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bstract

arbon-rich silicon oxycarbide ceramics were obtained by controlled pyrolysis at 950, 1300 and 1500 ◦C from hybrid polymeric precursors based
n poly(methylsiloxane) and divinylbenzene with different molar ratios, in the presence or absence of nickel acetate. By increasing the pyrolysis
emperature changes in the local molecular structure were observed by 29Si NMR, with the segregation of thermodynamically stable SiO2 and SiC
hases, in addition to formation of graphitic carbon nanoclusters. Ceramics without Ni were amorphous at 950 ◦C, while those obtained at 1300 ◦C

howed the presence of a �-SiC phase. The presence of Ni in the polymeric precursor induced the formation of �-SiC, cristobalite silica, graphitic
arbon, metallic Ni, NiO and Ni2Si, and also reflected in denser materials. In general, the resulting ceramics without Ni did not present measurable
orosity, whereas Ni-containing ceramics at 1500 ◦C showed behavior typical of mesoporous materials.

2008 Elsevier Ltd. All rights reserved.
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. Introduction

In recent decades, polymer-derived ceramics (PDCs)
btained via pyrolysis of Si-containing polymers, such as
olysiloxanes, have been a principal focus of many studies for
ilicon oxycarbide (SiCxOy) production.1–10 The attractive prop-
rties of SiCxOy glasses, such as materials for high temperature
pplications or electronic packaging, associated to the possibil-
ty to process the final products using relatively easy polymer
rocessing techniques, make PDC a suitable route to tailor
hese glasses.11 It is well-established that the organic–inorganic
ransition in the pyrolysis of polysiloxanes occurs between
00 and 800 ◦C, resulting in a SiCxOy metastable amorphous
hase characterized by a random distribution of different Si
ites, in addition to carbon dispersed phase. At temperatures
f ∼1000 ◦C, an extended SiC environment can be observed in

ome SiCxOy glasses, particularly when polymeric precursors
ich in Si–C bonds are used, which allow a local arrangement
lose to that found in crystalline SiC.4–11 Higher temperatures,

∗ Corresponding author. Tel.: +55 19 3521 3130; fax: +55 19 3521 3023.
E-mail address: valeria@iqm.unicamp.br (I.V.P. Yoshida).
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sually greater than 1200 ◦C, initiate the crystallization of ther-
odynamically favorable phases such as �-SiC, cristobalite

ilica (c-SiO2) and also a C-graphitic phase.12,13 It is impor-
ant to emphasize that most SiCxOy glasses are obtained from
recursors prepared by hydrolysis/condensation routes, which
ive rise to glasses with higher O/Si molar ratios.3,7,11,13

The polymeric precursor parameters, such as chemical com-
osition and network architecture, associated with the residual
orosity of the resulting ceramic phase, usually affect the crys-
allization behavior of the amorphous ceramic matrix.12 In
ddition, the increase in the number of elemental constituents
n the ceramic matrix contributes to improve thermal stability
gainst crystallization.14–17

Kleebe et al.11 described the microstructural evolution of a
toichiometric SiCO material using high resolution transmis-
ion electron microscopy (HRTEM) and electron energy-loss
pectroscopy (EELS) analysis. The phase separation in this sys-
em starts at about 1200 ◦C and results in the formation of a
anosized SiC precipitate embedded in amorphous SiO2, which

s dispersed in a SiCO environment. The crystallization pro-
ess is nearly complete in the material obtained at ∼1400 ◦C.
RTEM and EELS were similarly used to investigate the densifi-

ation/crystallization behavior of two SiCxOy ceramics obtained

mailto:valeria@iqm.unicamp.br
dx.doi.org/10.1016/j.jeurceramsoc.2008.03.001
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Table 1
Composition of PMS/DVB hybrid polymers with and without NiAc, in relation
to the Si–H: C C molar ratio

Hybrid polymers 70/30 50/50 30/70
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rom different polymeric precursors.13 The densification and
rystallization behavior were shown to be dependent on their
orresponding starting compositions.

More recently, the use of some transition metals for the
roduction of structures on the micrometric/nanometric scale,
uch as tubes, wires and rods, has been described.18–20 Among
he selected metals, nickel has received a special attention due
o its catalytic activity in promoting the nucleation of such
tructures.21 In these studies, the main interest was focused on
valuation of different growth mechanisms of these nanostruc-
ures using several morphological characterization techniques.
owever, the structural evolution of nickel-containing PDC has
ot been explored very well.18

The present study focuses on the preparation of carbon-rich
ilicon oxycarbide (SiCxOy) having differing carbon amounts
rom the pyrolysis of hybrid polymeric precursors derived from
oly(methylsiloxane) (PMS) and divinylbenzene (DVB) in dif-
erent molar ratios, in the presence or absence of anhydrous
ickel acetate (NiAc). The thermal and structural characteri-
ation of the materials starting from polymer and leading to
eramics is discussed. The effect of adding NiAc to the poly-
eric precursors on the final characteristics of the Ni-containing

eramics was investigated.

