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a b s t r a c t

An emulsion-based synthesis route for the generation of organo-silica-based monolithic hybrid ceram-
ics with a high content of different organic groups and embedded nickel nanoparticles is presented.
By this route hybrid ceramics with a hierarchical pore size distribution and tailorable surface char-
acteristics can be obtained. Mixtures of methyl polysiloxane (MK), tetraethyl orthosilicate (TEOS) and
(3-aminopropyl)triethoxysilane (APTES) with varying ratios are selected as precursors, cross-linked, and
subsequently pyrolyzed at 500 or 600 ◦C. In this way monolithic emulsion based hybrid ceramics with
mics
racteristics

material

three different organo-functionalized siloxane precursor can be synthesized. Additionally, by adding the
metal precursor NiCl2, metal-containing emulsion-based hybrid ceramics can be achieved. By adjust-
ing the oil/water ratio and using high- or low internal phase emulsions (HIPEs or LIPEs), controlled
micro-, meso-, and macropore distributions are obtained. After pyrolysis, materials achieve specific
BET surface areas of up to 550 m2/g. Adjustable surface characteristics in terms of hydrophobicity and
hydrophilicity of the material surface by thermal decomposition behavior of precursors is demonstrated.
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Nickel nanoparticles Nickel is incorporated through the formation of complexes with APTES, resulting in well-distributed
metal nanoparticles with average particle sizes between 35 and 69 nm. The material properties are pivotal
features for catalysis and gas separation applications.
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er-derived ceramics (PDCs) are an important target for
eramics research, largely due to their low-cost synthesis
erous forming and shaping possibilities. Polysiloxane-
erarchically-ordered materials with different functional
groups are extremely versatile, with many possible
ns: as high-temperature-resistant materials for energy,
, or automotive purposes; hard materials; chemical
ng materials for catalyst support structures or biotechno-
rposes; or functional materials in electrical engineering,
micro- and nanoelectronics [1–4]. Hybrid ceramics, also
amers, are a sub-group of PDC materials [5], with prop-
t reflect both ceramic and polymeric characteristics [6].
may be obtained by pyrolysis of polysiloxane precursors
atmosphere of nitrogen at temperatures between 400

C. SiOC ceramics will be formed at pyrolysis temperatures
800 and 1200 ◦C, and crystalline SiC will be generated at
temperatures higher than 1200 ◦C. Partial decomposition
anic moieties at temperatures between 400 and 600 ◦C

a pronounced microporosity in the ceramers, resulting in
urface areas as high as 700 m2/g [7].
ments of important PDC surface characteristics
obicity/hydrophilicity, pore size distribution, and spe-
ce area) are made possible by modifying the pyrolysis

ures, precursor compositions, and reaction conditions.
ane precursors are easily formed at the macroscopic
ddition to numerous smaller-scale tailorable pore shape
istics [8–11]. These very controllable form factors allow
tments that improve their mechanical stability, making
cellent candidates for use in mass transport-limited
processes.
us work in the author’s research group has demon-
at ceramers with metal nanoparticles (Ni(II), Pt(IV)) can

ated by using APTES as a complexing agent at pyroly-
eratures between 400 and 600 ◦C. These materials can

be prepared in a simple one-batch synthesis, whereby
nd surface characteristics can be adjusted by varying the

precursors. In addition, there are first results indicating a
ogeneous distribution of metallic particles throughout

x if complexing siloxanes are incorporated as precursor
.
ver, metallic components can be homogenously dis-
n a silica matrix by using organo-functionalized siloxanes.
xoanes are able to form complexes with metal ions,
ting metallic components into the matrix [14–16]. By an
removal of the organic groups, metal particles can be gen-
silica microspheres [15]. The size of the resultant metal

icles is dependent upon various parameters; for example,
oparticles show a strong dependency on the nickel salt as
cursor. Particles in a range from 3 to 82 nm are observed.
, Ni(OAc)2, NiCl2 and Ni(acac)2 were investigated. Smaller
were received for Ni(NO3)2 and Ni(OAc)2, bigger particles
and Ni(acac) [17].
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plications in catalysis, a hierarchical porosity is very
t. A promising template method for creating hierarchical
s is emulsion-based synthesis. In particular, high inter-

