are positively charged, still having considerable num-

bers of surficial –NH2 groups due to incomplete thermal

decomposition. Fillers with more organic groups (higher

MK:APTES ratios) also produced unstable suspensions.

Except for forming a stable suspension, the filler should

(A)

(B)

FIGURE 3 Water and n-heptane vapor adsorption at 22°C for

precursors pyrolyzed (A) at varied temperature and (B) with varied

MK to APTES amount pyrolyzed at 600°C. The sorption data were

recalculated using the specific BET surface area from N2 adsorption

[Color figure can be viewed at wileyonlinelibrary.com]



have as much as possible organic groups to form more

bonds during pyrolysis. After accounting for surface

charge, hydrophilicity, of fillers and mechanical strength of

final monolith, 1MK-1APTES-600 was determined to be

the optimal precursor for freeze casting.

3.2 | Monoliths prepared by freeze casting

SEM images of pyrolyzed monoliths and fillers are shown

in Figure 5A. Figure 5A,B are two cross--sections perpen-

dicular to each other, showing the most unidirectional pore

structure. The ice front propagation will follow the

temperature gradient, which was controlled by the configu-

ration of the mold in this work. The ice will grow simulta-

neously from both metal plates to the center and joined in

the middle of the sample, and the structure was seen with

double-size freezing as well.39 Figure 5A shows that the

pores are composed of parallel lamellae up to several mm

long. Figure 5B shows typical pore sizes in the range of

20-50 lm. Shrinkage in pore direction after the second

pyrolysis is calculated to be around 8%, and the direction

perpendicular to it is less than 7%. Since the macropores

were created before the final pyrolysis at 1000°C, gases,

by-products of the MK decomposition, can escape easily

from the porous structure. Moreover, the macropores acted

as a buffer for the thermal shrinkage, which assisted in the

production of crack free monoliths.

Figure 5C shows the hierarchically ordered pore struc-

ture of the monoliths, and how the packing of the parti-

cles results in a secondary pore size distribution. It has

been reported that the sintering necks of SiOC had formed

at pyrolysis temperatures around 1400°C.40 Due to lower

pyrolysis temperatures and the low organic content of the

fillers, pre-pyrolyzed granulates are not completely jointed

together. The same hierarchical structure has also been

observed for freeze-cast monoliths using methyl-phenyl

polysiloxane.31 Figure 5D shows that the particles were

mostly below 1 lm, and aggregated, however, unable to

be sieved due to the high surface charges and surface

area. Therefore, the particle size distribution may be inho-

mogeneous due to limitations of the planetary ball-milling

process.

FIGURE 4 Zeta potential of the hybrid fillers with different

compositions at various temperatures in de-ionized water [Color

figure can be viewed at wileyonlinelibrary.com]

(B)

(C) (D)

(A)

FIGURE 5 SEM images of monoliths pyrolyzed at 1000 �C. (A) Cross-section parallel to the lamellar pores, (B-C) cross-sections

perpendicular to the lamellar pores, (D) SEM image of hybrid filler after planetary milling at 350 r min�1 for 6 h



The Hg intrusion porosimetry of the monolith 1MK-

APTES-600-1000 shown in Figure 6 indicates an open

porosity around 55%, a pore size range around 20-50 lm,

in agreement with the pores’ sizes observed with SEM. A

secondary pore size distribution was also observed in the

Hg intrusion porosimetry; however, it was of very low rel-

ative volume. Thus, nitrogen adsorption and desorption

were needed for further information about secondary

porosity.

The nitrogen adsorption and desorption isotherms for

samples pyrolyzed at various temperatures are shown in

Figure 7. Filler MK-APTES-600 has IUPAC type I iso-

therms, indicating large numbers of micropores (Fig-

ure 7A). Monoliths prepared with this filler contain

micropores and mesopores after a second pyrolysis at

600°C or 700°C. At pyrolysis temperatures around 1000°C,

the micropores structures collapsed; however, mesoporosity

is still observed—inferred from the type IV isotherms of

MK-APTES-600-1000, with a SSA as high as 51.6 m2/g.