. Experimental procedure

.1. Starting materials

Poly(methylsiloxane), (HSi(CH3)O)n, PMS, with a molar
ass of ∼2000 g/mol (Dow Corning, Hortolândia, Brazil)

nd divinylbenzene (DVB) (Aldrich, Milwaukee, USA)
ere used to produce PMS/DVB hybrid polymeric net-
orks by the hydrosilylation reaction catalysed by 1,3-
ivinyl-1,1,3,3-tetramethyldisiloxane platinum complex (Pt
atalyst, 3–3.5% platinum concentration in vinyl-terminated
oly(dimethylsiloxane)), from Gelest (ABCR GmbH., Karl-
ruhe, Germany). Nickel acetate tetrahydrate (Vetec Quı́mica
ina Ltda, Rio de Janeiro, Brazil), was previously dried (NiAc),
nd toluene P.A. (Synth, Diadema, Brazil) was employed as
olvent for the hydrosilylation reaction.

.2. Synthesis of the hybrid polymeric precursors and
yrolysis

The PMS/DVB hybrid polymeric precursors were obtained
y the hydrosilylation reaction between PMS and DVB, result-
ng in crosslinked networks, using a procedure similar to that
reviously described.22 The PMS/DVB hybrid polymers were
repared in 70/30, 50/50 and 30/70 ratios, in relation to the Si–H:

C molar ratio, as described in Table 1, in order to generate
olymeric networks with different amounts of aromatic carbon
ridges.
DVB was first mixed with the Pt-catalyst (∼10 ppm rela-
ive to PMS mass). The solution was maintained at 0 ◦C, under
n argon atmosphere and PMS was slowly added. The temper-
ture was allowed to reach 25 ◦C and the resulting solution

2

a
a
N

MS/DVB H1 H2 H3
MS/DVB + NiAc HNi1 HNi2 HNi3

as stirred for ∼20 min, until a visible increase of its vis-
osity. The viscous solution was cast into Teflon molds of
3.5 cm × 1.3 cm × 0.3 cm and the final products were cured for
8 h at room temperature. Additional curing was then carried out
t 100 ◦C in a vacuum oven for 8 h. The NiAc-containing hybrid
olymeric precursors were prepared by the same procedure, with
he addition of 3 wt% NiAc dispersed in toluene to the reaction
olution. The cured hybrid polymeric networks, with and with-
ut NiAc, were heated at 250, 450, 700 and 950 ◦C, using a
eating rate of 5 ◦C/min and a holding time of 30 min at the
elected final temperature, excepted for 950 ◦C (holding time of
0 min). The pyrolyses were carried out in an EDG 5P tubular
urnace, equipped with an internal alumina tube and a tempera-
ure controller, under flowing argon (100 mL/min). For samples
btained at 1300 and 1500 ◦C, the pyrolysis process was car-
ied out from samples previously pyrolysed at 950 ◦C, with a
olding time of 60 min at the final temperature, in a Thermolyne
59340-CM tubular furnace.

.3. Characterization techniques

The ceramic yield and the thermal stability of the hybrid
olymers were evaluated by thermogravimetry (TG), using a
hermobalance (2950 TA Instruments) in the temperature range
f 25–950 ◦C, at a scanning rate of 20 ◦C/min, under flow-
ng argon (100 mL/min). The structural evolution from the
ybrid polymeric network to SiCxOy ceramic was monitored
y infrared (IR) spectroscopy, using the conventional KBr pel-
et technique and a Bomen B100 spectrometer, operating in the
ransmission mode between 4000 and 400 cm−1, at 4 cm−1 res-
lution. X-ray diffraction (XRD) patterns were recorded on a
himadzu diffractometer model XRD6000 operating at 40 kV
nd 30 mA, with Cu K� radiation (λ = 1.54060 Å). The esti-
ated average crystal size was determined according to the
cherrer equation.23,24 Density measurements were performed

n a helium pycnometer (Micromeritics, model 1305), using
elium as carrier gas. The analyses were conducted with samples
ried at 120 ◦C for 1 h and purged with He at least 10 times before
easuring. These measurements correspond to absolute density

nd, in this study, they will be referred to only as density. NMR
pectra were recorded on a spectrometer (Bruker Avance II-400)
perating at 79.46 and 100.58 MHz for 29Si and 13C nuclei,
espectively, applying the magic angle spinning (MAS 54.74◦)
echnique. The analyses were acquired employing the HPDEC
High Power Decoupling) method. The recycle delay used for

9Si one-pulse experiments was 300 s with a 90◦ flip angle and
cquisition time of 25 ms. 13C NMR spectra were registered with
recycle delay of 60 s and acquisition time of 34 ms. In 29Si
MR experiments, the compound used as chemical shift refer-
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nce was kaolin (−91.2 ppm in relation to tetramethylsilane),
nd in the 13C NMR, adamantane (38.3 ppm from tetram-
thylsilane). Micro-Raman spectroscopy measurements were
erformed using a Renishaw Raman microscope. Laser light
t 514.5 nm from an Ar laser was used for excitation. A potency
f 1.1 mW cm−2 was employed and calibration was carried out
ith the Si peak at 520.7 cm−1. The error in the peak positions
as less than ±2.0 cm−1. Carbon elemental analyses were per-

ormed in an elemental analyzer (PerkinElmer 2400 Series II)
sing the procedure suggested in Ref. [25]. The Si content in the
eramic products was evaluated by X-ray micro-fluorescence
�EDX), in an X-ray micro-fluorescence spectrometer (Shi-
adzu 1300). The oxygen content was estimated by difference.
he specific surface area and pore size distribution analyses were
arried out from nitrogen adsorption experiments by means of
he physical adsorption method, using an automatic nitrogen gas
dsorption instrument (ASAP 2010, Micromeritics) and stan-
ard procedures described in literature.26 From the isotherms,
pecific surface area and pore volume, together with pore size
istribution, were obtained. The specific surface area was deter-
ined from adsorption isotherms using the Brunauer, Emmett

nd Teller (BET) method.27 The pore size distribution was
btained from the desorption isotherm, according to Barret,
oyner and Halenda (BJH) method,28 assuming that all pores
re cylindrical and closed at one end.

