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Sandra Dirè, Valeria Tagliazucca,§ Livio Salvadori, and Gian Domenico Sorarù†
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Dense and highly porous silicon oxycarbide (Si–O–C) sub-

micrometer-sized spheres, with diameters in the range 100–
400 nm are synthesized through pyrolysis of sol–gel-derived
hybrid precursors. A modified Stöber process is used for the
synthesis of silsesquioxane submicrometer-sized particles from

different organotriethoxysilanes RTES, R=CH3, C5H11, and

C6H5. The hybrid particles are transformed into dense inor-

ganic Si–O–C submicrometer-sized spheres through a pyrolysis
process in controlled atmosphere and the spherical morphology

is kept provided that the glass transition temperature of the

silsesquioxane network is higher than the onset of the polymer-
to-ceramic transformation. The Si–O–C spheres are stable up

to 1400°C. By HF etching the silica nanodomains present in

the silicon oxycarbide structure, the dense Si–O–C particles

can be further engineered and transformed into highly porous
Si–O–C submicrometer-sized spheres with specific surface area

up to 564 m2 g�1 and pore volume up to 0.7 cm3 g�1.

I. Introduction

MULTICOMPONENT Si–C–N–O ceramics obtained through
pyrolysis of preceramic polymers, also known as Poly-

mer Derived Ceramics (PDCs), have received increased atten-
tion in the last decades as structural and functional
materials.1 While initially PDCs were studied for their out-
standing high temperature stability,2 creep and crystallization
resistance3 and were proposed for processing fibers,4,5 cera-
mic matrix composites6 or for joining structural ceramics,7

currently, the discovery of new functional features drives the
research in this field. Indeed, intense luminescence with high
external quantum efficiency has been reported for PDCs of
the Si–O–C system, which make them excellent candidates
for white LED applications.8 Si–C–N PDCs showed anoma-
lously high piezoresistivity9 and Si–O–Cs displayed extremely
high reversible capacity for lithium storage and are currently
investigated to substitute the C anode in Li ion batteries.10 It
is believed that the remarkable properties of PDCs originate
from their unusual nanostructure, which comprises mixed
Si–C–N–O tetrahedra, silica/silicon carbide/silicon nitride
nanodomains and graphene layers.11,12

One of the main disadvantages of PDCs is the difficulty in
processing large and dense ceramic bodies. The high volu-
metric shrinkage, which occurs during the polymer pyrolysis,
usually leads to differential strains, which ultimately result in
the cracking of the component. There are two ways to over-
come this problem: by reducing the shrinkage using fillers13

or by decreasing the size of the ceramic sample. Accordingly,

fibers and thin rods,4,14 films,8 and MEMS15,16 can be suc-
cessfully processed.

Currently, there is a great interest in studying the synthe-
sis of spherical ceramic nanometric-sized particles to be used
as reinforcing agent in nanocomposites, to reduce the sinter-
ing temperatures or, if they are porous, as drug-delivering
media, catalyst support, filtrating/adsorbing media etc.17–19

Many different oxide or mixed oxide systems have been
already produced as spherical nanoparticles.20–22 The Stöber
process for the preparation of fine silica spherical particles is
certainly one of the most well-known methods.23 On the
other hand, very few studies have been devoted to the prep-
aration of fine SiC or Si–O–C particles although the PDC
route should be ideally suited for the synthesis of these low-
sized products. Fine silicon carbide particles have been pre-
pared from polycarbosilane by precipitation processing,24

Si–O–C spherical particles were obtained by emulsion pro-
cessing from a commercial polysiloxane,25 sub-micrometric
capsules of silicon oxycarbide and silica have been obtained
using a nanocasting route from polycarbomethylsilane and
silica nanospheres26 and finally, C/silica composite micro/
nanospheres have been synthesized by aerosol-assisted
spraying and pyrolysis from a phenolic resin/TEOS solution
using sorbitan monooleate surfactant.27 To the best of our
knowledge, no study has been reported on the synthesis of
spherical PDC Si–O–C nanoparticles from hybrid silica
nanospheres obtained by a modified Stöber process. In prin-
ciple, there are several advantages in using this approach: (i)
the Stöber synthesis is a simple and well-known process that
allows controlling the size of the nanoparticles, (ii) several
different organoalkoxysilanes are commercially available and
they can be co-hydrolyzed to vary the composition of the
starting spheres, and (iii) doping the Si–O–C with extra cat-
ion such as B, Al, Ti, Zr can be easily achieved by adding
to the starting solution the corresponding metal alkoxides.
The interest for nanosized spherical silicon oxycarbide parti-
cles is manifold: besides the typical properties of ceramic
materials, the Si–O–C particles bring, among others, new
functionalities such as luminescence,8 electrical conductivity,28