The mesoporosity was further analyzed using the BJH

model; as shown in Figure 7B, the mesopore diameter is

around 4–10 nm. Pyrolysis temperatures between 600°C

and 700°C result in similar mesopore distributions, indic-

ating few mesopores collapse; however, pyrolysis at

1000°C resulted in a reduction in the number of mesopores.

The specific surface area of samples prepared with

xMK-yAPTES-600 and pyrolyzed at various temperatures

were investigated (Figure 7C) and the results show

2MK-1APTES-600 has highest SSA, and the influence of

MK: APTES ratio on SSA was much less comparing to the

pyrolyisis temperature.

Compared to the 1MK-APTES-600 filler, water adsorp-

tion of the pyrolyzed monoliths was greatly improved, indi-

cating increased hydrophilicity, shown in Figure 8. This

improvement is likely due to the significant incorporation

of hydrophilic silica (by silica sol) and further decomposi-

tion of the organic groups during the second pyrolysis. The

higher pyrolysis temperatures lead to higher hydrophilicity,

due to the higher degree of decomposition of the fillers.

4 | DISCUSSION

4.1 | Modification of surface characteristics
of fillers

In this work, silica sol went through freeze gelation by

condensation during the freezing process. The reason of

using silica sol as water source is to improve the mechani-

cal properties of the green body as well as the pyrolyzed

monolith, eg, combination of freeze casting Al2O3 with

freeze gelation of the acrylamide has been used to improve

the mechanical properties.16 Due to the negative charge of

the silica particles, only other negative and hydrophilic par-

ticles should be additionally used in the freezing process.

Thermal decomposition of the phenyl groups in methyl-

phenyl polysiloxane produced an easily wet hydrophilic, at

the same time, negatively charged surface. Thermal decom-

position is an easy way to alter the surface characteris-

tics of methyl pheyl polysiloxane; however, it does not

work for the methyl polysiloxane (MK). The release of

methane takes place at pyrolysis temperatures around

700°C-800°C36; a hydrophobic surface is still preserved at

a pyrolysis temperature of 600°C. Thus, other methods

are required to alter the surface characteristics of the

methyl polysiloxane, eg compositing or cross-linking with

hydrophilic components.

Compositing polysiloxane with SiO2 particles (1 lm)

was investigated (results not presented here), however,

inadequate hydrophilicity was observed, limiting its applica-

tion in our water-based freeze casting. Cross-linking MK

with tetraethyl orthosilicate (TEOS, molar ratios MK:

TEOS=1:1) also produces a hydrophobic surface after

pyrolysis (see Figure S1), thus cannot be used in water-

based freeze casting. There has been significant work done

using 3-(triethoxysilyl)propylsucinic anhydride (TESPSA)