. Results and discussion

.1. Synthesis and curing of the polymeric precursors

The hydrosilylation reaction between PMS and DVB, catal-
sed by the Pt (II) complex, was based on an addition reaction
nvolving the Si–H and C C bonds, where no by-product was
enerated. The formulations were converted overnight at room
emperature into resinous materials. To guarantee the maximum
evel of crosslinking, the hybrid polymers were submitted to
post-curing process, as described in the experimental section.
he resulting polymers showed densities of 1.1 g/cm3, character-

stic of polymeric material. The transparency and brittleness of
hese polymers were reduced with increases of the initial amount
f DVB. This effect is probably associated with radical polymer-
zation reactions between the residual vinyl groups from DVB,
hich contribute to the shrinkage and the micro-cracks observed

n the PMS/DVB 30/70 polymers. The NiAc-containing mate-
ials showed a green color, which is characteristic of Ni2+, as
xpected. In the prepared hybrid polymeric networks, the bridges
etween two siloxane chains were mainly constituted by 1,4-
iethylphenylene, as can be seen in Fig. 1. The PMS/DVB
ybrid polymer obtained from 70/30 molar ratio showed an
xcess of Si–H bonds after the post-curing step, which can
ontribute to de-hydrogen coupling parallel reactions. During
he curing step, performed in air at room temperature, the Pt-
atalyst also promotes the reaction between the residual Si–H

onds and environment moisture, giving rise to Si–OH groups
hat, in subsequent steps, produce Si–O–Si bridges between
iloxane chains. Considering that both PMS and DVB were
ncorporated in the polymeric network, the initial C/Si com-

o

H
m

ig. 1. Reaction between PMS and DVB giving rise to PMS/DVB hybrid poly-
er.

ositions of PMS/DVB 70/30, 50/50 and 30/70, taking into
ccount the Si–H: C C molar ratio, were 5.3, 12.3 and 28.7,
espectively.

.2. Thermal stability of the polymeric precursors

The thermal behaviors for PMS/DVB hybrid polymers (H1,
2 and H3) are shown in Fig. 2. These polymers presented
ood thermal stabilities, with initial weight loss temperatures at
52, 433 and 428 ◦C, respectively. Two weight loss steps were
bserved in the ranges: 452–644 ◦C and 644–786 ◦C for H1, cor-
esponding to a weight loss of 12.10 and 3.70%, respectively;
33–631 ◦C and 631–777 ◦C for H2 (weight loss of 23.19 and
.82%, respectively) and 428–626 ◦C and 626–783 ◦C for H3
weight loss of 25.28 and 4.37%, respectively). These degrada-
ion steps can be clearly seen in Fig. 2b. It is well established
hat the initial thermal decomposition process of polysiloxanes
ccurs by inter and/or intrachain rearrangements, generating
olatile cyclic structures.6,29,30 However, these volatiles struc-
ures are generally formed when the polymer or the network
s constituted by long chains and/or reactive end groups, as
i–OH. This behavior is not expected in the hybrid polymeric
etworks studied. Thus, up to ∼460 ◦C, the weight loss was
elated to the degradation of organic groups, mainly CH3 and
H2–CH2. From 500 to 800 ◦C, part of the phenyl rings can
e degraded, followed by the mineralization of the PMS/DVB
esidual material.31 In this last step, redistribution reactions
nvolving different silicon sites can also take place, giving rise
o silicon oxycarbide.

The ceramic yields of PMS/DVB in 70/30, 50/50 and 30/70
olar ratios were 83, 72 and 69%, respectively. These ceramic

ields were associated to the crosslinking degree of the hybrid
olymeric network and were also inversely related to the organic
mount (DVB) in the material.22,32 Thus, the results for the
eramic yield were in agreement with the chemical compositions

f the polymeric precursors.

The NiAc-containing PMS/DVB hybrid polymers (HNi1,
Ni2 and HNi3) showed similar thermal behavior to those poly-
ers without NiAc (not shown), except for the appearance of
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ig. 2. TG (a) and DTG (b) curves for the PMS/DVB hybrid polymers at 70/30
H1), 50/50 (H2) and 30/70 (H3) molar ratios.

he first decomposition step, corresponding to acetate degrada-
ion from NiAc. In this way, these hybrid polymers revealed
ractically the same values of ceramic yields (82, 73 and 69%),
ndicating that the addition of the NiAc to the polymeric precur-
or did not change the thermal degradation mechanism of the
ybrid polymeric networks.