The au
processes
main goa
emulsions (HIPEs) are a promising class of emulsions in
rocessing [3,18,19]. Although the HIPE process has been
ly studied for organic polymers, it has only rarely been
polysiloxane precursors [20–26]. HIPEs are defined by an
hase volume fraction higher than 74% of the total emul-
me. If the internal phase volume is lower than 26%, the
s are called low internal phase emulsions (LIPEs) [27]. The
n HIPEs are usually separated by a thin film of the continu-
[2,3]. The first polymer foams prepared with HIPEs were
in the 1960s [28]. These so-called “poly-HIPEs” are pre-

polymerizing the continuous phase, the internal phase,
Polymerization of the continuous phase usually leads to
ation of porous materials with a foam-type structure. In
polymerization of the internal phase usually results in an
d hollow sphere structure [29]. Surfactant choice is of pri-
ortance; it will decide whether an oil-in-water (o/w) or
oil (w/o) emulsion will form, depending on the Bancroft
or the hydrophilic-lipophilic balance [31].
he first synthesis of macroporous silica monoliths in 1998

ombination of an o/w emulsion and a sol–gel process-
hof and Pine [26], further developments were made by

t al. [21–25]. These pioneering workers in the synthesis
porous silica monoliths from o/w emulsions have been
nerate silica-based monolithic materials with hierarchi-
ities (labeled Si(HIPE)). These materials were generated
ving tetraethyl orthosilicate (TEOS) as a precursor in the
us phase. It is also possible to add organic-functionalized
ric siloxanes to TEOS – such as phenyltriethoxysilane,
iethoxysilane, or N-(3-trimethoxysilylpropyl) pyrrol –
nts of up to 20 wt%. Previous workers have labeled
terials “R-Si(HIPE)s” or “organo-Si(HIPE)s” [22]. These
ic R-Si(HIPE) s show macropores with accessible micro-
porosities [22,23,32]. However, using concentrations of

3 higher than 20 wt% generates powders instead of mono-
terials. Besides direct incorporation of functional groups,
hesis functionalization of a TEOS-based Si(HIPE) support
ssible [25]. Metal-containing R-Si(HIPE) s have been gen-

using an adsorption/complexing process of metal salts
eous solution (e.g. Eu or Pd) [23,32,33].
usly works of our group showed that the generation of
ic emulsion based ceramers, (MEBC) which were obtained
HIPE, MIPE (medium internal phase emulsions) or LIPE
, starting with silica precursor, which exhibits only

nd/or phenyl groups (MK and H44) are possible. The tai-
the macroscopic structure was possible by using different
emulsions (HIPEs, MIPEs or LIPEs). Additionally, control-
ro and macropore distributions with cell windows in
etween 2 and 50 nm for hollow spheres are obtained.
of the surface characteristics in terms of hydrophobic-
philicity is possible by precursor selection, using a methyl
yl group containing precursor or a precursor with only

roups in different ratios. The pyrolysis of different precur-
osition at 500 or 600 ◦C results in specific BET surface areas
m2/g without losing the monolithic structure.

thors will refer to materials produced by the emulsion
as “monolithic emulsion-based ceramers” (MEBC). The

l of this study was to synthesize MEBCs with different
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ane precursor and with that materials which show in
-linked state a high content of different organic groups
%) in order to tailor the material properties specifically.
lly, materials containing Ni nanoparticles, using APTES as
lexing agent, were synthesized in order to generate cat-
ive materials. In pursuit of this goal, the authors examine
pore morphologies, surface characteristics, and specific

reas of polysiloxane-derived MEBCs after pyrolysis at 500
.

ial and methods

aration

s were prepared from methyl polysiloxane (Silres® MK,
hemie AG) and a monomer: either tetraethyl orthosilicate
gma–Aldrich Co., LLC), or (3-aminopropyl) triethoxysilane
BCR Dr. Braunagel GmbH & Co. KG). NiCl2 (Sigma–Aldrich
as used as the metallic precursor. Specific ratios for each

d are given in Table 1. To create the emulsion, an oily
d an aqueous phase were first prepared separately. The
e was prepared by dissolving MK in 4 ml of toluene (ABCR
agel GmbH & Co. KG) to produce either a 12 M solution
les without Ni), or a 9 M solution (for samples contain-
he aqueous phase was prepared by dissolving varying
of APTES, TEOS, and NiCl2 in an NH3 solution (see Table 1).
to cause the oily phase to act as the internal phase and
ous phase to act as the continuous phase, the surfactant
ltrimethylammonium bromide (TTAB 35 wt-%; ABCR Dr.
l GmbH & Co. KG) was added to the aqueous phase.
pare the different o/w emulsions, the phase with the
lume was added to the other phase drop by drop under
t 500 rpm HIPE (internal phase volume >74%) and LIPE
phase volume <26%) [27]. The reaction vessel was sealed
mulsions were allowed to cross-link for 5 days at room
ure, catalyzed by NH3. After one or two minutes, depend-
e composition, a white monolithic solid were formed
emulsions. After decanting the solvent, the solid was