to alter the surface of the silica,41 which results in materials

with carboxyl groups. Thus, it is possible that fillers pre-

pared by MK cross-linking with TESPSA (negatively

charged in the basic pH range) could coexist with silica sol,

at a pH around 10. Therefore, cross-linking of MK with

TESPSA was also carried out; however, the resultant mate-

rial is a solid elastomer, very elastic, and unable to be ball

milled to produce powders. This might be due to the struc-

ture of the TESPSA, which might have steric hindrance

during cross-linking, resulting in less bonds formation. For

example, one evidence of the steric hindrance was found to

between the anhydride groups and approaching TESPSA

FIGURE 6 Pore size distribution vs relative pore volume and

open porosity curves obtained from Hg-porosimetry of pyrolyzed

samples



species during immobilizing TESPSA on the surface of

nanoparticles.42

As shown in Figure 9, the surface modification of MK

from hydrophobic to hydrophilic was achieved by composit-

ing it with APTES, however, at pH range 6-7, amino groups

on the surface of the cross-linking product should attract pro-

tons. This results in a positive charge on cross-linking pro-

duct particles, making it incompatible with negative silica

particles, thus resulting in an unstable suspension. Therefore,

a following pyrolysis step is necessary to decompose the

amino group in the cross-linked materials to get negatively

charged and water-insoluble fillers. As seen from the TGA in

Figure 2, APTES in 1MK-1APTES-200 underwent signifi-

cant decomposition at 600°C, producing hydrophilic SiO2

nano-domains and the resultant MK-APTES-600 displayed

considerable hydrophilicity. Another advantage of cross-

linking MK with APTES is that APTES has a potential use

for helping with dispersion of metal ions to produce catalytic

centers in the matrix.25

4.2 | The hierarchical porous structure

The pore structure of freeze-cast samples is characterized

by nitrogen adsorption and Hg intrusion porosimetry, and

micro-, meso- as well as macropores were observed. The

macropores are created during the freeze casting process,

and the mesopores are produced were formed after freeze

casting and the following pyrolysis. Introducing solid filler

particles into the matrix should hinder the elimination of

porosity and shrinkage during pyrolysis, due to its negligi-

ble volume change.44 As shown in Figure 7A, nitrogen

adsorption and desportion confirmed that 1MK-1APTES-

600 fillers had only micropores while 1MK-1APTES-600-

FZ (only freeze cast, without pyrolysis) had micropores as

(A) (B)

(C)

FIGURE 7 (A) The nitrogen adsorption and desorption isotherms, (B) the BJH analysis of samples pyrolyzed at various temperatures or

only freeze-cast, (C) SSAs of all precursors and samples pyrolyzed at various temperatures [Color figure can be viewed at

wileyonlinelibrary.com]



well as mesopores, and the mesopores survived the follow-

ing pyrolysis. During the freeze casting, the packed granu-

lates were consist of silica nanoparticles (8 nm, silica sol)

and sub-micrometer hybrid filler (xMK-yAPTES-600

filler). The pressure generated by repulsion from ice and

silica condensation between the particles formed the meso-

pores. There has been some work using binders with

nanoparticles to get mesoporous or close to mesopore range

materials. Brandes et al45 have used 200 nm alumina and

alginate as binder to get mono-sized 71 nm pores after sin-

tering and Besser46 and Bartels et al47 have used 30 and

90 nm yttria-stabilized zirconia with PVA as binder to pro-

duce 30 nm mesopores and 5-200 nm meso/macropores,

respectively. This process is very similar to our silica con-

densation to get mesopores. The mesopores were highly

influenced by the initial particle size. The filler sizes are

mostly smaller than 1 lm, and have a relatively broad par-

ticle size distribution. This broad particle size distribution

and the silica nanoparticles (8 nm) made the packing much

denser, resulted in mesopores. During the pyrolysis, the

bonds formation of fillers and the sintering of silica parti-

cles did not affect the mesopore size obviously as shown

in Figure 7B.

During thermal decomposition, sintering necks between

nanosilica (melting temperature 1600°C) were formed due

to diffusion, and bonds were also formed between hybrid

fillers. This allows the particles to bind together, reducing

the “particle packing” pore size, and maximizing the

mechanical strength of the final monolith. At the same

time, the filler decomposed further, forming more bonds.

Since filler has been prepyrolyzed, the reaction during the

second pyrolysis was very limited, therefore, mesopores

can be preserved. In case of higher pyrolysis (1000°C or

even higher) temperature, the mesopores collapse as shown

in Figure 7B. The development of micropores is ascribed

to the thermal decomposition of the cross-linked polymer.

The hierarchical porous structure was produced by

FIGURE 9 Change of chemical structure during pyrolytic conversion. Coloring of functional groups according to Ref. [43]: yellow color

and blue color represent hydrophobic interactions and hydrophilic interactions, respectively. Decomposition products are not completely released,

but hydrocarbons remain partly in the matrix (A) Surface modification by thermal decomposition and (B) Surface modification by compositing

and thermal decomposition [Color figure can be viewed at wileyonlinelibrary.com]