.3. Elemental and structural characterization of
iCxOy-based ceramics

The structural evolution from PMS/DVB hybrid polymers to
eramic material, as a function of the heat treatment, was mon-
tored by IR spectra, as illustrated for H2 (Fig. 3a) and HNi2
eramics (Fig. 3b). The PMS and DVB spectra are also shown for
omparison. For both samples, a drastic reduction in the relative
ntensity of νC–H (C C) (3055 cm−1) and νSi–H (2160 cm−1)
bsorptions33 was observed, when compared to the DVB and
MS spectra. These results indicate that the hydrosilylation reac-

ion between PMS and DVB was effective, generating the H2
nd HNi2 precursors with low quantities of residual functional

roups, which could be detected as very weak absorptions up to
50 ◦C, in addition to those related to the siloxane chains. For
amples heated at 700 ◦C, the mineralization process was prac-
ically complete. The H2 sample heated at 950 ◦C showed two

a
r
o
s

ig. 3. IR spectra of DVB, PMS, the H2 ceramic (a) and the HNi2 ceramic (b)
eated at different temperatures.

road bands at 1080 and 800 cm−1, assigned mainly to νSi–O–Si
nd νSi–C absorptions, respectively, as expected for this ceramic
aterial. However, in the ceramics obtained at 1300 ◦C and

500 ◦C, a reduction of the relative intensity and width of the
bsorption centered at 1080 cm−1 (νSi–O–Si) was verified. The
bsorption corresponding to the νSi–C did not present a signif-
cant change in intensity and width. It is well known that SiC is
ormed at temperatures higher than 1300 ◦C by a carbothermal
eduction reaction of Si–O-rich sites present in an amorphous
iCxOy phase.10,16 The weak absorption at 480 cm−1, charac-

eristic of νSi–O, corresponds to the mode associated with cyclic
iloxane.

Ni-containing materials (HNi2) obtained up to 700 ◦C
howed similar spectra, in relation to the corresponding samples
erived from H2. From 950 to 1500 ◦C, a considerable reduc-
ion in the intensity of the absorption corresponding to νSi–O–Si
nd a pronounced increase of the relative intensity of the band

t 800 cm , assigned mainly to νSi–C, were observed. This
esult suggests that the presence of Ni induced the formation
f a SiC crystalline phase, with the consumption of Si–O-rich
ites.
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ig. 4. XRD patterns of the H2 ceramic (a) and the HNi2 ceramic (b) heated at
ifferent temperatures, where c is cristobalite; �, �-SiC; (�) Ni; (*) NiO; (+)
i2Si and (#) C-graphitic.

XRD patterns of the H2 and HNi2 ceramics pyrolysed at dif-
erent temperatures are reported in Fig. 4a and b, respectively.
2 obtained at 950 ◦C showed a broad halo centered at about
4◦ (2θ), typical of amorphous SiCxOy.10 The increase of the
yrolysis temperature to 1300 and 1500 ◦C promoted the crys-
allization of a �-SiC phase, characterized by broad diffraction
eaks at 35.5◦, 43◦, 60◦ and 72◦ (2θ), corresponding to (1 1 1),
2 0 0), (2 2 0) and (3 1 1) SiC planes, respectively.34,35 In addi-
ion to these peaks a broader halo centered at 22◦ (2θ), assigned
o opaline silica,36,37 was also observed. On the other hand, the
resence of Ni metal allowed a more effective crystallization in
he corresponding ceramic, HNi2, mainly at 1500 ◦C, as can be
een in Fig. 4b. Sharp and well defined peaks from the �-SiC
hase, together with the characteristic diffractions of crystalline
ristobalite silica at 22◦, 28.5◦ and 31.5◦ (2θ)38 and also two
ess intense peaks at 26.1◦ and 44.3◦ (2θ), attributed to the cor-
esponding (0 0 2) and (1 0 0) graphitic carbon planes,21,39 were
erified. The less intense peaks at 43.3◦ and 62.9◦ (2θ) corre-

pond to (2 0 0) and (2 2 0) of the NiO planes,40 respectively,
hile the peaks at 44.5◦ and 52.0◦ (2θ) are characteristics of
etallic nickel, corresponding to its (1 1 1) and (2 0 0) planes,

espectively.21 In addition, diffraction peaks at 39◦, 45.4◦ and

t
S
w
c

ig. 5. Proposed reactions for the formation of the Ni and Ni2Si catalytic par-
icles in the polymer-derived-ceramic during heating and pyrolysis in an Ar
tmosphere.18 The temperature increases from I to V.

9◦ (2θ), attributed to a Ni2Si phase, were also observed in
he ceramic specimens obtained at 1300 and 1500 ◦C.18 Sim-
lar crystalline behavior was observed for the ceramics prepared
rom other compositions.

The formation of Ni and Ni2Si particles can be explained
y oxi-reduction reactions that occur concomitant to the degra-
ation of the PMS/DVB network, in the similar way to that
escribed by Scheffler et al.18 in polysilsesquioxane pyroly-
is. Fig. 5 shows reaction pathways for the formation of these
articles. In the first step, from 90 to 150 ◦C, Ni(Ac)2·4H2O
ehydrates, giving rise to anhydrous Ni(Ac)2. With increasing
emperature, this latter degrades with the formation of Ni0 and
i2+ species, according to step II. Following, the remaining Ni2+

pecies can easily be reduced by hydrogen and hydrocarbon
ction, produced by thermal decomposition of the polymeric
recursors (steps III and IV). Finally, Ni2Si particles are formed
etween 1300 and 1500 ◦C, according to step V.