◦C. This was followed by additional drying and cross-
teps given in Fig. 1. The final step was carried out in
∼2 mbar) for 5 h at 150 ◦C. The vacuum process at 150 ◦C
ormed in order to remove toluene and water, in addi-
final thermal cross-linking step. Lastly, the specimens
olyzed at either 500 or 600 ◦C in an atmosphere of
A heating rate of 120 ◦C/hour was used up to 100 ◦C

e final temperature and then a heating of 30 ◦C/h were
o avoid overheating. The specimens were pyrolyzed at
mal temperature for 4 h. After pyrolysis, samples based
MK were white in color. APTES- and TEOS-containing
ad a brownish color post-pyrolysis, visually indicating a
gree of precursor decomposition. Pyrolysis of the green-
taining cross-linked samples resulted in black monolithic

s (Fig. 1c).
mples based on pure MK the denotation is as follows: the
ursor is mentioned first, the oil/water ratio and the pyrol-
erature in degree Celsius as xxx follow. The denotation of
d TEOS containing samples is similar, but A is added for
d T for TEOS. The numbers following A and T indicate the
io applied. To give an example, MK-74-A2T1-500 was pre-
m MK, APTES and TEOS in a ratio of 10:2:1 (mol-%) with
ter ratio of 74/26 (vol.%). The pyrolysis was done at 500 ◦C.
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mple set was divided into three subsets. In the first sub-
samples based on MK, APTES, and TEOS were produced

The LIPE
(5–25 �m
and overa
ture was
e the influence of different precursor compositions on
haracteristics. The ratio of oily internal phase to aqueous
us phase was held constant. Amounts of APTES and TEOS
ied in the aqueous continuous phase by amounts shown
. In the second subset, HIPE samples were prepared with
precursor compositions used in the first (LIPE) subset in

see the influence of the different emulsion types on the
pic structure of the monoliths. In the third subset, the Ni

r was finally added to the aqueous phase of a HIPE to pre-
ontaining HIPE, utilizing the same ratios of MK, APTES,
chosen for the first two subsets. The concentration of the
rsor was lower compared to Ni-free samples, because the
of the Ni-APTES complex in the aqueous phase is limited.
urpose of comparison, a Ni-free sample with the same

r concentration was generated (9-MK-74-A2T2-xxx).

acterization

ding to IUPAC notation, microporous materials have pore
s of less than 2 nm and macroporous materials have pore
s of greater than 50 nm. Mesoporous materials have pore
in a range from 2 to 50 nm [34]. The macrostructure was
by SEM(20 kV; Camscan Series 2, Obducat CamScan Ltd.).
urpose, the samples were embedded in a two-component
sin, polished with SiC paper, and sputtered with gold

itech, Judges Scientific plc.). Size and distribution of Ni
in the material was analyzed by TEM (TITAN 80/300 G1,
samples were finely ground and placed dry on TEM grids.
ge particle sizes and size ranges were determined by mea-

ore than 50 nanoparticles found in arbitrarily chosen areas
M images. Mercury intrusion was used to determine the
rosity (Pascal 140/440, POROTEC GmbH) of the MEBCs.
ific BET surface area was determined by nitrogen adsorp-
196 ◦C (Belsorp-Mini, Bel Japan Inc.) after grinding and

esh size 300 �m) to diminish limitation of nitrogen dif-
thin the timeframe of the experiment. Finally, the surface
istics of these sieved powder fractions were investigated
rmal water and n-heptane vapor sorption experiments
ecording adsorption-desorption isotherms (Belsorp18-3,
Inc.).

ts

ration of MEBC and Ni-MEBC was done with siloxane pre-
hich exhibit methyl and aminopropyl and ethoxy groups

HIPEs or LIPEs. The introduction of organic groups was
h the polysiloxane MK and APTES as precursors. A total
f >75 mol-% of organic functionalized precursor were real-
e cross-linked state. The resultant monolithic material
in Fig. 1, and all samples exhibited acceptable handling
uring the experimentation process.

acterization at the macro and mesoscopic length scale
nickel nanoparticles

pe of emulsion used (HIPE or LIPE) strongly affected the
macroscopic structural morphologies. Additionally, the
ion of APTES, TEOS, and NiCl2 further modify the macro-
uctures (Fig. 2).

