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bstract

he influence of the aging conditions of the preceramic hybrid material on the microstructure of silicon oxycarbide (SiOC) glasses derived therefrom
as been highlighted. The textural and structural properties of the glasses are modified by aging the hybrid precursor in different environments.
hree solvents have been employed as aging media to produce macroporous SiOC ceramics with porosities in the range between 30 and 70 vol.%.
It has been concluded that the polarity and chemical characteristics of the solvent plays an important role on the surface characteristics and

tructure of the obtained SiOC glass. Raman spectroscopy and Small Angle X-ray scattering reveal the presence of different nanodomain sizes
epending on the polymeric fraction in the preceramic network. The free carbon phase developed during the hybrid-to-ceramic conversion turn

ut to have a high influence on the growth of the silica nanodomains and thus on the nanostructure of the obtained ceramic.

2011 Elsevier Ltd. All rights reserved.
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. Introduction

Technological applications of porous silicon based glasses
nd ceramics derived from preceramic materials become a
eterminant factor on the increasing number of patents and appli-
ations in this area. Silica gels are of special interest due to
he low cost of production and raw materials as well. Porous
ilicon oxycarbide (SiOC) glass obtained from silicon-based
ybrid materials have been traditionally used as catalyst, porous
dsorbents or catalytic supports in heterogeneous catalysis. The
ontrol of the porosity determines the future applications of the
ew SiOC materials developed.1,2

In general, designing materials with controlled porosity per-

its the selective access of determined substances into pores.
oreover, their appropriate surface area allows the occurrence

f the catalytic processes. The intrinsic characteristics of porous
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iOC glasses combine their thermal stability and creep resis-
ance with their specific low density. These materials can be
btained either through preceramic polymer pyrolysis or pyrol-
sis in inert atmosphere of hybrid materials obtained by the
ol–gel method.3,4

Most of silicon oxycarbide glasses have been prepared in
orm of powders or dense glasses. However for different appli-
ations, monoliths with a given porosity (random or hierarchical)
re compulsory. Controlling the pore structure of silicon oxy-
arbide glasses is an important aspect of developing advanced
aterials for applications in catalysis,5 molecular separations,6

hermal insulation,7 reinforcement of light metals,8 dielectric
aterials,9 etc.
Various approaches have been used to obtain porous ceram-

cs and SiOC glasses, including direct blowing,4 decomposition
f a siloxane polymer during pyrolysis,10 sacrificial organosi-
ane linkages,11 templates,12 electrohydrodynamic forming,13

nd others (see for instance Colombo3 and references therein).

The reaction conditions for the synthesis of the hybrid mate-

ials as the precursor of the novel glasses play an important
ole for the texture and microstructural characteristics of the

dx.doi.org/10.1016/j.jeurceramsoc.2011.02.039
mailto:aitanath@icv.csic.es
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erived SiOC glasses.11,14 Pantano et al.15,16 studied the effect
f the pyrolysis temperature on the porous structure of silicon
xycarbide. The transient porosity developed at temperatures
etween 400 and 800 ◦C creates a micropore structure attributed
o the decomposition of the preceramic network and evolution
f gaseous products generated during the ceramization and min-
ralization process. With increasing pyrolysis temperature the
icropores of the SiOC glass transform to meso- and macro-

ores due to densification phenomena. The addition of fillers
s a suitable method to stabilize the mesoporous structure after
hermal treatment.17

The use of solvents for controlling the materials porosity
s another interesting route to obtain sol–gel derived porous
lasses and ceramics. Solvents can be used for the extraction of
hase-separated gels18 and also in the regulation of the capillary
tresses produced during drying of sol–gel derived materials.19

rying liquids whose properties are specifically selected were
emonstrated to exert a predicted capillary pressure within the
volving pore structure.20,21 In this sense, non-polar (n-alkanes),
olar (acetone, n-alcohols) and mixtures of such solvents, have
een used for modifying pore structures and porosities of sil-
ca xerogels. For these materials the use of selected solvents

ainly controls the capillary pressure, however for sol–gel
erived organic–inorganic hybrid materials the solvents may
nfluence not only the capillary pressure but also the extrac-
ion of organic molecules entrapped or weakly bonded to the
ybrid structure. Therefore, when using hybrid materials for the
ynthesis of polymer derived glasses and ceramics such as sili-
on oxycarbide, the described solvent effect has to be taken into
ccount.

In the present work, we have analyzed the influence of the
olvent or liquid phase composition on the aging behavior of
receramic hybrid materials and finally on the structural and tex-
ural changes of the SiOC glasses derived therefrom. Depending
n the solvent composition we have found the development of
ifferent nanodomain and pore size distributions in the SiOC
atrix starting from the same preceramic hybrid material.