or piezoresistivity.29 In particular, nanometric-sized Si–O–C
particles could be valuable as high capacity, high-charging
rate anode materials for lithium ion batteries.10 Moreover,
based on the work of Wilson et al.30 and on our previ-
ous experience on HF etching silicon oxycarbide glasses31–33,
the Si–O–C nanospheres could be further engineered
to obtain highly porous Si–O–C-based nanoparticles,
thereby expanding even more their potential application
fields.

II. Experimental Procedure

Methyltriethoxysilane (MTES), phenyltriethoxysilane
(PhTES), and amyltriethoxysilane (ATES) were purchased
from ABCR (Karlsruhe, Germany) and Sigma-Aldrich
(Steinheim, Germany). The chemical structures of organosi-
lane precursors are shown in Fig. 1. Ethanol, hydrochloric
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acid (37 wt%), and ammonia (30 wt%) were purchased from
Sigma-Aldrich and used without any further purification.

(1) Stöber-Like Synthesis of Spherical Particles
The reactions were carried out in air at room temperature
according to a published procedure.34 The organotriethoxysi-
lane, RTES, was dissolved in ethanol and reacted under stir-
ring with the appropriate amount of HCl for 4 h (Step I). In
the second hydrolysis–condensation step (Step II), an ammo-
nia solution (2.3M) was added to the sol and the mixture
was kept under stirring for 20 h (EtOH:HCl:NH3 =
20:20:180, reagent/Si molar ratio). A white suspension was
obtained and centrifuged at 5000 rpm for 15 min to separate
the silica particles. The solid sample was collected, washed
with distilled water three times and dried at 50°C for 24 h.
The procedure was used for the synthesis of particles pre-
pared with one or two different organotrialkoxysilanes
(RITES/RIITES) as shown in Table I.

(2) Particles Pyrolysis and HF Etching
The thermal treatments of the organosilsesquioxane spheres
were performed using the furnace of a STA 409 Netzsch
thermobalance, under flowing argon (100 cm3 min�1), in
alumina crucibles. The samples were heated at 10°C min�1

up to 1000°C, 1200°C, and 1300°C and kept at the maximum
temperature for 1 h. The etching process has been performed
on particles pyrolyzed at 1300°C for 1 h with an aqueous
HF solution (20 wt%). Particles were kept under stirring into
the acid solution for 30 min, washed with distilled water,
centrifuged at 6000 rpm for 5 min. The washing procedure
was repeated three times.

(3) Physical and Structural Characterization
29Si MAS NMR spectra were recorded with a Bruker 400
WB spectrometer (Bruker Instruments, Karlsruhe, Germany),
equipped with a double band probe, at 79.50 MHz. Samples
were packed in 4 mm zirconia rotors and spun at 6 kHz. 29Si
SP spectra were obtained with pulse length 4.3 ls, delay 5 s.
Q8M8 was used as external secondary reference. Si units are
labeled according to the usual NMR notation: Q, T, D,
and X represent SiO4, SiCO3, SiC2O2, and SiC4 units, respec-
tively.

Thermal analyses (TG-DTA) were performed on a
Netzsch STA 409 instrument (Netzsch-Gerätebau GmbH,
Selb, Germany); the samples were heated in flowing argon
(100 cm3 min�1) from 20°C up to 1500°C with a heating rate
of 10°C min�1.

Scanning electron microscopy was run using a FE-SEM
Supra 40 Zeiss (Carl Zeiss NTS GmbH, Oberkochen,

Germany) in high vacuum modality. The particle size distribu-
tion has been evaluated using the software ImageJ on images
taken at 50.0009 and counting at least 200 particles.35

N2 sorption experiments were carried out at 77 K on an
ASAP 2010 Micromeritics instrument (Micromeritics,
Norcross, GA). The xerogel and pyrolyzed samples were
degassed below 1.3 Pa at 25°C and 250°C, respectively. The
specific surface area (SSA) was calculated by the BET
equation in the interval 0.05 � p/p0 � 0.33 with a least-
squares fit of 0.998. Single point total pore volume (TPV)
was calculated at p/p0 = 0.995. Pore size distribution was
obtained from the adsorption branch using the BJH model.