FIGURE 8 Water and n-heptane vapor adsorption at 25°C for

monoliths pyrolyzed at various temperatures, compared with those for

1MK-1APTES-600 fillers. The sorption data were recalculated using

the specific BET surface area from N2 adsorption [Color figure can

be viewed at wileyonlinelibrary.com]



combining the preceramic polymer with the water-based

freeze casting. Similar micro/meso/macrostructures can be

formed when 1MK-APTES-200 particles are suspended in

pure water (as they were positively charged, they were not

compatible with silica sol) for freeze casting and finally

pyrolyzed at 600°C (see Figure S 2-4). The use of 1MK-

APTES-200 with water led to the similar porous structure,

which may simplify the preparation by excluding the pyrol-

ysis steps, however, during the slurry preparation, the sur-

face of 1MK-1APTES-200 particles are only mostly wetted

(not completely wetted, since there will be dry powders

floating on the slurry surface), even after a very long stir-

ring times and high speed, which gives relatively inhomo-

geneous slurry. Besides, the wet particles were found to be

partially dissolvable in water, due to the complexity of this

system, it was not investigated further.

4.3 | Influences of silica sol

When silica sol was used during the freeze casting process

with filler, the suspension stability of the slurry can be

improved. Due to the more negative zeta potential value of

silica nanoparticles, the repulsion between the negative par-

ticles are stronger, therefore the filler in silica sol were

more stable than in water.

The use of silica sol affects the monoliths in terms of sur-

face characteristics (vapor adsorption), and SSA (nitrogen

adsorption/desorption) and mesopores. Due to the high

hydrophilicity of the silica particles in the sol, the resulting

monolith is more hydrophilic. Since silica sol acts as binder,

the condensation of silica particles will influence the packing

of the filler particles by the binding force, therefore influ-

enced mesopores. The amounts of mesopores and the pore

size accordingly influenced SSA. The use of silica sol was

expected to have no obvious influence on micropores and

macropores size, however, the silica particles contributed to

the solid content, which decreased the macroporosity.

4.4 | Influences of process parameters

The microstructure (pore size, pore morphology, porosity,

unidirectional or radial pore structure, etc.) of a monolith

can be varied by the altering the freeze casting conditions

(freezing rate, temperature gradient directions, solid load-

ing).10 The filler powders were produced by planetary ball

milling; there is the possibility that some particles may not

be ground down smaller than 1 lm. Due to the high speci-

fic surface area and surface charges on the surface, particle

sizes separation by sieving is unsuccessful. However, even

the bigger particle sizes are much smaller than the pore

sizes, given that they are small in quantity, they could

hardly disturb the ice growth. The freezing process was

done in a deep freeze, and the temperature gradient and

lamellae growth direction are controlled by the mold con-

figuration; thermal isolation (PVC) vs conducting alu-

minum. Thus, the temperature gradient may not be

perfectly linear along the freeze direction. If a copper cold

finger with an accurately controllable temperature gradient

is used, a highly unidirectional structure can be obtained.48

In this work, the ice tends to grow along the temperature

gradient, but heterogeneous nucleation results in the forma-

tion of randomly oriented lamellar domains perpendicular

to the ice front propagation. There has been at least one

report using the unidirectional pattern on the cooling sur-

face to manipulate the ice lamellae direction and obtain

long-range ordering with well-oriented structures on the

length scale of the sample.19

5 | CONCLUSION

Altering surface characteristics by compositing hydrophobic

methyl polysiloxane with hydrophilic agent and a pyrolysis

step turned out to be a strategy, which not only enlarges

methods for preparing PDCs using various kinds of

polysiloxanes, but also may extend the usage of polysilox-

anes in aqueous system. The hydrophobic MK was suc-

cessfully altered to hydrophilic fillers by introducing

APTES and a pyrolysis to apply in water-based freeze cast-

ing. The hierarchically ordered micro/meso/macroporous

SiOC macroporous monoliths were created due to thermal

decomposition of precursors and freeze casting process.

This method enables the adjustment of porosity at different

scales, alteration of surface characteristics, and maximiza-

tion of specific surface areas of final monoliths by varying

precursor ratios and pyrolysis temperatures. The incorpora-

tion of APTES also raises the possibility to introduce metal

salts into the structure; especially useful for catalysis appli-

cations.
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