. Experimental

Tetraethylorthosilicate (TEOS, Mw = 208.32) and silanol-
erminated polydimethylsiloxane (PDMS, Mw = 1750) were
omogeneously mixed with iPrOH. H2O and HCl were also

tirred for 10 min with the same amount of iPrOH used
n the previous solution. The following volume ratios were
pplied: H2O:TEOS = 3, HCl:TEOS = 0.3, iPrOH:TEOS = 6 and
he weight ratio of TEOS/PDMS is 1.5. Both solutions were

g
h
s
s

able 1
arbon content of the obtained SiOC glasses and their hybrid precursors. The labels A
nd n-hexane, respectively. Ref indicates the reference material, which is the materia

Ref A I

1 24 120 240 1

Chyb 21.5 19.8 20.3 20.6 21.0 18.6
CSiOC 9.2 10.0 9.3 10.1 9.1 9.1
eramic Society 31 (2011) 1791–1801

ixed and stirred in a temperature controlled flask at 80 ◦C for
h at 600 rpm. Solvent evaporation is avoided by reflux. After 1 h

tirring, the clear solutions are poured into a sealed polypropy-
ene container. Gelation of the hybrid materials occurs after 1 h
t room temperature. The aging environment is changed by the
ddition of acetone (A), iPrOH (I), or n-hexane (H) at differ-
nt times beyond the time of gelation: 1 h (gelling time), 24 h,
20 h or 240 h. Aged gels were dried at 50 and 120 ◦C until no
eight loss is measured. Subsequently, the dried gels are pyrol-
sed under nitrogen at 1100 ◦C and 2 h dwelling time at the
aximum temperature. Black porous monoliths were obtained

fter pyrolysis.
Porosity was measured by mercury intrusion porosimetry

sing a Micromeritics Autopore II 9215 apparatus. Samples
ere introduced in the penetrometer in particles ranged from
.5 to 1 mm and gradual pressure increase was applied from
.03 to 412 MPa that allows the identification of pores of
00 �m–3.2 nm in diameter. The measurement of the applied
ressure and intruded volume allows the calculation of porosity,
ore size distribution, bulk and skeletal density and porosity as
ell as related properties such as permeability and tortuosity
f the pores or channels. Fracture surfaces were analyzed in a
EM microscope Zeiss mod DSM 950. Images were acquired
t 20 kV.

Raman spectroscopy was carried out in a Renishaw InVia
aman spectrometer equipped with a 514 cm−1 laser. Spectra
ere recorded as the average of 10 scans from 200 to 3000 cm−1

nd exposure time of 20 s. 520 cm−1 band of pure Si was used to
alibrate the spectrometer. For Small Angle X-ray characteriza-
ion, powder samples were spread on a thin silicon wafer (80 �m)
nd exposed to X-rays (40 kV, 50 mA) for 10 min. To get compar-
tive results of all the samples, transmission experiments were
arried out by exposition to low energy X-rays (20 kV, 10 mA)
or 30 s. All the SAXS analyses were performed in an Anton
aar SAXSess equipment endowed with a Cu X-ray radiation
ource.

. Results

.1. Carbon content

Table 1 summarizes the carbon content for the hybrid pre-
eramic materials and the corresponding silicon oxycarbide

lasses derived therefrom. In all cases, the solvent-extracted
ybrids present lower carbon content than that of the non-
olvent-extracted reference material. Since the only carbon
ource is the polymer in the hybrid preceramic material, this

, I and H corresponds to the initials of the added solvents, acetone, isopropanol
l with no extra solvents added.

H

24 120 240 1 24 120 240

18.0 18.7 18.5 20.5 19.8 20.6 21.3
10.6 10.1 8.0 10.6 10.0 9.9 10.1
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Fig. 1. FEM images of the reference material (up) and the SiOC glasses obt

esult indicates that PDMS molecules non-bonded or entrapped
ithin the network have been removed because of the solvent

ddition. It is also observed that when the solvent has been added
h after gelling, the elimination of PDMS is higher than when
dded 240 h later, i.e., the extraction capability decreases with
he time of solvent addition. This finding is attributed to the
educed contact time of the solvent with PDMS and to the fact
hat the hybrid structure is more consolidated.

A more pronounced elimination of the polymeric fraction is
chieved by using iPrOH followed by acetone, while n-hexane
hows a lower extraction capability, indicating that this result is
irectly related to the polarity of the solvent. The same trend also
ules for the obtained SiOC materials where it is observed that the
ower carbon contents appear for iPrOH solvent extracted mate-
ials, following a series similar to that of the preceramic hybrids.
owever, although there is no much difference in the total car-
on content of the obtained ceramics, the amount of carbon is
lightly increased in case of the solvent extraction as compared
o the reference material. The higher carbon content of the SiOC

aterials is discussed in the light that those non-extracted PDMS
olecules which remain in the hybrid material are distributed

n such a disposition that during the thermal transformation a
arger amount of carbon is retained in the glass or ceramic phase.
his result clearly indicates that the nanostructure of the derived
iOC materials is not only affected by the presence of different
arbon content, but also by the use of solvents to modify the
orous texture.
.2. SEM

Figs. 1 and 2 show the SEM micrographs of the fractured
aterials obtained after solvent addition at different times. It

i
t
f

after the early modification (1 h and 24 h) of the aging aging environment.