K-containing samples prepared with HIPEs and LIPEs
d a structure composed of aggregated spheres (Fig. 2a,c).
samples show a continuous range of sphere sizes
), while the HIPE samples show a somewhat smaller range
ll size of spheres (1–10 �m). The most homogenous struc-

observed in sample MK-74-500 (Fig. 2c). Spheres in several



Fig. 1. (a) Process scheme; (b) parameter variation of synthesized samples and (c) monolithic structure of pyrolyzed samples (left without nickel, right with nickel).

Fig. 2. SEM images of pyrolyzed monoliths with different oil/water ratios and different precursor ratios (a, b: LIPE samples, c–f: HIPE samples). Inset in c shows that spheres
are probably hollow.



Table 1
Prepared Materials and their composition, process and pyrolysis parameters. “xxx” refers to the pyrolysis temperature for the sample (500 or 600 ◦C).

Material
denotation

Conc. MK in oily
phase (mol/l)

Ratio of MK/APTES/TEOS
(mol-%)

Nickel contenta;
related to MK (mol-%)

Oil/water ratio
(vol.%)

Conc.
of NH3 (mol/L)

Pyrolysis
temperature ( ◦C)

MK-26-xxx 12 10/-/- – 26/74, LIPE 0.2 500/600
MK-26-A1T1-xxx 12 10/1/1 – 26/74, LIPE 0.2 500/600
MK-26-A2T1-xxx 12 10/2/1 – 26/74, LIPE 0.2 500/600
MK-26-A2T2-xxx 12 10/2/2 – 26/74, LIPE 0.2 500/600
MK-26-A2T4-xxx 12 10/2/4 – 26/74, LIPE 0.2 500/600
MK-74-xxx 12 10/-/- – 74/26, HIPE 0.2 500/600
MK-74-A1T1-xxx 12 10/1/1 – 74/26, HIPE 0.2 500/600
MK-74-A2T1-xxx 12 10/2/1 – 74/26, HIPE 0.02 500/600
MK-74-A2T2-xxx 12 10/2/2 – 74/26, HIPE 0.02 500/600
MK-74-A2T4-xxx 12 10/2/4 – 74/26, HIPE 0.02 500/600
MK-74-A1T1-Ni-xxx 9 10/1/1 1.25 74/26, HIPE 0.2 500/600
MK-74-A2T1-Ni-xxx 9 10/2/1 2.50 74/26, HIPE 0.2 500/600
MK-74-A2T2-Ni-xxx 9 10/2/2 2.50 74/26, HIPE 0.2 500/600
MK-74-A2T4-Ni-xxx 9 10/2/4 2.50 74/26, HIPE 0.2 500/600
9-MK-74-A2T2-xxx 9 10/2/2 –

a Nickel/APTES molar ratio 1/8.

Table 2
Average size and size range of Ni particles in samples pyrolyzed at 500 and 600 ◦C.

Sample Average particle size
[nm]

Size range of particle
[nm]

MK-74-A1T1-Ni-500 291 50–800
MK-74-A2T1-Ni-500 462 80–1000
MK-74-A2T2-Ni-500 587 400–1000
MK-74-A2T4-Ni-500 77 10–400
MK-74-A1T1-Ni-600 35 5–200
MK-74-A2T1-Ni-600 69 10–400
MK-74-A2T2-Ni-600 47 10–200
MK-74-A2T4-Ni-600 37 10–200
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porosity is important for realizing high specific surface
r adsorption of gases and vapors or educts in catalytic
ns, for example. Micropores and mesopores were inves-
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can be achieved with MK, APTES and TEOS as precursors.
rial properties will be discussed in detail below.
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ow the morphology of aggregated hollow spheres. The
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und in mercury intrusion experiments. By using different
mulsions, for example LIPEs, a broad pore size distribution
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is actually measured by the mercury intrusion, results
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re embedded in a larger foam-like [super]structure with
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ring of microstructure

IPE samples show an increasing surface area from 100 to
with an increasing APTES/TEOS amount for both pyrolysis
ures (Fig. 5, center). A tailoring of the SSA of HIPE samples
le by the incorporation of APTES and TEOS. It is known
vious works that APTES based materials generate more
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of 500 or 600 ◦C [43]. Because of that the resulting SSA is
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erial suitable for applications as catalyst.
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