XRD spectra were collected on a Rigaku DMax diffrac-
tometer (Rigaku, Tokyo, Japan) in the Bragg–Brentano
configuration, using CuKa radiation and a monochromator
in the diffracted beam, in the range 2h = 10°–90° with a
0.05° step.

The chemical analyses were performed on selected pyro-
lyzed samples. O and C were measured and Si was estimated
by difference to 100%. The elemental analysis was performed
via hot-gas extraction using an O-analyzer (TC-436; Leco
Instrumente GmbH, Mönchengladbach, Germany) and via
combustion analysis with a C-analyzer (C-200; Leco Instru-
mente GmbH).

III. Results and Discussion

(1) Morphological Characterization of Precursor and
Pyrolyzed Particles
The Stöber-like approach, based on two-step hydrolysis–
condensation process, employed for the synthesis of the or-
ganosilsesquioxane particles, is suitable for the production of
submicrometer-sized regular spheres (Fig. 2), in agreement
with our previous studies.34,36 The nature of the organic
group linked to silicon in trifunctional alkoxides affects
nucleation and growth steps in solution, leading to particles
with different diameter and size distribution (Fig. 2, Table I).
The particle size distribution is always quite broad; neverthe-
less, it can be observed that the average diameter increases
by changing from the methyl group (sample M) to the cum-
bersome phenyl group (sample Ph). For the mixed ATES/
MTES samples, the largest particles are found for the MA25
composition, whereas for the pure MTES (sample M) or for
samples with higher loads of MATES (MA50 and MA75),
the diameter decreases.

Figure 2 also shows the effect of the pyrolysis process at
1000°C on the morphology of the silsesquioxane particles.
FE-SEM micrographs highlight that M and MA25 samples
retain their spherical shape after heating at 1000°C. By
increasing ATES content in MA50 and MA75, a progressive
aggregation of pristine particles is observed. In the case of
Ph particles, no spheres are detected after pyrolysis at 1000°C
and the sample consists of large fragments. It is well known
that polymeric preceramic components can retain their shape
during pyrolysis if they have been previously crosslinked, or,
in case of thermoplastic silsesquioxane resins such as in the
present study, if their glass transition temperature is higher
than the starting decomposition temperature. In our labora-
tory, we have already shown that gel disks obtained from
methyltriethoxysilane retain their shape after pyrolysis sug-
gesting that the glass-transition temperature is, for this sys-
tem, above the decomposition one.37 On the other hand, it is
known that particles prepared from phenyltriethoxysilane
display a glass-transition temperature, Tg, at around 100°C
and sinter at 10°C–50°C above Tg allowing to produce dense
thick hybrid silsesquioxane coatings on various substrates.38

Accordingly, the Ph submicrometer-sized particles can sinter
well before the onset of the organic-to-inorganic transforma-
tion, thereby leading to the formation of large featureless
fragments and prevents obtaining spherical Si–O–C particles
from this precursor. Indeed, the micrograph reported in
Fig. 2 of the Ph precursor pyrolyzed at 1000°C shows a large

Fig. 1. Chemical structures of the organosilane precursors.

Table I. Compositions and Average Size of Silsesquioxane
Nanoparticles (±SD)

Sample label RITES/RIITES RII mole (%) Average size (nm)

M MTES – 170 ± 39
MA25 MTES/ATES 25 380 ± 78
MA50 MTES/ATES 50 175 ± 87
MA75 MTES/ATES 75 149 ± 60
Ph PhTES – 255 ± 62
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fracture surface derived from a large Si–O–C piece. For the
ATES/MTES systems, it seems conceivable to think that the
presence of the long organic –CH2–CH2–CH2–CH2–CH3

moieties acts as a plasticizer in the organic silsesquioxane
network, thereby decreasing the glass-transition temperature.
Accordingly, the shape of the particles after pyrolysis is
retained only for the sample with the lowest ATES content,
MA25, and it is progressively lost by increasing the ATES
load, as for the MA50 and MA75 samples.

On the basis of these results, which showed that only the
M and MA25 nanoparticles retain their shape after pyrolysis
at 1000°C, we decided to focus our work on these two
compositions.