The effect promoted by the pyrolysis temperature and the
resence of Ni0 and/or Ni2Si particles on the crystallization
f the ceramics resulted in larger SiC nanocrystals and con-
equent changes in the density of the materials. It is well known
hat SiCxOy glasses derived from polymeric precursors present
glass transition temperature in the 1300–1350 ◦C range.41,42

hus, a viscous sintering process above the glass transition tem-
erature of the SiCxOy glass is responsible for the densification
rocess of the pyrolysed specimens. In addition, the carboth-
rmal reduction reaction also contributes to the formation of
he �-SiC crystalline phase (density of 3.2 g/cm3)43 and, conse-
uently, to the increase of the density value. Table 2 shows the
stimated average size of the �-SiC crystals and density values of
he resulting ceramics with and without Ni at different pyrolysis
emperatures. For both sets of sample, the density was 1.1 g/cm3

p to 450 ◦C, typical of the polymeric material. The density of
he ceramics increases with the increase of the pyrolysis tem-
erature, in the 700–1500 ◦C range, which is associated with the
ineralization and, after this, to the crystallization processes.
he ceramic materials obtained with Ni showed a tendency to
e denser than similar ones without Ni. This fact is related to

he higher crystallinity of the former with higher average �-
iC sizes, particularly the HNi3 sample obtained at 1500 ◦C,
hich showed the highest density value and an average �-SiC

rystal size of 42.8 nm, in addition to the presence of other minor-
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Table 2
Average size of the �-SiC crystals and density values for the ceramic specimens with and without Ni at different pyrolysis temperatures

Samples Average �-SiC crystal size (nm)a Density (g/cm3)

1300 ◦C 1500 ◦C 700 ◦C 950 ◦C 1300 ◦C 1500 ◦C

Without
Ni

H1 5.9 5.9 1.4 ± 0.002 1.7 ± 0.001 1.9 ± 0.003 1.9 ± 0.002
H2 4.7 5.1 1.3 ± 0.001 1.6 ± 0.003 1.8 ± 0.002 1.8 ± 0.003
H3 4.8 5.0 1.3 ± 0.002 1.6 ± 0.001 1.7 ± 0.002 1.7 ± 0.002

With
N

HNi1 6.2 19.8 1.5 ± 0.003 1.8 ± 0.003 2.0 ± 0.002 2.2 ± 0.002
HNi2 6.9 24.2 1.4 ± 0.002 1.6 ± 0.001 1.5 ± 0.002 1.9 ± 0.003
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tallization behavior, and consequently, on the phase separation
in these systems.

The carbon phase dispersed in the ceramic matrix was eval-
uated by 13C MAS NMR spectra, which provided information
i HNi3 17.4 42.8

a Values estimated by Scherrer equation23,24 using the diffraction peak at 35.

ty crystalline phases. These results are in complete agreement
ith data reported in the literature for SiCxOy-based materials

ontaining heteroatoms.15–17

Table 3 illustrates the elemental composition data for
he ceramic samples, with and without Ni, obtained
t 950 and 1500 ◦C. Scheffler et al.18 revealed that
he oxygen content for Ni-free samples derived from
oly(methylphenylsilsesquioxane) was higher from 700 to
000 ◦C, while the Ni-loaded samples exhibited a significantly
igher carbon content. The carbon content in all samples
btained at 950 ◦C, expressed in the empirical formula, is in
greement with the DVB amount incorporated in the poly-
eric network. In general, the carbon and oxygen contents for

eramics without Ni showed a tendency to increase with increas-
ng pyrolysis temperatures, while the Ni-containing ceramics
howed a reduction in the carbon amount with the increase of
he pyrolysis temperatures. The oxygen content for the investi-
ated compositions, independent of the pyrolysis temperature,
as higher for the corresponding Ni-containing ceramics. In

ddition, the increase in the pyrolysis temperature led, in gen-
ral, to a high segregation of the carbon phase resulting in higher
free amounts. The ceramics without Ni presented higher Cfree
mounts than the respective Ni-containing ceramics.

The evolution of the molecular structure during the pyrolysis,
n relation to the local silicon environments, monitored by 29Si

AS NMR spectra, was similar for all studied compositions,
s illustrated for H1 and HNi1 in Fig. 6. The samples obtained
t 950 ◦C showed typical profiles of SiCO disordered networks
ith broad peaks associated with different Si-units.9 Five signals

ould be identified in the H1 and HNi1 samples at about −106,
71, −33, −14 and −6 ppm, which were attributed to SiO4

Q), SiO3C (T), SiO2C2 (D), SiC4 (C) and SiOC3 (M) units,2,4,6

espectively. According to the spectra, the relative amount of
hese species is strongly dependent on the pyrolysis temperature
nd less dependent on Ni addition in the polymeric network, as
an be seen in Table 3. At higher pyrolysis temperatures, the
mount of SiO4 and SiC4 units significantly increased, result-
ng in the formation of Si–O-rich and Si–C-rich domains due
o redistribution reactions around the Si atoms, giving rise to

continuous phase separation process, which, at 1500 ◦C, is

haracterized by SiO4 and SiC4 environments associated to the
hermodynamically stable SiO2 and SiC phases, respectively.
he relative intensities of the SiO4/SiC4 ratios were 0.83 and
.44 for H1 and HNi1 samples obtained at 1500 ◦C, indicating