an be found that each solvent and its respective time of addition
esult in the formation of different microstructures of the SiOC
atrix. In general, all of these materials show morphologies

s particulate aggregates with different particle size depending
n the type of solvent and of its addition time. Accordingly,
he addition of acetone (A) does not produce any change in
he microstructure if it is incorporated long time after gelling,
hile the more pronounced modification occurs for the solvent

ddition after 1 h (Fig. 1). The addition of iPrOH (I) produces
imilar microstructural changes as that of acetone, which is in
ccordance with the fact that both are polar solvents. Aging
f the hybrid material in n-hexane (H) shows more significant
icrostructural modifications for the lowest addition time.
In general, at higher solvent addition times the materials

icrostructure tends to be similar to that of the reference mate-
ial. Therefore, it can be pointed out that the alteration of the
ging conditions exerts a strong influence on the disposition
f the particles due to the penetration of the solvents into the
ores and the different interaction with the surface is attributed
o their chemical nature. Even at high addition times, when the
ybrid material is almost conformed, the exchange of the sur-
ace tension inside the pores can modify the final disposition
f the particles. When the gel is still fresh, the reaction liquid
s filling the pores and voids between the particles. The addi-
ion of any solvent at this time produces the modification of
he acid–base interactions of the surface of the wet gel with the
olvent and hence the polycondensation process. During aging,
olvents and reaction liquid are pulled out of the material and
he pores become empty. The internal pressure inside the pores

s described by the Washburn equation in terms of the surface
ension of the filling solvent.22 Consequently, the change of sur-
ace tension induces different capillary pressure inside the pores
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Fig. 2. FEM images of the SiOC ceramics obtained after th

hich modifies the configuration of the particles in the porous
ybrid network. As the inner part of the pores is the last in expel
he solvents from inside, the influence of the exchange of the
ging conditions becomes more pronounced at high addition
imes.

When the addition time is increased, the morphology of the
iOC glasses adapt each other for all the solvents (Fig. 2). The
icrostructure of the SiOC glasses can be preferentially modi-
ed in the first stages of the aging step of the hybrid material.

hen the hybrid network structure is more or less consolidated,

t is possible to change the form of the particulate aggregates but
ot their spheroidal form.

3

o

Fig. 3. Pore size distribution for SiOC glasses with different solvents adde
modification (120 h and 240 h) of the aging environment.

It is also important to notice that the spheroidicity of the
ggregates is only modified when non polar solvents are added.
he addition of acetone or iPrOH produces always spheri-
al aggregates with different sizes and different conformations
epending on the addition time. However, even if the spheroidic-
ty is maintained, interactions between particles in the aggregates

odify the pore size and distribution in the bulk material.
.3. Mercury intrusion porosimetry

In the materials comprised of multiple particle aggregates
f micrometric and submicrometric size, the porosity can be

d at different addition times (a) 0d 1 h, (b) 1d, (c) 5d y, (d) 10 days.
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Fig. 4. Evolution of (a) porosity and (b) pore size

escribed as voids in the particulate network. These microstruc-
ural developments have been analyzed by means of mercury
ntrusion porosimetry. Pore size distribution curves (PSDs)
btained from those results are represented in Fig. 3. All of these
SD curves can be described as wide distributions with mean
ore sizes ranging from 8 to 12 �m. It is found that for addition
imes of 120 and 240 h, most PSD are quite similar and close to
hat of the reference material. A narrow and well defined distri-
ution is shown in the case of n-hexane addition after 10 days.
hese pores with 7 �m in diameter can be originated by some
welling effect in the hybrid network due to the penetration of
he n-hexane molecule. However, for low addition times (1 and
4 h) all PSDs show small pores (between 0.5 and 1 �m). Higher
ifferences between different PSD appear for addition time of
h, showing that the type of solvent influences the porosity of

he hybrid materials network.
Therefore, the decrease of the porosity measured for solvent

ddition at lower times originates from the reduction of the inter-
article gap, which can be due to size homogenization or minor
article size.

Fig. 4 represents the evolution of the textural properties with
ddition time in terms of porosity and the mean pore size of the
iOC materials that corresponds with the PSD of Fig. 3. In all

he studied samples, both porosity and mean pore size increase
ith addition time, however since porosities of the solvent-added
amples are always lower than that of the reference material,
ean pore sizes give values above and below of the reference
aterial depending on the addition time. The reference material

w
fl
d

Fig. 5. Tortuosity and fractal dimension of SiOC
eter of SiOC glasses with solvent addition time.

as an intrinsic porosity of 72%, while in the case of any solvent
ddition, the porosity hardly reaches 65% when solvent is added
fter 240 h from gelling time. At lower addition time the porosity
f SiOC ceramics acquires values of 35–40% as in the case of
cetone or n-hexane addition (non polar or aprotic solvents).
t was found that in the case of iPrOH addition, the porosity
emains practically constant around 61% at all addition times.

At the same time, it has been analyzed that the mean pore size
rend is also influenced by the solvent addition time. For addi-
ion times of 1 and 24 h, the typical value of mean pore size is
ower than that in the reference material, and for addition times of
40 h those values are found to be higher. These results, together
ith the porosity values, confirm that the physicochemical char-

cteristics of the solvents used during aging of the preceramic
aterial and their addition time strongly influence the textural

roperties of the SiOC materials.
In addition to the observed changes in PSD, mean pore size

nd porosity, the tortuosity data also provide information about
he materials texture. Tortuosity can be described as the ratio of
he distance travelled between two points to the minimum dis-
ance between the same points, and is affected by the packing of
ormer particles. Besides porosity and mean pore size, tortuosity
f bulk material is an important feature which allows the char-
cterization of the ability to fluids flowing. It is directly related
ith permeability. For same pore size and porosity, the material

ith the higher tortuosity will present the higher resistance to
uids flow. Fig. 5a shows the tortuosity values obtained for the
ifferent SiOC materials analyzed in this work. The calculated

glasses vs addition time of the solvents.
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times. This finding is in contrast to other solvents which tend to
acquire the same value as the preceramic gel is aged in its own
liquor. In the case of addition of acetone, a slight increase occurs
796 A. Tamayo et al. / Journal of the Europ

alue of the tortuosity of the reference material is close to 2.5
nd this value increases to 3 after addition of iPrOH at differ-
nt times. Since the pore diameter is found to be of the same
rder as the reference material, the slight increase in the tortuos-
ty found in the materials where iPrOH was added to the aging
nvironment suggest a decrease in the particle spheroidicity or
he formation of surface heterogeneities.