(2) Pyrolysis Process and Structural Characterization of
Si–O–C Submicrometer-Sized Spheres
Figure 3 reports the TG traces recorded in flowing Ar up to
1500°C for M and MA25 samples. The behavior of the M
composition is in good agreement with our previous studies
performed on micrometer-sized powders.39 The total weight
loss up to 1000°C due to the organic-to-inorganic transfor-
mation (Table II) is higher for MA25 (27%) than for M
sample (13%). For M sample, the weight loss is concentrated
between 700°C and 900°C, whereas for the MA25 composi-
tion before the 700–900 step, another decomposition process
is active between around 400°C and 600°C. Based on the
similarity of our silsesquioxanes systems with those already
reported in the literature,40–42 the thermogravimetrical analy-
sis can be discussed as follows: The first mass-loss event of

the MA25 sample can be probably ascribed to the decompo-
sition of the long aliphatic –C5H11 chain of ATES leading
to the loss of carbon atoms not directly linked to the sili-
con atoms. Indeed, it has been already proposed that, for
alkyl-modified silsesquioxane precursors to Si–O–C glasses,
only the C atoms directly bonded to Si atoms are mainly
retained in the glass structure.42 Accordingly, the chemical
analysis results, reported in Table II, show a very similar car-
bon content for the two M and MA25 Si–O–C samples,
independently of the carbon content of the starting gel.

Both samples are thermally stable up to 1400°C, which is
the onset temperature of the carbothermal reduction reac-
tions. According to the thermogravimetric behavior, thermal
treatments at 1000°C and 1300°C for 1 h holding time were
performed on M and MA25 particles, and the FE-SEM
study (Fig. 4) confirmed that even at 1300°C, the particles
retain the spherical shape. An attempt to estimate the linear
shrinkage of the particles during pyrolysis has been made by
comparing the average diameter before and after the thermal

Fig. 2. FE-SEM micrographs of hybrid samples at the xerogel state
and after pyrolysis in Ar at 1000°C.

Fig. 3. TG traces of M and MA25 samples in Ar up to 1500°C.

Table II. Chemical Composition and Weight Loss for the

Studied Si–O–C Particles Pyrolyzed at 1200°C for 1 h

Sample C (wt%) O (wt%) Si (wt%) † Weight loss (wt%) ‡

M 11.7 39.6 48.7 13
MA25 13.4 37.5 49.2 27

†Si has been evaluated as difference to 100%.
‡Measured from TG analyses in the range 20°C–1000°C.

Fig. 4. FE-SEM micrographs of M and MA25 particles after
pyrolysis in Ar at 1300°C for 1 h and subsequently HF etched.
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treatment. However, the large particle sizes dispersion, which
is comparable or higher than the usual linear shrinkage
reported in the literature for Si–O–C glasses (15%–20%),43

leads to meaningless results.
The pyrolyzed nanoparticles are amorphous up to the

maximum pyrolysis temperature, with XRD patterns featur-
ing a main halo at 22° and a very weak and broad signal at
around 35°, which are consistent with the presence of an
amorphous oxycarbide phase.30

However, 29Si MAS NMR is the best tool to assess the
formation of the Si–O–C phase. Figure 5 shows the 29Si SP
MAS NMR spectra of M [Fig. 5(a)] and MA25 [Fig. 5(b)]
samples after pyrolysis at 1000°C and 1300°C for 1 h. Peaks
due to X (SiC4), D (SiC2O2) T (SiCO3) and Q (SiO4) silicon
units, at around �10, �35, �70, and �110 ppm, respectively,
are present in the spectra and represent the fingerprints of
the silicon oxycarbide network.44 The spectra have been sim-
ulated and the results of the quantitative analysis are
reported in Table III. Increasing the pyrolysis temperature
from 1000°C to 1300°C leads to the formation of SiC4 sites.

The microstructural features (specific surface area SSA,
pore size distribution PSD, and total pore volume TPV) were
investigated by N2 adsorption analysis and the results are
reported in Table IV. M and MA25 hybrid submicrometer-
sized particles are characterized by a high-condensation
degree34 and the N2 sorption analysis highlights a low poros-
ity at the xerogel state, with small SSA and TPV values due
to the presence of few micropores (Table IV). The BET SSA
measured after pyrolysis at 1000°C is around 20 m2/g for
both samples, but the TPV value of MA25 increases due to
the formation of few large pores with diameter in the range
10–100 nm that are stable up to 1300°C. The measured sur-
face area values can be attributed to the geometrical external
surface of the particles, which can be calculated assuming the
typical density of the Si–O–C phase14 and diameters of 100–
400 nm. The BET SSA and pore volume for the M sample
pyrolyzed at 1300°C have not been measured; however,

based on TGA results showing the thermal stability up to
1400°C and on our experience in this field,31 we do not
expect any important microstructural evolution for this sam-
ple at this temperature. These results indicate that in the
as-pyrolyzed state, the Si–O–C particles are essentially dense
and not porous.

