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Via catalyst-assisted pyrolysis, SizN4 and SiC nanowires were
produced on the cell walls of polymer-derived ceramic foams.
The pyrolysis atmosphere and temperature were the main
parameters affecting their development: silicon nitride single-
crystal nanowires formed under nitrogen, while silicon carbide
ones were produced under argon, and their amount increased
with the increasing pyrolysis temperature. Brunauer—-Emmett—
Teller analysis showed that the presence of the nanowires
afforded high specific surface area (SSA) values to the
macroporous ceramic foams, ranging from 10 to 110 mZ/g.
Co-containing samples developed higher SSA values, especially
after pyrolysis at 1400°C in N,, than samples containing Fe
as a catalyst. The differences were explained in terms of
morphology (diameter and assemblage), which depended on
the processing conditions and the catalyst type (Co or Fe).

I. Introduction

THE porous component containing pores with dimension
within two or more length scales is referred to as a mate-
rial with hierarchical porosity. Different microstructures may
exist according to the range of pore sizes that are involved in
the porous structure, i.e. bimodal size distribution (micro-meso,
meso-macro, and micro-macro), or trimodal (micro-meso-
macro). Such components are of significant technological inter-
est and are used in several industrial processes and household
products. Applications include catalysis, filtration (of liquids or
gases), extraction, separation, sorption, and scaffolds for bio-
logical applications.! In some instances, it is advantageous to
have a component possessing a large (from several micrometers
to a few millimeters) interconnected porosity. In fact, the mac-
roporous ceramic framework offers chemical and mechanical
stability, as well as high convective heat transfer, high turbu-
lence, low pressure drop, and a high external mass transfer rate
due to interconnections between the macropores.”> The solid
walls surrounding these pores can be modified to provide the
functionality for a given application (such as chemical affinity
toward specific pollutants, surface roughness, etc.). In particu-
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lar, the presence of a high specific surface area (SSA) is greatly
demanded to accelerate surface reactions due to enhanced in-
terfacial contact area between the substrate and the active phase
(gas or liquid phase), i.e. roughly speaking; the higher the SSA
is, the higher the reactivity of the material.?

The presence of one-dimensional (1D) nanostructures (such
as nanofibers/wires) on the surface of a dense material may lead
to an increase of its SSA. In fact, their unique morphology (i.e.,
nanosize diameter, high aspect ratio, and presence of bundles
and aggregates) provides significant additional geometric sur-
face, and voids (pores) of various size (micro-, meso-, and
macro-) can be found among the fibers and between the fibers
and the host matrix. This feature has been exploited to trans-
form low SSA cellular ceramics into moderate SSA materials, in
which nanofibers/wires are obtained on the cell walls of the host
ceramic via in situ formation,* therefore enabling it to fulfill
similar applications to those of a properly termed hierarchical
porosity component. Moreover, this approach enables to add
alternative phases to the material, which can further function-
alize the system (e.g., altering its mechanical, magnetic, or elec-
trical properties). Both ceramic honeycombs and ceramic foams
have been used as substrates on which different types of 1D
nanostructures were created, using different approaches. These
include carbon nanofibers (CNFs),>!® carbon nanotubes
(CNTs),'*2° or SiC nanofibers.**! Previous works demon-
strated that moderate (~30 m?/g) to high (~ 150 m?/g) values
for the SSA could be obtained, depending on the amount,
length, and diameter of the nanostructures.*'>>!

