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Abstract

This study focuses on the structural and morphological changes promoted by heating of silicon oxycarbide ceramics obtained from hybrid polymeric
precursors based on poly(methylsiloxane) and divinylbenzene, with or without nickel acetate, by pyrolysis under Ar at different temperatures.
The increase of the temperature from 950 to 1500 °C promoted the densification and crystallization of SiC and graphite nanodomains in the
ceramic bulk with or without Ni, as identified by HRTEM. Moreover, the Ni-containing precursor led to the formation of ultra-long amorphous
nanowires on the surface and voids in the ceramic body obtained at 1500 °C. These nanowires presented different sizes and morphologies, but
similar compositions, basically composed by silicon and oxygen, with the presence of carbon at their external layers. The growth mechanism and
the nature of the nanowires are also proposed. The addition of nickel acetate in the polymeric precursor induced the formation of nanowires with

different morphologies in the Si—-O-C system.
© 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

The pyrolysis of polymers has widely been used in the prepa-
ration of ceramic materials, due to its versatility in relation to
the classical powder processing routes that are usually employed
in the manufacturing of oxide and non-oxide ceramics.! In the
classical routes, the solid-state reactions occur at high temper-
atures and the final products usually contain microparticles of
polydisperse sizes, poor chemical homogeneity and undesirable
phases, as a consequence of the low diffusion coefficients of the
starting reagents.> On the other hand, the possibility to tailor
materials with better structural homogeneity at relatively lower
temperatures and associated to the traditional polymer process-
ing techniques, makes polymer-derived ceramics an attractive
route. In addition, this route is suitable to produce ceramic mate-
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rials in different shapes, such as fibers, films, monolithic bodies
and coatings.

Among the several polymeric precursors available, the
polysiloxanes are considered the most attractive to obtain silicon
oxycarbide ceramics, described as SiC,O4_, where 0 <x <4,
or simply SiC,O, or SiCO, by the pyrolysis process.*> At
1000 °C, such ceramics are characterized as a metastable mate-
rial constituted by a random distribution of different silicon
sites, such as SiO4, SiO3C, SiO,C,, SiOC3 and SiC4, known
as Q, T, D, M and C units, respectively. In addition, a dis-
persed free carbon phase, Cye, is often found as a secondary
carbon phase.® The chemical structure of these materials only
contains Si—O and Si—C bonds, while Si—Si and C-O bonds are
not usually present.”® Subsequent thermal treatment at temper-
atures exceeding 1000 °C initiates the evolution of SiO and CO
gases that, associated with the redistribution reactions between
the different silicon sites, promotes the local crystallization of
thermodynamically stable phases in the non-crystalline matrix,
such as B-SiC, cristobalite silica (c—SiO») and also a C-graphitic
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phase. This effect is more pronounced at temperature around
or higher than 1300 °C. The first crystallization event is the
nucleation of Cge, known as basic structural units (BSUs),
which is followed by the nucleation of nanosized SiC crystal-
lites embedded in the SiCO matrix.” At higher temperatures,
the contribution of the carbothermal reduction reaction between
SiO4 and C sites must also be considered.3-10:11

The composition of the polymeric precursor, mainly the abun-
dance of organic groups, can also influence the composition
of the ceramic product, particularly the amount of C-phase. In
addition, it is well established that the incorporation of some
transition metals in the precursors can induce the formation
of organized structures,'? also with different morphologies on
the micrometric and nanometric scales in non-oxide and C-
based materials.'>!7 Leu et al.!3 verified that the addition of
nickel was essential for the successful preparation of silicon
carbide whiskers from the thermal decomposition of methyl-
trichlorosilane at 1300 °C. Jou and Hsu'> synthesized straight
and curled carbon nanotubes, CNTs by the pyrolysis of poly-
carbosilane and iron nanoparticles at temperatures between 800
and 1100 °C. These CNTs showed different morphologies, as
functions of the molar mass of the polymeric precursor, as
well as typical features of CNTs produced by the conventional
gas—solid reactions using carbon vapor or hydrocarbon gases.
These nanostructures can also be formed in the pores'? and on
the surface!$19 of ceramic materials, as well as on the surface of
substrates such as mesoporous activated carbon,?? silicon?! and
SiC and alumina fibers.?> Among the selected metals for induc-
ing these types of nanostructures, nickel has received special
attention due to its catalytic activity in promoting the nucleation
of nanotubes and the formation of turbostratic carbon islands
dispersed in polymer-derived ceramics,'> GaN nanowires>> and
nanowires having a SiC core and a SiO, shell.?* The effect
of Ni, introduced as nickel acetate in hybrid polymeric precur-
sor derived from poly(methylsiloxane) and divinylbenzene, was
recently investigated on the final characteristics of the result-
ing silicon oxycarbide ceramics.>> The presence of Ni in the
precursor promoted structural changes during the pyrolysis pro-
cess, mainly in relation to the nucleation of crystalline phases in
the ceramic matrix, such as 3-SiC, cristobalite silica, graphitic
carbon, metallic nickel, NiO and Ni;Si, when compared with
the corresponding ceramic without Ni.