(3) HF Etching of Silicon Oxycarbide Submicrometer-
Sized Particles
With the aim of preparing highly porous silicon oxycarbide
submicrometer-sized particles, M and MA25 samples, pyro-
lyzed at 1300°C, have been treated with aqueous HF. Indeed,
several studies have shown that HF etching of SiCO and
SiBCO preferentially dissolves the silica clusters leaving
behind highly porous C-rich SiCOs.30–33 The chemical etch-
ing does not affect the morphology of the oxycarbide parti-
cles, which retain their regular shape and do not show any
tendency to increase the aggregation (Fig. 4). The NMR
study [Fig. 5(a) and (b)] confirms the selective dissolution of
the silica-rich phase, the amount of Q units being largely
reduced in both samples, while the relative concentration of
SiC4 units increases (Table III). A sharp signal, accounting

Fig. 5. (a) 29Si SP MAS NMR spectra of M samples pyrolyzed for 1 h at 1000°C, 1300°C, and at 1300°C and subsequently HF etched; (b) 29Si
SP MAS NMR spectra of MA25 samples pyrolyzed for 1 h at 1000°C, 1300°C, and at 1300°C and subsequently HF etched.

Table III. Results of Quantitative Analysis from 29Si SP MAS NMR Spectra of M and MA25 Nanoparticles Pyrolyzed

at 1000°C, 1300°C for 1 h and after HF Etching

Pyrolysis temperature (°C)

Sample M Sample MA25

Si units (%) Si units (%)

X D T Q X D T Q

1000 – 3.6 16,7 79,7 – 16,7 32,0 51,4
1300 10,2 7,5 12,4 70,0 12,9 5,9 13,1 68,0
1300 + HF etching 23,3 4,1 20,1 52,5 29.7 2,7 23,2 44,3

Table IV. Nitrogen Sorption Data of M and

MA25 Nanoparticles Pyrolyzed at 1000°C, 1300°C for 1 h

and after HF Etching

Pyrolysis

Temperature (°C)

Sample M Sample MA25

BET SSA

(m2 g�1)

TPV

(cm3 g�1)

BET SSA

(m2 g�1)

TPV

(cm3 g�1)

25 47 0.06 27.0 0.06
1000 20 0.07 23 0.2
1300 – – 22 0.2
1300 + HF etching 406 0.4 564 0.7
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for <2%, is detected at �188 ppm and is tentatively attrib-
uted to the presence of residual fluorine-substituted species,
entrapped into the network.

The selective removal of the silica phase generates highly
porous nanoparticles (Table IV). The N2 adsorption iso-
therms (Fig. 6) are typical of solids with micro and mesop-
ores (Types I and II isotherms). The pore size distribution
curves (Fig. 7), present the main component due to the
micropores (visible starting from d = 1.7 nm) and a second
component at around 2 nm in diameter. The consequence is

the net increase in both the TPV and SSA: the total pore vol-
ume reaches values of 0.4 and 0.7 cc/g, and the SSA reaches
values of 406 and 564 m2/g for M and MA25, respectively
(see Table IV). We believe that these Si–O–C nanoparticles
could have a broad spectrum of possible applications. Work
to assess the behavior of the Si–O–C submicrometer-sized
particles as anode for Li-ion batteries is currently under
investigation.

IV. Conclusions

We have shown that the polymer pyrolysis route in conjunc-
tion with a modified Stöber process allows preparing Si–O–C
spheres with diameter in the range 100–400 nm. Among the
various compositions studied, the ability of retaining the
spherical shape after pyrolysis was demonstrated in the case
of particles prepared from pure MTES and 75/25 mol%
MTES/ATES. For spheres prepared from pure phenyltrieth-
oxysilane or mixed MTES/ATES with an ATES content
higher than 25 mol%, the glass transition temperature of the
silsesquioxane network is lower than the onset of the
polymer-to-ceramic transformation preventing the shape
retention during pyrolysis.

The dense Si–O–C particles obtained after pyrolysis can be
further converted into highly porous submicrometer-sized
spheres by HF etching the silica nanodomains of the silicon
oxycarbide network. Accordingly, SSA up to 564 m2/g and
pore volume up to 0.7 cm3/g can be obtained.
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