When the gel is still fresh the addition of non polar and aprotic
olvents, n-hexane and acetone, reduces the tortuosity of the
orous material to values close to 1, which is the minimum value
or tortuous materials. When the addition time increases, the
ffect of the addition of either n-hexane or acetone is increasing
his property and the particulate disposition remains unaltered
ith respect to the reference material. It can be also seen in
ig. 5a that the tortuosity curve trends are similar to the graphs
resented in Fig. 4, i.e. the tortuosity depends on both porosity
nd pore size of the studied material.

Extended information of the textural characteristics is
btained through the reduction of the mercury intrusion
orosimetry experimental data in terms of particulate disposi-
ion in the bulk material. From the slope of the linear zone in
he log P–log V representation, we can obtain the fractal dimen-
ion of the pore structure. The fractal dimension D of a solid
s a parameter that characterizes the degree of roughness of its
urface.22 The fractal dimension close to 3 represents a rough
urface and an increase in the surface area of the particulate
hereas fractal dimension approaching to 2 evidences smooth

urfaces and less interferences during fluid fluxing.22 Fig. 5b
hows the fractal dimensions of the studied SiOC materials. It
s analyzed that the reference material presents a fractal dimen-
ion close to 2.7. At lower addition times fractal dimensions of
he SiOC materials are also found close to that value, but when
ncreasing the addition time this dimension is reduced indepen-
ently of the type of added solvent. This fact is interpreted as
softening of the particulate surface because of the effect of

hanging the aging media.

.4. SAXS

In addition to the above described textural characteristics, the
ffect of the solvent addition on the nanostructure of the SiOC
lass has been studied through spectroscopic and scattering tech-
iques. SAXS provides information about the aggregates that
onforms the amorphous structure over a wide range of length
cales typically ranging from one nanometer to about one hun-
red nanometers. SAXS has been widely used for the structural
haracterization of a wide range of materials including ceram-
cs, polymers, sol–gel and colloidal systems.23–27 Fig. 6 shows
n example of the SAXS scattering curves of those materials
here the solvent has been added after 120 h after the hybrid
etwork synthesis.

The scattered intensity is plotted as a function of the scattering
ngle (θ) by q = (4π/λ) sin 2θ. The atomic structure factor in the

-ray diffraction is equal to the square of the number of electrons

n an atom at low angles while the intensity of the scattering
s proportional to the number of the scatters in the irradiated
olume. In a log–log scale, two main features are found in Small

F
N
a

Fig. 6. SAXS curve of the SiOC after addition of the solvents at 120 h.

ngle X-ray scattering diagrams. At high q or Porod regime, the
cattered intensity is related with the scattering angle by means
f Eq. (1)

(q) = Bq−4 B = Ie2πρ2
eS (1)

here S is the average surface area of the primary particle, ρe

s the average electron density and Ie is the Thompson cross-
ection of the electron.

Fig. 7 shows the changes induced by the different solvent
ddition time on the surface area of the primary particle cal-
ulated through the Porod approximation in the large q value
egion. It is analyzed that the samples with iPrOH as the sol-
ent added during the aging period after the synthesis of the
receramic material exhibit a smaller surface area of the pri-
ary particles in all cases, even with higher solvent addition
ig. 7. Surface area of the primary particle vs addition time of the solvents.
ote that the reference material is the SiOC material obtained with no solvent

ddition during aging and drying period.
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Fig. 8. Radius of gyration of the scatters obtained from the fitting of SAXS
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urves vs addition time of solvents. Note that reference material is the obtained
iOC ceramic with no solvent addition during aging and drying period.

ith respect to the reference sample when the solvent is added
fter 24 and 120 h, however the addition of n-hexane produces
continuous increase even at higher solvent addition times.

In the log–log plot, the initial slope (Guinier zone) indicates
he main size of the aggregates. It is found that the steeper the
lope the bigger the particles. The Guinier region reflects the
adius of gyration, Rg, which corresponds to the limits of surface
cattering at the average primary particle size. The Guinier’s Law
escribes it as shown in Eq. (2)

(q) = G exp

(
−qR2

g

3

)
G = Nr2

eρ
2
eV

2 (2)

eing V the average particle volume and re the average electron
adius. The radius of gyration of the particles can be calculated
rom the representation of log I(q) vs q2 and is valid for dilute
nd monodisperse systems. This value represents the moment of
nertia of the particle which employs the electron density rather
han the mass as a weighting factor. A population of monodis-
erse spheres corresponds to the lower surface area for a given
article size and volume. For spheres, the radius of gyration is
elated to the primary radii of the particle as rg = r

√
(3/5).

The results derived from the calculations of the radius of
yration are presented below in Fig. 8. The radius of gyration of
rimary spheres tends to acquire the same value as the reference
aterial with the increase of addition time except in the case

f the materials aged in iPrOH where the size of the primary
article becomes smaller. In the cases of aging in polar solvents
A and I), this parameter decreases with the addition time, while
n the case of n-hexane the trend is increasing until the value of
he reference material is reached. In any case, under the assump-
ion of spherical or quasi spherical particles, the diameter of the
articles falls in the nanometer scale ranging from 13 to 16 nm.