The release of decomposition gases, when pyrolyzing prece-
ramic polymers at high temperature in inert atmosphere, has led
some researchers to develop 1D nanostructures in the pores of
the formed ceramics via catalyst-assisted gyrolysis (CAP), as
discussed in the companion paper (Part I).>*?® Using emulsion-
based processing of a preceramic polymer-containing transition
metals such as Fe, Co, Ni, or Pd, nanofibers consisting of $-SiC/
a-SiO, were also very recently obtained in the pores of the pro-
duced SiOC foam.?® An application of this processing concept
to the growth of nanofibers on the surface of cellular polymer-
derived ceramic has been recently pursued by Yoon er al.*® and
in our laboratory.?®3! The first authors reported the formation
of highly aligned macroporous SiC ceramics decorated with
homogenously distributed SiC nanowires, produced by unidi-
rectional freeze casting of SiC/camphene slurries with different
amounts of the PCS precursor. Iron, an unwanted impurity in
the starting SiC powder, was the catalyst enabling the growth
of the nanowires, which afforded SSA values ranging from 30 to
86 m?>/g, depending on the length of the nanostructures. The
work in our laboratory has focused on the deliberate one-pot
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synthesis of foams with hierarchical porosity via CAP using dif-
ferent catalysts (Fe, Co) and polysiloxanes.”*>! Cellular SiOC ce-
ramics, possessing a large amount of interconnected porosity,
were produced by direct foaming, and the addition of a catalyst
enabled the formation of 1D nanostructures (nanowires) in large
quantity on the surface of the cell walls. In a previous work (Part
1),%® we discussed the formation of nanostructures when Fe was
used as a catalyst source. It was shown that, depending on the
preceramic polymer (Si:C:O ratio) and pyrolysis conditions (at-
mosphere and temperature), different 1D nanostructures could be
obtained. In particular, when heating in N,, single-crystal SizNy
nanowires were obtained, while pyrolysis in Ar resulted in SiC
nanowires. In this study (Part II), the effect of a different catalyst
type (Co) is reported, and the properties of the porous compo-
nents (produced with Fe or Co catalyst), including SSA values, are
discussed as a function of processing conditions and catalyst type.

II. Experimental Procedure

(1) Sample Preparation

Cellular ceramics were produced by following the same proce-
dure described in detail in Part 1,°® but using 3 wt% CoCl,
(>98% pure, Sigma-Aldrich, St. Louis, MO) instead of FeCl,
as a catalyst source. The precursor used was a commercially
available poly(methyl-phenyl)silsesquioxane preceramic poly-
mer (H44, Wacker Chemie AG, Burghausen, Germany). The
production of porous ceramic components from the same
polysiloxane precursor has already been investigated by other
authors.*> The ball-milled batch containing 1 wt% azodicar-
bonamide (ADA, Sigma-Aldrich) also, acting as a physical
blowing agent was transferred to an oven for foaming and ther-
mal cross linking (5 h at 250°C in air; 2°C/min heating rate). Al
foil containers with variable diameters (2—4 cm) were used as a
mold for the material during the cross-linking step; because a
highly critical parameter is the homogeneity of the viscous blend
during foaming and curing (because the addition of Co affects
the cross-linking characteristics of polysiloxane precursors),*
mixing with a thin glass spatula was performed just before the
foaming, which occurred between 150° and 200°C. The porous
monolithic bodies were then pyrolyzed under N, or Ar (both
99.999% pure) in an alumina tube furnace (2 h at the selected
temperature, in the range 1250°-1400°C in 50°C steps; 2°C/min
heating and cooling rate).

(2) Characterization

The true density was measured from the finely ground ceramic
powder using an He-Pycnometer (Micromeritics AccuPyc 1330,
Norcross, GA). Open and closed porosity of the sintered ce-
ramics were determined by the Archimedes principle (ASTM
C373-72), using xylene as a buoyant medium. Compression test-
ing was performed at room temperature on selected pyrolyzed
samples, which were cut before pyrolysis to avoid possible shape
distortions. A universal testing machine (1121 UTM, Instron,
Norwood, MA) using steel loading rams at a strain rate of
0.5 mm/min was used for testing. Minimum five specimens with
a nominal dimension of 0.5 cm x 0.5 cm x 0.5 cm were tested
per data point.