The present study focuses on the structural and mainly the
morphological changes promoted by heating of silicon oxycar-
bide ceramics obtained from hybrid polymeric precursors based
on poly(methylsiloxane) and divinylbenzene, with or without
nickel acetate, by pyrolysis under an Ar atmosphere at 950, 1300
and 1500 °C. The characterization of crystalline nanodomains
dispersed in the ceramic bulk, as well as the chemical composi-
tion of the produced nanowires are also reported.

2. Experimental
2.1. Sample preparation

Hybrid preceramic polymers, with and without NiAc,
were synthesized by the Pt-catalyzed hydrosilylation reac-

tion between poly(methylsiloxane), PMS, and divinylbenzene,
DVB, according to the previously described procedure.>> The
PMS/DVB hybrid polymers were prepared in 1:1 molar ratio, in
relation to the -CH=CH,: Si—H groups, giving rise to polymeric
networks containing 1,4-diethylphenylene bridges between
siloxane chains. Green polymeric bodies of 13.5 x 1.3 x 0.3 cm,
with and without NiAc, were pyrolyzed at 950 °C, under a flow-
ing Ar—atmosphere (100 mL/min), with a heating and cooling
rate of 5°C/min and a holding time of 1h. The pyrolysis was
carried out in an EDG 5P tubular furnace, equipped with an
internal alumina tube and a temperature controller. Afterwards,
these samples were heated at 1300 and 1500 °C using a Ther-
molyne F59340-CM tubular furnace, under flowing argon. In
this case, the pyrolysis process was conducted on samples previ-
ously pyrolyzed at 950 °C. The surface of Ni-containing ceramic
samples obtained at 1500 °C presented a felt-like layer of entan-
gled nanowires.

2.2. Morphological evaluation

Both fracture surface and surface morphologies of ceramic
samples were examined by field emission scanning electron
microscopy (FESEM), using a JEOL JSM-6340F microscope,
with a S keV accelerating voltage. Prior to analyses, the exposed
surface was coated with a thin layer of carbon followed by a
gold/palladium alloy, in a Bal-Tec MED 020 equipment, in order
to minimize charging under the incident electron beam.

Structural and elemental information of the bulk ceramic
samples, with and without Ni, and of nanowires was obtained
by high-resolution transmission electron microscopy (HRTEM),
using a JEOL JEM 3010 URP microscope, with a 0.17 nm point
resolution and a 300 keV operating voltage. The sample prepa-
ration for HRTEM consisted of the dispersion of the powdered
ceramic samples or of the nanowires in isopropyl alcohol, using
an ultrasound process in order to obtain very thin samples from
the ceramic matrix or an effective separation of the entangled
nanowires. Then, one drop of the solution was put on the copper
grid containing a lacey carbon film. After the evaporation of the
solvent, the copper grid containing the sample was submitted
to analysis. Gatan digital micrograph software, version 3.11.1,
was employed for image processing.