Our results confirm that not only the porosity of SiOC ceram-

cs is modified through the addition of the different solvents but
lso their nanostructural characteristics. The radius of gyration
s directly related with the size of the particles, which is affected

c
o
d

ig. 9. Volume fraction of the primary particle obtained through the SAXS
nalysis as a function of the solvent addition time.

y the polarity of the added solvents, and the surface area pro-
ides information of the shape and spheroidicity of the scattered
articles.

However, both Guinier and Porod approximations take the
ata from selected regions, by ignoring the rest of the curve
n the calculations. Guinier approximation is valid for dilute
ystems and employs for its calculations the low q values. On
he opposite, Porod approximation calculates with the high q
egion values and is valid for concentrated systems. In the “knee
egion” both the form factor and structure factor interfere and
ccurate calculations can be performed from the least-squares
tting of the curves.

The invariant (integrated intensity of the SAXS curve) was
alculated by data integration. The invariant is a well-defined
onstant which contains some instrumental factors that can be
ancelled with background correction. Background was cor-
ected by minimum square fitting from the average of at least 10
oints at the higher q values in the small angle range (in the so
alled Porod’s region).

N =
∫

q2�I(q)d(q) (3)

On the two phase model of volume fractions f and (1 − f),
he integrated intensity is directly proportional to the electron
ensity of the scatters and the Thompson cross-section of the
lectron:

= 2π2Ie(�n)2f (1 − f ) (4)

The volume fraction of the scatters shown in Fig. 9 increases
ith addition time for all the solvents, and reveals a similar
ehavior to the surface area obtained from the Porod approxi-
ation (Fig. 7), showing a significant increase with the addition

f n-hexane, especially at higher addition times. The volume
raction is found to be higher than 93% in every case, which

an be interpreted as high degree of nanostructuring in this type
f materials. The non-nanostructured fraction is attributed to
omains ranged beyond the nanoscale.
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Fig. 10. Raman bands (D and G) of the SiOC obtained throug

.5. Raman spectroscopy

It is well known that SiOC materials can be described
s a homogeneous distribution of silica, carbon and SiOC
anodomains which conform a glass/ceramic network. These
anodomains shape the nanostructured phases in different
onformations. Small Angle X-ray scattering reproduces the
cattering of the overall structure which include information
f size and shape of the referred domains but this technique
oes not distinguish between the scattering of the different
egions because of the amorphous character. However, Raman
pectroscopy informs about the carbon distribution within the
lass/ceramic network. Fig. 10 shows some of the obtained
aman curves for the SiOC phase in the specific cases when the

olvents have been added after 1 and 240 h after the reaction.
Raman spectroscopy in particular allows the structural char-

cterization of carbon-based materials, and has been used in the
ast decades to characterize graphitic systems. In our study, the
aman spectra of the synthesized SiOC glasses evidence the
resence of carbon due to the appearance of two broad bands
entered around 1580 cm−1 (G band) and 1340 (D band). The
o-called G band is a doubly degenerated phonon mode (E2g
ymmetry) active for sp2 carbon networks, and is present in the
aman spectra of all the materials containing sp2 carbon pla-
ar networks. Although the interpretation of the origin of the D
and and its relationship with the crystallite size seems not to
e clear, the D band has to be associated with defects or edges
n the graphite planes. These defects have been related to the
p3 hybridation of carbon atoms assuming that sp2 hybridiza-

ion is still susceptible to continue the graphene layer and do
ot produce any edge or crystallite defect. Thorough analysis
f Raman spectra prove that the G band is accompanied with a

t
t
i

addition of different solvents at t = 1 h and 240 h after geling.

eak band, the so called D′ band that is also a disorder-induced
aman feature and centered around 1600 cm−1.28,29

The integrated intensity of these bands was obtained by
orentzian fitting of the spectra. The ratio ID/IG has widely used

or characterizing the defect quantity in graphite materials since
night and White30 related the crystallite size measured by X-

ay diffraction with the integrated intensity of D and G bands
rom the Raman spectra. Several studies have demonstrated the
ependence of the D band with the energy of the incident laser
ue to its dispersive behavior31,32 but there are still some discrep-
ncies for the dependence of the Raman intensity and crystallite
ize.33,34 Recent publications show different trends for crystal-
ite sizes above and below 2 nm that can be fitted in any case
y means of laser properties dependent constants.35 However,
t is an agreement in the origin of this vibration mode in terms
f a double resonant Raman scattering near the Brillouin zone
ssociated to the presence of lattice defects.36

With all of these considerations, we have calculated the La
alue from the ratio of the D and G bands for crystallite size
elow 2 nm, and the results are shown in Fig. 11. The La value
or the reference material, or this one with no solvents added
uring aging and drying, is found to be 1.88 nm and varies
ith the addition of the mentioned solvents. The addition of

ny solvent during aging period of the preceramic hybrid mate-
ial leads to a slight increase of the crystallite size. The trend
s an increase in the La value from the reference material when
-hexane (non-polar solvent) is added while in the case of the
ddition of polar solvents such as acetone or iPrOH this effect is
xactly the opposite, namely a decrease of L with solvent addi-
a
ion time. This behavior follows trend that to the systems acquire
he same value than that of the reference material when increas-
ng the solvent addition time. Therefore it is then concluded that
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those SiOC ceramics obtained from the hybrid polymer aged in
ig. 11. La value of SiOC glasses calculated from Raman spectra vs addition
ime of solvents.

he carbon redistribution during pyrolysis is strongly affected by
he modification of the polarity of the aging environment.