Thermal analysis measurements were carried out under Ar or
N, (Netzsch STA 429, Selb, Germany; 2°C/min heating rate) on
the already cured samples. The morphological features of the
samples were analyzed from fresh fracture surfaces using a scan-
ning electron microscope (SEM, JSM-6300F SEM, JEOL,
Tokyo, Japan). SEM images were subsequently analyzed with
the ImageTool software (UTHSCSA, University of Texas, TX,
USA) to quantify the cell size, cell size distribution, nanowire
length, and diameter. The raw data obtained by image analysis
were converted to 3D values to obtain the effective cell dimen-
sion by applying the stereological equation: Dgypere = Deircle/
0.785.3* Specimens appropriate for high-resolution transmission
electron microscopy (HRTEM) were prepared using an adapted
cross-sectioning technique. Atomically resolved characterization
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as well as electron energy loss (EELS) and energy-dispersive X-
ray spectroscopy (EDXS) was performed using an aberration-
corrected (C probe corrector) FEI TITAN 80-300 analytical
scanning transmission electron microscope (FEI, Hillsboro,
OR), allowing a spatial resolution of better than 1 A in
STEM mode and an energy resolution of the EELS measure-
ments of about 0.2 eV, which was of special importance for the
recording of the fine-structure signals near the ionization edges,
yielding information on chemical bonding. The microstructures
of some selected samples were investigated using a Philips CM
20 field-emission gun (FEG, Philips Electron Optics, Eindho-
ven, the Netherlands) microscope, operating at 200 keV with a
point-to-point resolution of 0.24 nm and equipped with both a
Gatan Imaging Filter (GIF 200, Model 667, Gatan Inc., War-
rendale, PA) and an EDX detector enabling the detection of
light elements (IDFix-system, SAMX, Bruchsal, Germany). X-
ray diffraction data (XRD, Bruker D8-Advance, Karlsruhe,
Germany) were collected using CuKal radiation (40 kV, 40
mA, step scan of 0.05°, counting time of 5 s/step). Raman spec-
tra were recorded with an Invia Raman microspectrometer
(Renishaw plc., Gloucesteshire, U.K.) attached to a confocal
microscope (x 50 objective) using the 633 nm line of an He—Ne
laser as the excitation wavelength. Samples were ground and the
powders were used for analysis, using a low laser power (5%).
Nitrogen adsorption/desorption at 77 K was measured using
a Micromeritics ASAP 2020 system (Micromeritics Inc., Nor-
cross, GA). The sample was first degassed under high vacuum
(3 x 1072 mbar) at 400°C for 15 h and then was transferred to
the analysis system for the free-space measurement with helium.
Thereafter, the sample was again degassed under vacuum at
400°C for further 2 h, before sorption analysis. SSA was calcu-
lated from N, adsorption data at relative pressures below 0.20,
by the multipoint Brunauer—Emmett-Teller (BET) method.
Data were also analyzed by the #-plot method and by the Bar-
rett-Joyner—Halenda (BJH) method, using the manufacturer’s
software. The apparent micropore distribution was calculated
from N, adsorption data by the Horvath-Kawazoe method.

III. Results and Discussion

(1) Thermal Analysis

The curing process yielded thermoset foam with high porosity,
which could be pyrolyzed to high temperature without impor-
tant change in morphology or formation of cracks. Thermo-
gravimetric analysis (see Figs. 1(a) and (b)) showed that samples
containing Co ions had a higher weight loss than those with Fe
ions (e.g., ~30 and ~22 wt%, respectively, at 1200°C in N5),
and that the weight loss depended on the heating atmosphere
(weight loss was higher when heating in Ar). The sample con-
taining CoCl,, analyzed in N», also showed an endothermic de-
composition peak at a temperature ~ 1450°C, similar to what
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Fig.1. Thermogravimetric analysis data for poly(methyl-phenyl)
silsesquioxane samples treated under (a) N, and (b) Ar.
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was observed for the sample catalyzed with Fe ions. This
enhanced decomposition (decrease in thermal stability) resulted
in the release of gaseous byproducts (SiO and CO), similar to
what was reported for a or Ni-containing polysiloxane.?> A
more detailed investigation of the effect of different metal ions
on the weight loss of the polysiloxane 3precursor was, however,
outside the scope of the present study.’>*

(2) Morphology

The general morphology of the ceramic samples produced using
CoCl, as a catalyst was very similar to that of samples contain-
ing FeCl,, indicating that these metal ions had a similar effect, if
any, on the decomposition of the physical blowing agent and the
low-temperature rheology of the polysiloxane precursor. As ex-
pected, no significant change could be observed in the morphol-
ogy at the macroscale for samples heated between 1250° and
1400°C. The total porosity of the samples was always higher
than 70 vol% (open porosity was always at least 80% of the
total porosity), and preliminary compression tests showed that
the pyrolyzed foams had a compression strength below 2 MPa.
For the samples pyrolyzed at low temperature (1250°C), SEM
investigations showed the presence of only a low amount of 1D
nanostructures scattered on the cell walls, most probably be-
cause of the limited amount of gases generated at this pyrolysis
temperature. Above this temperature, the microstructure of the
pyrolyzed samples started differing at the microscopic level, de-
pending on the heating atmosphere and temperature. All the
samples contained a large amount of nanowires (see images in
Figs. 2(a)—(f) and 3(a)—(f)) protruding from the cell walls. SEM
investigations revealed that the nanowire length was affected by
the pyrolysis temperature (as high as 300 um nanowires were
obtained by 1400°C/N, pyrolysis). A decrease in the cell size and
cell window diameter with the increasing pyrolysis temperature
was observed under both pyrolysis atmospheres, due to the
shrinkage, which preceramic polymer systems undergo during
heating, and at 1400°C under N, foams having spherical cells
(483.44225.6 pm in diameter) with connecting cell windows
(128.6+105.6 um in diameter) were obtained. These results are
comparable with those for the samples produced by using Fe as
a catalyst source. After pyrolysis at 1300°C under N,, nanowire
bundles homogeneously distributed on the cell walls could be
observed (see Figs. 2(a) and (b)). Bundle-like formation of nano-
wires (SizNy4, see later) has already been observed by other
researchers,’® and it has recently been proposed that the con-
trolling parameter for the development of this nanostructural
morphology is dictated by the growth mechanism, i.e. VLS (see
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later).’® As the nanowires originate from Co particles, at