The morphologies and elemental distributions of Si, O, C
and Ni in the nanowires were also investigated by transmission
electron microscopy (TEM) using a Carl Zeiss CEM 902 micro-
scope, with 80keV accelerating voltage, which was equipped
with a Castaing—Henry energy filter spectrometer within the col-
umn. Elemental images by electron spectroscopy imaging (ESI)
and spectral data by electron energy loss spectroscopy (EELS)
were acquired for the elements found in the sample using the
three-window method for silicon L-edge, oxygen K-edge and
carbon K-edge. The energy-selecting slit was set at 132 eV for
Si, 542V for O and 303eV for C with 15¢eV slit widths.?
The sample preparation for ESI consisted of the same proce-
dure used for HRTEM. The images were obtained using a slow
scan CD camera (Proscan) and processed in the iTEM universal
imaging platform. The energy resolution during EELS spectra
acquisition was 2.0eV.
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Fig. 1. SEM images of the fracture surface of the Ni-containing ceramic specimens, obtained at 950 °C (a), 1300 °C (b) and 1500 °C (c). ' and b’ show specific

magnified regions and ¢’ shows a detail of the surface.
3. Results and discussion

3.1. Morphological characterization of the SiCO-based
ceramic bulk

The morphology of the SiCO-based ceramic bulk (not shown)
presented no significant changes with the different pyrolysis
temperatures. It was characterized as being typical of globular
and dense materials. However, Ni-containing ceramics, obtained
from the same PMS/DVB precursor with NiAc, showed non-
uniform morphology with different features at their fracture
surface, at all the pyrolysis temperatures, as can be seen in Fig. 1.

The image of the ceramic obtained at 950 °C was character-
ized by a smooth and dense matrix containing dispersed Ni-rich

islands. These islands were made up by Ni-rich globular aggre-
gates (see the magnified area in Fig. 1a’), associated with bright
structures, which were assigned to the presence of Ni. In addi-
tion, the initial formation of wire-like nanostructures from these
aggregates was also observed, which suggests that the Ni acted
as a nucleation agent for the formation of these nanostructures.
The sample obtained at 1300 °C showed a similar morphology
(Fig. 1b) with respect to the matrix profile, except for the pres-
ence of a few pores, not observed in the material discussed just
above. In these pores, a few straight nanowires, together with
microcrystals containing regular hexagonal facets, were also
observed (see the magnified area in Fig. 1b). Li et al.2” reported
the synthesis of SiC nanowires with hexagonal shapes along their
growth direction by a sol-gel method with direct heating. In their
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Fig. 2. HRTEM images from the bulk of the ceramic specimens obtained at
1500 °C without Ni (a) and with Ni (b).

study, morphological evaluation indicated that this new type of
SiC nanowire grew from hexagonal facets of SiC nanoparticles
during the vapor—solid (VS) growth process. In our ceramic sam-
ples pyrolyzed at 1300 °C, the nanowires did not grow from the
hexagonal microcrystals, since no micrograph showed this phe-
nomenon. According to the observed morphological profile and
XRD patterns (not shown),? these microcrystals were probably
associated to the SiC phase.?’” On the other hand, the sample
pyrolyzed at 1500 °C displayed two distinct regions (Fig. 1c).
The first one presents a large number of nanowires dispersed
at the fracture surface of the ceramic matrix, while the second
reveals a partial softening of the matrix at this temperature range.
At this temperature, redistribution reactions between the Si—O
and Si—C bonds are favorable, resulting in continuous transfor-
mations of the SiC,O, phase, due to softening.
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Fig. 3. HRTEM image from the bulk of the Ni-containing ceramic obtained at
1500 °C showing the presence of Ni (a) and EDS spectrum corresponding to the
total area (b).

HRTEM images of the SiCO ceramic bulk, with and without
Ni, pyrolyzed at 1500 °C can be seen in Fig. 2. For both samples,
well-formed nanocrystals could be observed. In the absence of
Ni, crystalline planes with d-spacing of 0.26 nm correspond-
ing to (111) planes of B-SiC and C-graphitic domains, with
spacing of 0.35nm assigned to their (002) planes, embedded
in a non-crystalline SiCO matrix, were observed (Fig. 2a). The
orientation of the graphite basal planes is indicated by white
guidelines. At this temperature range, the formation of SiC is
expected as a consequence of the redistribution reactions as well
as the carboreduction reactions, as mentioned above. The Ni-
containing ceramic (Fig. 2b) also revealed the presence of SiC
nanocrystals within the non-crystalline matrix. Although these
images showed a bigger SiC nanocrystal in the ceramic sample
obtained without Ni, this was not the rule. The main difference
between the two samples is that in the Ni-containing ceramic
a high amount of crystalline nanodomains, which are generally
larger than those in the ceramic without Ni, was observed, as pre-
viously determined by the Scherrer equation.?> Results obtained
from the structural study of these ceramics> revealed that the
Ni acted as a nucleation agent, reducing the activation energy
for the crystallization of phases, in comparison to the material
without Ni. In the illustrated area of Fig. 2b, the Ni-containing
ceramic did not show any evidence of graphitic-C in the material,
although this phase had clearly been identified by XRD patterns
and 3C NMR analyses.25 In this way, it can be assumed that the
more effective crystallization of SiC in relation to C-graphitic in
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Fig. 4. SEM images at the surface of the ceramic specimens obtained at 1500 °C without Ni (a) and with Ni (b). a’ and b’ are the respective images acquired with