. Discussion

The above results have shown that the addition of different
olar and non-polar solvents to hybrid preceramic materials is
feasible method to modify not only the porous structure of

he corresponding SiOC materials, but also their nanostructure
ver a wide range of length scales. The shape of carbon and sil-
ca nanodomains or aggregates directly depends on the selected
ging environment.

By adding solvents during the aging period of a hybrid
DMS-silica preceramic material, the capillary force imposed
n the network structure is dependent on the liquid–vapor sur-
ace tension of the pore fluid and on the angle of contact between
he liquid–vapor and solid–liquid interfaces at the pore wall.37

hen, if different solvents are used, the interactions between
he pore fluid and the hybrid material surface are tuned and the
ore structure is modified accordingly. However, as it has been
utlined in the previous sections, the nanostructure and carbon
anodomains formed out of the SiOC matrix are also modified.
hese results strongly impose that the type of solvent also influ-
nces the PDMS disposition and bonding to the TEOS-derived
ilica network.

As may be expected, the consequences of the addition of dif-
erent solvents during the aging period of TEOS-PDMS hybrid
aterials are found in the sense of stabilizing the hybrid net-
ork by elimination of non bonded or weakly bonded PDMS
olecules in the hybrid structure. This effect results in a decrease

f the carbon content of the hybrid materials with respect to
he reference sample, as it has been summarized in Table 1.

oreover, it is well known that during the aging period of
EOS-PDMS hybrid materials, H2O, solvents, hydrolysis prod-
cts and non-bonded PDMS molecules are removed from the

ybrid structure.38 These processes lead to specific structures
nd textures which are changed during the pyrolysis process
ue to the redistribution-mineralization reactions. These reac-

n
i
i
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ions generate a transient porosity when the material is pyrolysed
etween 400 and 800 ◦C, which disappear due to sintering phe-
omena occurring beyond 1000 ◦C where the material has to be
onsidered as a silicon oxycarbide glass or ceramic.

For hybrid TEOS-PDMS materials it has been sug-
ested that nanometer-scale primary particle growth is
overned by hydrolysis and condensation of TEOS. However,
icrometer-scale domain growth is due to PDMS involved con-

ensation/polymerization reactions.39 These inorganic/organic
eadership in the nanometer-to-micrometer scales can change
long the thermal treatment required to form the SiOC phase.
esides this, microstructural control is also realized by adding
ifferent solvents at different times during the aging period of
he corresponding pre-ceramic hybrid materials.

At the same time such solvents posses the capability to modify
he capillary force of the porous structure. High concentration of
ow size pores appears when any solvent is added few minutes
fter gelling (Fig. 3). When the hybrid material has been aged
everal days in its own solution, its texture is well-consolidated
nd it is difficult to modify the pore distribution if polar solvents
re used. However, if a non-polar solvent like n-hexane is used a
welling effect is found probably due to the interaction of PDMS
olecules with that of n-hexane due to their partial solubility.

n summary, when the solvents are added at times closer to the
elling point, the more PDMS molecules can be removed and
igh concentration of low pore sizes is maintained.

An interesting result is that the carbon content of the SiOC
lass is higher than in the case of the reference material, despite
f the fact that the corresponding hybrids are comprised of lower
arbon contents.21 This feature indicates that the addition of
ifferent solvents not only influences the pore structure but also
he carbon (or polymer) distribution and the PDMS molecule
isposition in the hybrid network. The carbon disposition may
lter the redistribution reactions during pyrolysis avoiding the
DMS elimination and thus result in carbon retention in the
iOC structure. In turn, the higher carbon content modifies the
ano- and microstructure of the SiOC phase as demonstrated by
AXS analysis.

SAXS studies have shown that higher modifications in the
anometer scale are found when solvents are added after gelling,
hich also coincides with the longest exposition of the hybrid
el with the aging environment. The non-polar n-hexane gives
he lowest radius Rg of the primary particles in the studied SiOC
lass or ceramic. The size of the particles increases with the
olarity of the solvent, obtaining larger particles when aging
n acetone. The effect of n-hexane as aging environment has
een also observed in the micrometer scale analyzed by both
EM (Figs. 1 and 2) and mercury intrusion porosimetry (Fig. 3).
EM images show that the typical microstructure composed
f micrometer-sized spherical particles of the reference mate-
ial (Fig. 1) is highly modified when n-hexane is added right
fter gelling. The particles lose their characteristic spheroidic-
ty and the observed microstructure is not so well-defined. In
-hexane but at higher solvent addition times, the spheroidic-
ty becomes more evident when the period in which the hybrid
s aged is reduced (Fig. 2). Some particles of different sizes



1800 A. Tamayo et al. / Journal of the European Ceramic Society 31 (2011) 1791–1801

Table 2
Characteristic values obtained from the analysis of the mercury intrusion porosimetry curves and SAXS as a function of aging solvent and addition time.