1300°C, they are concentrated only on specific locations on
the cell walls. Increasing the temperature caused an increase in
the dimension and number of these bundles, resulting in a full
coverage of the cell wall surfaces at 1350°C (Figs. 2(c) and (d)),
followed by the formation of long, straight nanowires connect-
ing the different bundles (see Figs. 2(e) and (f)). The diameter
of the nanowires was computed by image analysis from an
average of 200 measurements per each sample. Upon pyrolysis
at 1400°C under N,, nanowires with an average diameter of
100.13+33.38 nm were produced.

The samples pyrolyzed under Ar had the cell walls uniformly
coated with nanowires too (see Figs. 3(a)—(f) for SEM micro-
graphs of samples pyrolyzed at 1300°, 1350°, and 1400°C, re-
spectively), but their morphology and composition were
different from those produced when heating in N». In fact, these
nanofibers appeared to be 128.68 +33.06 nm in diameter and
generally <50 um in length (shorter than those produced when
heating in N,) and were not amassed in bundles but formed
some small entanglements (see Figs. 3(e) and (f)), differently to
what observed for Fe-containing samples.

(3) Structural Characterization

The XRD and Raman patterns of the samples pyrolyzed at dif-
ferent temperature in N, are reported in Fig. 4 (left) and (right),
respectively. The samples pyrolyzed at 1250°—1300°C showed
the presence of a broad hump in the 20°-30° (260) reggion, which
could be assigned to the amorphous silicate phase,*® clearly de-
fined crystalline peaks attributable to B-SiC (JCPDS #29-1129),
cobalt silicide CoSi (JCPDS #72-1328), and a broad peak at 26
~26° (corresponding to the (002) plane of graphite) implying
the precipitation of graphite-like carbon (labeled as “C” in
graph). At this temperature, peaks attributable to the SizNy4
phase are also present, and they are linked to the formation of
nanowires. It is known that above 1200°C, the SiOC glass net-
work undergoes a phase separation process with a reduction of
mixed SiOC units, an increase of the [SiCy4] and [SiO4] units, and
the ordering of the free carbon phase.*® ** Consequently, we can
attribute the observation of these primary phases (SiC and
graphite-like carbon) in the samples treated at low temperature
(1250°C) to the phase separation process. The broad peak cor-
responding to the carbon phase decreased in intensity with the
increasing thermolysis temperature, concurrently with the
increase in the peak intensity of the SiC phase.

Raman spectroscopy was used to acquire information about
the structural evolution of the free carbon phase dispersed in the
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Fig.2. Scanning electron micrographs taken from the fracture surfaces of sample poly(methyl-phenyl)silsesquioxane—CoCl,—azodicarbonamide pyroly-

zed under Ny: (a and b) at 1300°C, (c and d) 1350°C, and (e and ) 1400°C.
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Fig.3. Scanning electron micrographs taken from the fracture surfaces of sample poly(methyl-phenyl)silsesquioxane—CoCl,—azodicarbonamide pyroly-

zed under Ar: (a and b) at 1300°C, (c and d) 1350°C, and (e and f) 1400°C.