higher magnification.

the Ni-containing sample may justify why it was difficult to find
this last phase dispersed in the matrix. In order to have a clear
distinction of this phase by HRTEM, the graphite lattice planes
have to be oriented perpendicularly to the image plane (parallel
to the incident electron beam) and the number of layers making
up the turbostratic structure has to be large enough (higher than
four).28

The presence of Ni was identified in the darker regions of
the HRTEM image and in the EDS spectrum (Fig. 3a and b).
The image shows a Ni-rich region dispersed in the ceramic
matrix, with some parallel fringes surrounding it, which can
be attributed, probably, to the SiC crystalline phase (upper left
side). This observation is in agreement with the Ni nucleation
effect, mainly in relation to the formation of the SiC crystalline
phase. Scheffler et al.,!2 however, verified that the presence of
Ni in poly(methylphenylsilsesquioxane)-derived ceramics pro-
moted an arrangement of the atomic planes of turbostratic carbon
around a Ni cluster in the matrix as well as carbon nanotubes
in pores after pyrolysis at 1000 °C. According to these authors,
the dispersed graphite-like structures were responsible for the
higher electrical conductivity in relation to the Ni-free sample.

3.2. Morphological characterization of the SiCO-based
ceramic surface

In addition to the effects of different pyrolysis temper-
atures observed at the fracture surfaces, particularly in the

sample obtained at 1500 °C, the presence of NiAc in the hybrid
PMS/DVB polymeric precursor resulted in more complex mor-
phologies with distinct features on the surfaces of the final
ceramics, as can be seen in Fig. 4.

Fig. 4a shows the morphology at the surface of a ceramic
specimen without Ni, showing structures with different fea-
tures and shapes together with the presence of a few nanowires
inserted in these structures, Fig. 4a’. On the other hand, a white
felt layer was produced on the surface of the Ni-containing
ceramic specimen, as can be seen in Fig. 4b. A large num-
ber of nanowires, usually over several micrometers in length
with nanometric diameters, indicating a large aspect ratio, were
formed. These nanowires were normally straight along their
axes but also showed branched structures and/or connectivities
between them, as can be seen in Fig. 4b’. Structures connected
to each other, resulting in a nanonetwork, were also found in
SiC nanowires synthesized from a series of reactions between
mixtures of milled Si-SiO, powders and C3Hg at a relatively
low temperature.?’ An explanation of this phenomenon is that,
during the SiC nanowire growth process along its axial direc-
tion, two tips of the nanowires can meet and, in this way, the
nanowires easily generate structural defects at their tips. Con-
sequently, a new nanowire can start to grow from this junction,
leading to the formation of a nanonetwork.

Images acquired with higher magnification confirmed that
the structures formed on the ceramic surfaces were nanowires
(Fig. 5), revealing their amorphous structures (Fig. 5d). These
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Fig. 5. SEM (a), TEM (b) and HRTEM (c and d) images showing the nanowires formed at the surface of the Ni-containing ceramic specimens. Image (d) illustrates

the amorphous structure of the nanowires.