1 h 24 h 120 h 240 h Ref

A I H A I H A I H A I H

Porosity (%) 35.4 66.2 41.7 47.7 59.4 49.9 54.5 62.4 62.0 63.2 62.4 64.7 71.7
Pore diameter (�m) 7.13 6.80 3.71 7.12 8.77 7.12 10.27 10.10 11.47 10.84 10.06 13.63 10.03
Tortuosity 0.68 2.50 0.92 1.80 2.85 1.74 2.21 3.03 1.75 3.05 2.94 4.30 2.58
Fractal dimension 2.85 2.64 2.69 2.50 2.38 2.39 2.45 2.33 2.39 2.32 2.36 2.45 2.67

S (m2/g) 0.46 0.45 0.53 0.60 0.46 0.40 0.60 0.41 0.45 0.52 0.46 0.85 0.52
Rg (nm) 6.00 5.45 5.47 5.38 5.26 4.88 5.44 4.77 5.21 5.20 5.00 5.41 5.41
×1022 Q (cm−4) 2.46 4.34 2.02 2.48 2.55 3.68 1.12 2.09 3.36 2.32 2.58 7.87 2.42
f 94 98 97 95 96 96 99 96
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(%) 96 93 97 96 96

re also found, which is correlated with different pore diame-
ers, as found in mercury intrusion porosimetry (Fig. 3). On the
ther hand, the polar solvents acetone and iPrOH produce simi-
ar results in both nanometer and micrometer scales attributed to
heir polar character. The higher modification is always reached
ith acetone due to its higher polarity (Table 2).
It has been deduced that when the primary structure is already

ormed, the addition of the solvent exerts its strong influence
n surface processes. In this way, the surface of the particles
ecomes softer and reduces the interaction between particles,
nd thus porosity is increased. The modification of surface ten-
ion of the aging media also increases the pore diameter because
f the pressure variation.

On the nanometer scale, the results obtained by means of
aman spectroscopy are correlated with the results obtained

rom fitting of the SAXS curves. However, it is important to keep
n mind the differences in the results achieved by each technique,
amely SAXS and Raman spectroscopy. In the Raman analysis,
he information about the carbon phase and graphitic structure
s obtained, while the SAXS technique takes into account the
cattering produced by heterogeneities on the whole nanometric
cale, considering indistinctively carbon, SiOC and pure silica
hase. The similarities between the obtained SAXS curves sug-
est some interrelation between the spectroscopic and scattering
esults.

Since the radius of the primary scattered particle is higher
han the carbon La value, we have considered that the carbon nan-
domains are included in the scattered primary particle forming a
ore–shell structure. Thus, silica, carbon and silicon oxycarbide
anodomains result in a kind of nanoheterogeneity. This primary
ore–shell particle produces the scattering and it is heteroge-
eously distributed in the amorphous structure of the material.
he geometric calculation of the silica domain is presented in
ig. 12 and shows a quasi-linear dependence in all cases. The
eference material and the glasses obtained after the addition
f acetone lead to silica nanodomains with sizes of ca. 3.5 nm,
hich is in agreement with the results published by Peña-Alonso

t al. for etched SiOC glasses.40

Our results suggest that the carbon content and its distribu-
ion in the hybrid material, and therefore, the PDMS, plays an

mportant role on the phase development of the SiOC glass. The
ddition of iPrOH removes the highest amount of PDMS from
he hybrid network. The developed carbon nanodomains sur-

s
p
b

ig. 12. Geometric calculation of the silica nanodomain size from the combi-
ation of Raman and SAXS results.

ounding the silica particles after pyrolysis are the smallest in
ize even at high addition times. This fact is attributed to the elim-
nation of the non bonded PDMS exclusively. The elimination of
onded PDMS, together with the pure silica-developing parti-
les, would produce an increase of the silica domains because of
he elimination of the carbon-rich phase bonded to silica which
cts as a barrier for the coalescence of the SiO2 domains. This
ehavior is found for the materials aged in acetone, where the
mount of the silica nanodomain is found to be higher than that of
he reference material in all cases. On the other hand, n-hexane,
hich is not able to dissolve PDMS leads to the smallest silica
omains but the highest carbon nanodomains, especially at high
ddition time. Due to the apolar character of this solvent, the
DMS chains adopt coiled configurations which lead to higher
arbon-rich aggregates producing the highest amount of carbon
anodomains. The carbon domains effectively hinder the growth
f the ceramic silica particles at higher annealing temperatures.

. Conclusion

Aging conditions of the preceramic hybrid material have a

trong influence on the final compositional and microstructural
roperties of the obtained SiOC ceramic. The availability of car-
on atoms to react during the pyrolysis process determines the
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rowth of the structural domains and the pore structure. The
apillary forces induced in the pores by altering the aging con-
itions and solvent induce the formation of particles of different
izes and shapes depending on the physico-chemical charac-
eristics of the liquid. In this way, polar solvents lead to the
ormation of spherical particles, similar to the reference mate-
ial, but the aggregates lose their specific shape after the addition
f n-hexane. Surface smoothness occurs after gelling in differ-
nt environments which leads to a decrease of the surface fractal
onstant. In the nanometric scale, the different carbon content
nd conformation of the polymeric chains in the hybrid mate-
ial induces the appearance of silica and carbon nanodomains
f different sizes. The SAXS results suggest a core–shell type
f particles made of carbon, silica and SiOC nanodomains.
he largest carbon nanodomains are obtained after aging in n-
exane, while bigger silica domains appear after aging in iPrOH,
hich is partially soluble in the organic phase of the hybrid
olymer.

eferences

1. Rubio F, Rubio J, Oteo JL. Further insights into the porous structure of
TEOS derived silica gels. J Sol–Gel Sci Technol 1997;8:159–63.