F
o

± 0.003 1.7 ± 0.002 1.9 ± 0.001 2.5 ± 0.003

).

hat, in the latter, there is a relatively higher amount of SiC phase
nserted in the ceramic matrix, in agreement with IR and XRD
ata. The other formulations (H2, H3, HNi2 and HNi3) showed
imilar profiles, stressing the inductor effect of Ni on the crys-
ig. 6. 29Si MAS NMR spectra for the H1 (a) and HNi1 (b) ceramic samples
btained at different pyrolysis temperatures.
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Table 3
Elemental composition of the ceramic specimens with and without Ni obtained by pyrolysis, in an argon atmosphere, at 950 ◦C and 1500 ◦C, and distribution of
silicon sites (obtained from 29Si MAS NMR spectrum)

Samples/temperature (◦C) Elemental analysis NMR MAS 29Si Silicon sites (%) Cfree (%)

Empirical formulaa Q T D M C

H1/950 SiC2.02O0.66 23.60 29.71 27.05 15.27 4.37 51.77
H1/1500 SiC2.13O0.81 39.10 11.15 7.87 – 41.87 51.41
H2/950 SiC2.59O0.66 27.54 19.70 5.13 – 47.62 44.89
H2/1500 SiC2.64O0.73 52.33 4.26 – – 43.41 55.52
H3/950 SiC3.06O0.86 29.33 19.94 6.89 – 43.84 47.73
H3/1500 SiC3.33O0.73 40.07 12.55 – – 47.37 49.49

HNi1/950 SiC2.30O1.13 22.41 21.50 7.58 28.55 19.95 28.06
HNi1/1500 SiC1.98O1.25 40.98 – – – 59.02 40.98
HNi2/950 SiC2.62O0.79 21.63 20.05 5.28 – 53.04 39.31
HNi2/1500 SiC2.57O0.89 52.77 3.22 – – 44.02 55.17
HNi3/950 SiC3.37O1.24 29.88 18.26 6.43 – 45.42 46.80
H – – – 62.41 37.59

a

a
p
s
F
t
i
t
i
a
m
t
(
t
h
n
T
“
c
r
s
p
b
r
a
a
s
o
N
i
e
s
t
f

C
a
t
a

Ni3/1500 SiC2.28O0.63 37.59

Empirical formula normalized to one Si atom.

bout the local environments of carbon sites in the ceramic sam-
les. The behaviors observed for the compositions studied are
imilar to those illustrated for the H1 and HNi1 samples in
ig. 7. These samples also showed similar profiles indicating

hat the presence of Ni did not promote significant disturbances
n the C-environments of these ceramics, to be detected by
his technique. The free carbon amount is associated with the
ncomplete decomposition of organic segments, such as methyl
nd phenyl groups present in the polymeric network.44 Three
ain signals can be seen in the samples obtained at 950 ◦C:

he resonance around +25 ppm is assigned to aliphatic carbon
Csp3 sites); the relatively strong and broad resonance cen-
ered around +124 ppm confirms the presence of a relatively
igh amount of aromatic carbon (Csp2 sites)44 and the sig-
al centered at +136 ppm is associated to graphitic carbon.
hese last two Csp2 sites represent the formation of a separate
free carbon” phase (individual carbon clusters and graphitic
arbon).9 The increase of the pyrolysis temperature led to a
eduction of the aliphatic carbon signal and an increase in Csp2

ites, as expected, where the graphitic carbon signal was less
ronounced, although the XRD patterns showed an opposite
ehavior. This apparent discrepancy can be understood by the
elatively low C-graphitic signal in the ceramic samples and
lso to the difficulty to obtain a quantitative 13C MAS NMR
nalysis of these samples due to the higher recycle delay neces-
ary to determine the amounts, particularly with the increase
f the sizes of the graphitic carbon. The experimental 13C
MR parameters are essential to define appropriate signals and,

n this case, the samples should be evaluated under different
xperimental conditions. However, this evaluation was not pos-
ible due to time limitations. However, the present data indicate
hat the interpretation of this analysis must be done very care-
ully.

Raman spectroscopy is an efficient tool for the evaluation of

-containing materials and, in this study, it was employed to
cquire information about structural evolution, in particular, of
he free carbon phase dispersed in the SiCxOy matrix obtained
t different pyrolysis temperatures.