images are also adequate to investigate the growth mechanism
of the nanowires produced on the ceramic surfaces, since the
tips of the nanowires were clearly observed by SEM and TEM
(Fig. 5a and b). As can be observed in these images, there
were no bright spherical particles present on the tips of the
nanowires, which would be an indication of the presence of
nickel. This is a typical feature of nanostructure formation by
the vapor-liquid—solid (VLS) growth mechanism. 6% In a sim-
ple way, a typical VLS process starts with the dissolution of
gaseous reactants into nanosized liquid droplets of a metallic
catalyst, followed by nucleation and growth of single-crystalline
rods and then wires.?? Thus, according to morphological obser-
vations, it can be assumed that the nanowires produced at the
ceramic surfaces in this study were not grown by the VLS
mechanism. Berger et al.,>* however, described the in situ
growth of SiC/SiO; nanowires by the VLS mechanism from
poly(organosilsesquioxane) loaded with nickel and silicon. The
incorporation of Ni and silicon filler in the precursor was crucial
to obtain the nanowires in the resulting ceramic, as the silicon-
free material showed the presence of a percolating network of
tubostratic graphite and carbon nanotubes. During the pyrol-

ysis process, nickel silicide nanoparticles acted as nuclei for
nanowire growth.

Apart from the Ni acting as a crystallization agent, the mor-
phological observations revealed that, in this specific system, it
also seems to be a determining component for the induction of
the nanowire formation on ceramic specimen surfaces.

3.3. Chemical analysis of the nanowires produced on the
ceramic specimen surfaces

The chemical composition of the nanowires with straight and
curved shapes was firstly examined by EDS. The spectra showed
that both nanowires were basically made up of silicon and oxy-
gen, as can be seen in Fig. 6. Carbon and nickel elements were
not observed in their chemical compositions by this technique.

The nanowires were also analyzed by EELS and ESI. Fig. 7a
and b illustrate the bright-field TEM images of straight and
curved nanowires, respectively, and the corresponding silicon,
oxygen and carbon maps. Only these elements were detected
in the nanowires, which did not show the presence of Ni. ESI
images using the L3 edge of silicon and K-edge of oxygen
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Fig. 6. EDS spectra of the straight (a) and curved (b) nanowires.

showed that silicon and oxygen atoms are uniformly distributed
in both nanowire structures. On the other hand, the carbon map
obtained from carbon K-edge indicated that this element was
more concentrated at the outer nanowire layers. Apparently,
there are no significant differences in the chemical composition

of both nanowires. The presence of carbon was only verified
by EELS and, taking into account that this technique is more
sensitive than EDS, mainly for carbon,3! we considered that
the nanowires are also made up of carbon, although in lower
amounts.

Fig. 8 shows typical cumulative EELS spectra of the
nanowires for the Si, O and C. The spectral profile for each
element was similar for both nanowire structures, which can be
considered, as presenting no significant changes in their respec-
tive compositions. The EELS spectrum of silicon for straight
nanowires revealed the presence of its characteristic L-ionization
edge, showing a shift of 2eV toward lower energies in rela-
tion to those of curved nanowires. However, this value is within
the technique error. The Si-L3 silicon edge of for straight
nanowires has an edge onset at about 97eV and two distinct
peaks at ~105eV (o) and 112 eV (B), respectively. In addition,
there is a broad peak at about 131 eV (), which was also veri-
fied for SiO5 and SiC.?? In the case of a SiO» glass, the Si-Lo3
edge shows an onset at about 104 eV and two separate peaks
that are positioned at ~108 and 115eV, while SiC reveals an
onset at about 99 eV and a major peak centered at 102 eV.>> The
first and second peaks found in the silicon spectra are attributed
to Si—C and Si—O bonds, respectively, present in the nanowire
structure.>> Lichtenberger and Neumann®* demonstrated that
the first peak in the silicon spectrum, corresponding to SiO», is
associated to the excitation of a 2p electron into unoccupied 6t;
and 6a; states, which exhibit p- and s-like symmetries, respec-
tively. The second peak is related to additional states of higher
energies but lower occupancies, which are identified as 2e, 7ty
and 7a; with d-, d- and s-like symmetries, respectively. The third
observed broad peak originates from molecular excited states
inside the molecule.?*

The oxygen spectrum for straight nanowires revealed a shift
of 5eV toward higher energies when compared to curved

Fig. 7. Bright-field TEM images of the straight (a) and curved (b) nanowires together with the corresponding silicon, oxygen and carbon maps.
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Fig. 8. EELS spectra for Si, O and C obtained from straight and curved
nanowires.