2. Tamayo A, Rubio J, Peña-Alonso R, Rubio F, Oteo JL. Gradient pore
size distributions in porous silicon oxycarbide materials. J Eur Ceram Soc
2008;28:1871–9.

3. Colombo P. Engineering porosity in polymer-derived ceramics. J Eur
Ceram Soc 2008;28:1389–95.

4. Vakifahmetoglu C, Menapace I, Hirsch A, Biasetto L, Hauser R, Riedel R,
et al. Highly porous macro- and micro-cellular ceramics from a polysilazane
precursor. Ceram Int 2009;35:3281–90.

5. Liu C, Zhang H, Komarneni S, Pantano CG. Porous silicon oxycarbide
glasses from organically modified silica gels of high surface area. J Sol–Gel
Sci Technol 1994;1:141–51.

6. Toury B, Babonneau F. Synthesis of periodic mesoporous organosilica from
bis(triethoxysilyl)methane and their pyrolytic conversion into porous SiCO
glasses. J Eur Ceram Soc 2005;25:265–70.

7. Colombo P, Modesti M. Silicon oxycarbide foams from a silicone prece-
ramic polymer and polyurethane. J Sol–Gel Sci Technol 1999;14:103–11.

8. Zeschky J, Goetz-Neunhoeffer F, Neubauer J, Jason Lo SH, Kummer B,
Scheffler M, et al. Preceramic polymer derived cellular ceramics. Compos
Sci Technol 2003;63:2361–70.

9. Valentinotti M, Walter S, Modena S, Sorarù GD. Low dielectric con-
stant porous BN/SiCO made by pyrolysis of filled gels. J Eur Ceram Soc
2007;27:2529–33.

10. Peña-Alonso R, Téllez L, Tamayo A, Rubio F, Rubio J, Oteo JL.
Silicon–titanium oxycarbide glasses as bimodal porous inorganic mem-
branes. J Eur Ceram Soc 2007;27:969–73.

11. Boury B, Corriu RJP. Adjusting the porosity of a silica-based hybrid mate-
rial. Adv Mater 2000;12:989–92.

12. Masse S, Laurent G, Babonneau F. High temperature behavior of periodic
mesoporous ethanesilica glasses prepared from a bridged silsesquioxane
and a non-ionic triblock copolymer. J Non-Cryst Solids 2007;353:1109–19.

13. Nangrejo M, Bernardo E, Colombo P, Farook U, Ahmad Z, Stride E,
et al. Electrohydrodynamic forming of porous ceramic capsules from a
preceramic polymer. Mater Lett 2009;63:483–5.

14. Cerveau G, Corriu RJP, Framery E, Ghosh S, Mutin HP. Hybrid materials
and silica: drastic control of surfaces and porosity of xerogels via ageing

temperature, and influence of drying step on polycondensation at silicon.
J Mater Chem 2002;12:3021–6.

15. Singh A, Pantano KCG. Porous silicon oxycarbide glasses. J Am Ceram
Soc 1996;79:2696–704.
eramic Society 31 (2011) 1791–1801 1801

16. Pantano CG, Singh AK, Zhang H. Silicon oxycarbide glasses. J Sol–Gel
Sci Technol 1999;14:7–25.

17. Peter G. Active-filler-controlled pyrolysis of preceramic polymers. J Am
Ceram Soc 1995;78:835–48.

18. Whinnery LLL, Nichols MCL, Wheeler DRA, Loy DAA. Process for
preparing silicon carbide foam. Albuquerque: N. Sandia Corporation.
United States, 5,668,188; 1997.

19. Harreld JH, Ebina T, Tsubo N, Stucky G. Manipulation of pore size distri-
butions in silica and ormosil gels dried under ambient pressure conditions.
J Non-Cryst Solids 2002;298:241–51.

20. Loy DA, Jamison GM, Baugher BM, Russick EM, Assink RA, Prabakar S,
et al. Alkylene-bridged polysilsesquioxane aerogels: highly porous hybrid
organic-inorganic materials. J Non-Cryst Solids 1995;186:44–53.

21. Tamayo A, Rubio J. Structure modification by solvent addition into
TEOS/PDMS hybrid materials. J Non-Cryst Solids 2010;356:1742–8.

22. León y León CA. New perspectives in mercury porosimetry. Adv Colloid
Interface Sci 1998;76–77:341–72.

23. Mera G, Tamayo A, Nguyen H, Sen S, Riedel R. Nanodomain structure
of carbon-rich silicon carbonitride polymer-derived ceramics. J Am Ceram
Soc 2009;93:1169–75.

24. Glatter O, Kratky O. Small Angle X-ray Scattering. London: Academic
Press Inc.; 1982.

25. Page R. Applications of small-angle scattering in ceramic research. J Appl
Crystallogr 1988;21:795–804.

26. Shi Y, Wan Y, Zhai Y, Liu R, Meng Y, Tu B, et al. Ordered mesoporous
SiOC and SiCN ceramics from atmosphere-assisted in situ transformation.
Chem Mater 2007;19:1761–71.
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