Fig. 7. 13C MAS NMR spectra for the H1 (a) and HNi1 (b) ceramic samples
obtained at different pyrolysis temperatures.
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The first-order Raman spectra, for the perfect hexagonal
raphite crystal is characterized by a sharp intense peak at
575 cm−1, called G-band (graphite band).45 The G vibrational
ode has an E2g symmetry and corresponds to the in-plane

ond stretching motion of pairs of C-sp2 atoms. When a mate-
ial is constituted by a random carbon structure, the Raman
pectrum consists of two features: G-band, usually around
580–1600 cm−1 and D-band (disordered band), usually around
350 cm−1.46 The D-mode corresponds to a breathing mode
f A1g symmetry, which is forbidden in perfect graphite and
nly becomes active in the presence of disorder associated with
nite crystalline sizes.46 Thus, the D-band is usually associated
ith sp3 carbon defects in a graphene layer or in the graphitic

attice.47,48 Although the D-band arises from aromatic rings, it
nly appears in the presence of local disorder.49 An increase
n disorder leads to a decrease in the number of the Csp2 clus-
ers and they become smaller and more distorted. The I(D)/I(G)
ntensity ratio has been used to evaluate carbon-cluster size. For
mall graphitic domains (small La (lateral size)), the intensity of
he D-mode is proportional to the probability of finding a sixfold
ing in the cluster, that is, to the cluster area. Thus, in PDC this
atio can be described according to the following equation46

I(D)

I(G)
= C(λ)L2

a (1)

The value of the coefficient C depends on the wavelength of
he radiation used. According to Ferrari and Robertson,46 the
alue of C associated with radiation of 514.5 nm from the laser
sed in this study is 0.0055 Å−2.

The ceramic samples obtained in this study showed similar
aman spectra, independent of the polymeric precursor compo-

itions, as illustrated in Fig. 8 for H1 and HNi1 ceramics obtained
t different pyrolysis temperatures. These samples presented the
wo characteristic modes (D- and G-modes) for Cfree dispersed
hases. Ceramic samples obtained at 950 ◦C exhibited a large
uorescence background, mainly above 2000 cm−1, characteris-

ic of these amorphous materials,9 with broader D-and G-peaks.
t has been reported that the pronounced fluorescence phe-
omenon prevented the identification of the free carbon phase
n C-rich SiCO ceramics up to 1400 ◦C.7,16 According to these
uthors, this phenomenon may be associated with defects present
n the samples and radical formation during the polymer-to-glass
ransformation.

An increase in the pyrolysis temperature promoted a decrease
n the fluorescence background. In addition, the valley between
-and G-bands became deeper, with smaller full width half-
axima (FWHM). At 1500 ◦C, the ceramic samples exhibited

ery distinct D- and G-bands, characterized by rather narrow
eaks, which suggests that an ordering process occurred within
he Cfree phase during annealing, for all samples.

In a graphite-like phase, the position of the G-peak is affected
y the amount of sp3-sites.46,49 Thus, an increase of sp3-site
ontent induces a shift of the G-peak position towards lower

ibrational frequencies. In addition, the peak width also depends
n the free carbon microstructure. As described earlier, crys-
alline graphite shows a sharp G-mode, while the presence of
efects results in a broadening of the D-peak.49

S
d
t
i

ig. 8. Raman spectra for (a) H1 and (b) HNi1 ceramic samples obtained at
ifferent pyrolysis temperatures.

Based on these considerations, Lorentzian curve fitting9,46 of
he D- and G-bands was performed, in order to acquire useful
arameters related to the evolution of the free carbon phase with
ncreasing pyrolysis temperatures. In general, the heat-treatment
romoted a shift of the G-peak to higher vibrational frequen-
ies and a reduction of the FWHM of D- and G-bands, for all
ompositions, containing or not Ni (Table 4). These results sug-
est the occurrence of a reduction of defects within hexagonal
arbon sheets has occurred with the increase of the pyroly-
is temperature, due to the decrease of Csp3-site amounts in
hese ceramics. Consequently, an increase of I(D)/I(G) intensity
atios was observed for all samples. This behavior is in agree-
ent with data reported in literature, which predict that lower
sp3-site total amounts give higher I(D)/I(G) ratios.48 Accord-

ng to Eq. (1), the graphitic carbon domain size increased with
he annealing temperature, varying from 1.3 to 1.8 nm for both
ystems. The graphitization process, identified by the separa-
ion between the D- and G-peaks, as well as the reduction of
efects within the graphitic carbon phase, were also observed in

iCN ceramics, with an increase in the pyrolysis temperature, as
escribed by Gregori et al.49 However, Kleebe et al.9 showed that
he pyrolysis temperature did not affect the carbon domain size
nside SiCO ceramics derived from a similar polymeric precur-
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Table 4
Raman data for positions of D- and G-bands, half-height width of D and G-bands (�νD and �νG) and I(D)/I(G) ratio for all ceramic specimens with and without Ni
at different pyrolysis temperatures

Samples Temperature (◦C) D (cm−1) G (cm−1) �νD (cm−1) �νG (cm−1) I(D)/I(G)

H1
950 1338 1574 209 169 1.13

1300 1341 1591 143 84 1.12
1500 1350 1596 59 69 1.89

H2
950 1337 1575 235 130 1.05

1300 1349 1596 63 65 1.80
1500 1347 1588 88 74 1.42

H3
950 1328 1596 159 60 1.01

1300 1351 1598 63 66 1.77
1500 1346 1594 65 68 1.51

HNi1
950 1333 1590 230 71 1.43

1300 1342 1595 131 69 1.21
1500 1352 1596 56 66 1.82

HNi2
950 1339 1562 231 198 1.01

1300 1347 1589 65 69 1.41
1500 1340 1595 54 60 1.38

H
950 1338 1571 214 170 0.99

96
87

s
t
a
r

o
i
X
c

c
i

t
t

T
S

S

H

H

H

H

H

H

Ni3 1300 1335 15
1500 1346 15

or, prepared from DVB (60 wt%). According to these authors,
he formation of larger carbon domains is associated to diffusion
nd nucleation phenomena in addition to carbon–carbon bond
earrangements.