nanowires and this value indicates that changes in the chemi-
cal environments of oxygen may have occurred. The spectrum
gives a characteristic fine structure of the K-edge, which is due
to the excitation of 1 s electrons into unoccupied p-like states.
The oxygen K-edge for straight nanowires presented an onset at
about 533 eV and showed two distinct peaks at 543 eV (o) and
570eV (7). The onset and the two peaks verified in the oxygen
spectrum for SiO, were found to be at 524, 532 and 550eV,
respectively.’* Both nanowires showed the presence of silicon,
oxygen and carbon in their structures. As silicon is tetrahedrally
coordinated, mixed SiC,O4_, units may be present, resulting
in silicon sites such as SiC4, SiC30, SiC,0,, SiCO3 and SiOy.
Thus, the observed shift in the oxygen spectra may be related
to these different sites. However, up to now it is not possible to
identify which oxygen of which silicon site was more affected.

The carbon spectrum for straight nanowires also showed a
shift of 7eV in comparison with the curved nanowires, which
may be associated to different critical ionization energies due
to different chemical bonding states. The spectrum for straight
nanowires showed an onset at 281eV, a distinct 7 peak at
287 eV, associated with carbon in an sp®> environment, and a
broader o peak at 300 eV, corresponding to the presence of sp-
C sites in the structure.>>3 It has been described that the carbon
K-edge of SiC has an onset at 283 eV with two minor peaks at 286
and 296.5 eV and a major peak at 291 eV. In addition, two peaks
with similar intensities are positioned at 305eV and 315eV.?
For graphite, however, the carbon K-edge has an onset at 281 eV,
an" peak centered at 285 eV and another peak at 292 eV. A broad
peak at about 311eV is also observed in graphite.’® The area
ratio, which provides an indirect evaluation of the sp>/sp> bond-
ing ratio,?? for straight and curved nanowires was performed
using Gaussian curve fitting. The straight nanowire presented a
7"/o” ratio of 2.34 while, for the curved nanowire, it was 3.26.
Thus, straight nanowires presented a higher contribution of sp-
C sites, while the curved nanowires revealed a relatively higher
amount of sp>-C sites in their structure.

As described earlier, the morphological analyses performed
by SEM and TEM indicated that the nanowires produced in
this study were not grown by the VLS mechanism, due to the
absence of typical features of this mechanism. It is well known
that SiC,Oy, ceramic decomposes at temperatures higher than
~1200 °C, with evolution of SiO and CO gases.>? These gases
can promote the following reactions:

SiO) +2C0) — SiCs) +COx) M
28i0¢y) 4+ COyy — SiOx(s) + SiCOyy) 2

In this way, the nanowire growth mechanism may be cor-
related to the composition of the gaseous phase in SiO and CO
gases, followed by a nucleation process, similar to the VS mech-
anism. The nanowire nature probably depends on the relative
amount of these gases during the pyrolysis process, in which the
product from reaction (1) results in a less flexible structure than
that from reaction (2).

4. Conclusions

In the present study, the morphology of SiC,Oy-based ceram-
ics derived from a phenyl-rich hybrid polymer, prepared with and
without Ni, has been described. The pyrolysis temperature was
shown to be an important parameter to define the morphology
and composition of the ceramic phases.

The increase of the pyrolysis temperature from 950 to
1500°C led to densification and crystallization of SiC and
graphite nanodomains in the ceramic bulk, as identified by
HRTEM. In addition, the highly dispersed Ni-particles in the
ceramic matrix obtained at 1500 °C produced relatively high
amounts of nanowires with straight and curved morphologies,
mainly on the ceramic specimen surface. Morphological charac-
terization of the resulting nanowires, performed by EELS-TEM,
indicated that Si and O elements are uniformly distributed
in their structures and C is only present at the external lay-
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ers. The nanowire growth is proposed to be similar to the
VS mechanism and its respective nature was correlated to
the relative compositions of the gases produced during the
organic-to-inorganic transformation. It can be concluded that
the presence of NiAc in the polymeric precursor was effective
for inducing nanowire formation with different morphologies
in the ceramic products when compared to ceramics prepared
without Ni.
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