The �-SiC phase, which can be characterized by the presence

f peaks at ∼920, 830 and 431 cm−1, 43,50 was not observed
n the Raman spectra, in spite of it being clearly identified by
RD patterns. This is due to the lower Raman scattering effi-

iency for SiC, about 1/10 of the efficiency observed for graphitic

e
m
s
a

able 5
pecific surface area (SSA), mesopore and micropore volumes and average pore size fo

amples Temperature (◦C) SSA (m2/g) Mesopore volume (10−3 c

1
950 – –

1300 – –
1500 3.1 2.8

2
950 1.0 –

1300 1.5 0.3
1500 1.5 0.7

3
950 1.2 –

1300 2.7 –
1500 0.8 0.9

Ni1
950 1.1 2.0

1300 0.1 –
1500 0.5 0.7

Ni2
950 0.7 –

1300 3.6 3.2
1500 188.4 305.8

Ni3
950 1.4 2.5

1300 5.9 8.0
1500 62.6 95.4

a As obtained from the BJH mesopore distribution using the desorption data of the
b Calculated from t-plot analysis. Mesopore range = 2–50 nm. Micropore range <2
176 75 1.13
58 64 1.38

arbon.43,44 However, a very weak peak appeared at ∼450 cm−1

n some samples.
Ceramic specimens were submitted to the nitrogen adsorption

echnique in order to characterize the micro- and mesopores in
hese materials as well as the specific surface area. Specific data

xtracted from isotherms such as specific surface area (SSA),
esopore and micropore volumes and average pore size are

hown in Table 5. The increase in the pyrolysis temperature
nd variation in the polymeric precursor compositions promoted

r the ceramic specimens with and without Ni at different pyrolysis temperatures

m3/g)a Micropore volume (10−3 cm3/g)b Average pore size (nm)

– –
– –
0.8 3.9

– –
0.01 1.2
0.5 3.1

– 4.2
– 1.9
0.07 4.7

0.1 7.4
– 6.9
0.01 6.8

– 8.3
0.07 4.5
6.8 6.2

0.08 7.2
0.7 5.6
2.2 6.2

isotherm.
nm.
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energy-filtered TEM. Int. J. Mater. Res., 2006, 97, 710–720.
ig. 9. Nitrogen adsorption–desorption isotherm for HNi2 obtained at 1500 ◦C.

ew changes in the texture of the ceramics obtained without Ni.
he profile of curves for these ceramics (not shown) was typ-

cal of non-porous materials, since the adsorbed gas volume
emained practically constant throughout the pressure range.
ccording to this behavior, these ceramics were truly dense
aterials showing negligible SSA values. In the Ni-containing

eramics, HNi1, revealed the same behavior as that the observed
or the ceramics without Ni. However, the pyrolysis temperature
as a determining factor to generate porosity, particularly when

hey were heated at 1500 ◦C, for HNi2 and HNi3. These sam-
les presented SSA of 188.4 and 62.6 m2/g, respectively, with an
dsorption–desorption isotherm typical of mesoporous materi-
ls (Fig. 9).26 In general, for both these ceramics the pore volume
ncreased with the increase of the pyrolysis temperature, beyond
f the extremely low values, while the average pore size did not
how the same tendency. By comparing the data of ceramics
ith and without Ni, we can clearly state that the Ni-containing

eramics developed more porosity and larger pore sizes than the
orresponding ceramics without Ni.

. Conclusions

In the present study, PMS/DVB hybrid polymeric networks
ith different compositions were easily prepared by a hydrosi-

ylation reaction, in the presence or not of NiAc. The influence
f NiAc on the properties of the final ceramic products obtained
t different pyrolysis temperatures was evaluated.

The increase of the pyrolysis temperature from 950 to
500 ◦C resulted in continuous transformations of silicon sites
ntil achieving segregation of the thermodynamically stable
iO2 and SiC phases, in addition to a graphitic carbon phase.
ith respect to the Cfree phase dispersed in the ceramic matrix,

he graphitization process led to the reduction of defects within
arbon sheets for the ceramic specimens, as demonstrated by
aman spectroscopy. In general, ceramics without Ni did not

how porosity, independent of the pyrolysis temperature or poly-

eric precursor composition. However, the HNi2 and HNi3

amples obtained at 1500 ◦C revealed typical behaviors of meso-
orous materials.

1
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The ceramic materials obtained at 950 ◦C presented amor-
hous characters to X-ray diffraction. A crystalline �-SiC phase
as generated when the ceramics were obtained at 1300 and
500 ◦C. In addition to this phase, the presence of Ni induced
he formation of other crystalline phases such as cristobalite
ilica, graphitic carbon, metallic nickel, NiO and Ni2Si. The
i-containing ceramics were denser than those without Ni as
consequence of these additional crystalline phases as well as

arger SiC crystal sizes.
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