matrix, at different pyrolysis temperatures. Data show that, at
low temperature (1250°C), the sample had the characteristic
bands observed in disordered sp® carbon, D (~1330 cm™',
breathing mode) and “graphite-like” G near ~1590 cm™! (in
plane vibrational mode). In this spectrum, the distinct shoulder
at ~1620 cm™', close to the G band, is attributed to the D’
band, which is generally ascribed to defected or nanocrystalline
graphite in PDC materials.*'*? It is known that the position of
the G band gives information on the type of disordered carbon
(amorphous versus nanocrystalline) present. Values close to
1600 cm™! suggest the presence of a nanocr}lstalline form of
graphite, rather than amorphous carbon.*'* Thus, the ob-
served characteristics of the Raman spectra indicate that nano-
crystalline graphite-like carbon was already present in the
sample pyrolyzed at 1250°C, as supported also by XRD obser-
vations. Heat treatment at higher temperatures did not affect the
arrangement of the free carbon phase significantly. The corre-
sponding spectrums are also characterized by similar peaks in
almost the same positions, with a slight increase in I(D)/I(G)
ratio which went from 1.63 (1250°C) to 1.72 (1400°C), suggest-
ing a decrease in the in-plane cluster size (La) of carbon re-
gions.** The data demonstrate the permanence of carbon in the
samples at all pyrolysis temperatures, as already observed for

Fe-containing samples® and are further corroborated by
HRTEM (see later).

Pyrolysis at 1400°C resulted in a ceramic-containing B-SiC,
SizNy (both o (JCPDS #41-0360), and B (JCPDS #33-1160)
polymorphs), CoSi, and a disordered carbon phase. The peak
located at 33.7° could be assigned both to the stacking faults in
the B-SiC crystalline structure™ and to the (101) plane of B-Si;N.
No oxynitride phase was observed, and clearly carbon and amor-
phous silica (or SiOC) were consumed with the increase in the
pyrolysis temperature. Supporting the findings of Siddigi and
Hendry,* it was observed by Yu et al.*’ that the crystallization of
preceramic polymer-derived amorphous Si;N,O residue results in
different products, namely either Si;N,O or a-SizN4—Si,N,O mix-
ture depending on the C:O ratio. While a high C:O ratio involves
the consumption of oxygen during crystallization, and therefore
SizsNy is produced, a low C:O ratio enables the formation of
Si,N,O. Indeed, parallel experiments performed using a low car-
bon-containing polysiloxane (MK, Wacker Chemie AG, Munich,
Germany, carbon ~13 wt%*) and a similar catalyst source
yielded Si;N,O.>' This implies that in the present experimental
conditions (i.e., the use of a high carbon-containing precursor,
H44, carbon ~40 wt%®), the partial pressure of oxygen was al-
ways kept lower than that required to form Si;N,O.
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Fig.5. X-ray diffraction patterns (left) and Raman spectroscopy (right) of the samples pyrolyzed in Ar (a) at 1250°C, (b) 1300°C, (c) 1350°C, and

(d) 1400°C treatment.

Figure 5 (left) and (right) reports the XRD and Raman pat-
terns of samples heated at different temperatures in Ar, respec-
tively. Samples pyrolyzed at 1250°-1350°C showed again the
presence of a broad hump in the 20°-30° (20, amorphous silicate
phase), B-SiC and CoSi peaks, while the broad peak related to
carbon (~26°) was less evident. As observed for all other sam-
ples, an increase in pyrolysis temperature promoted better SiC
crystallization. The depression of the hump corresponding to the
silicate phase suggests similarly that SiC formed at the expense
of amorphous silica via a carbothermal reduction mechanism.
Raman data, at low temperature (1250°C), show narrow D
(~1330 cm™"), G (~1590 cm™ "), and D’ (1620 cm™') peaks,
implying the precipitation of highly defective graphite-like car-
bon.*! The corresponding spectrum at 1300°C is also character-
ized by similar peaks in almost the same positions, with a
broadening in D peak (FMHW from 44 to 110 cm™"). Starting
from this temperature, with the increasing pyrolysis tempera-
ture, the I(D)/I(G) ratio increased from 1.56 (1300°C) to 1.79
(1400°C) and the D peak slightly shifted to lower frequencies
(see Fig. 5 (right, d)). This suggests a decrease in size and a
probable increase in disordering of existing nanocrystallites. The
permanence of disordered carbon phase was confirmed by Ra-
man spectroscopy in the samples at all pyrolysis temperatures,
similarly to the treatment in N,, as already observed for Fe-
containing samples®® and further corroborated by HRTEM.
Pyrolysis at 1400°C in Ar atmosphere, therefore, resulted in a
multiphase SiOC ceramic-containing B-SiC and CoSi crystals,
together with a free carbon phase.

CoSi formed at all pyrolysis temperatures in both Ar and N,
atmospheres, similar to what was observed for the samples con-
taining iron, in which iron silicide phases were obtained, because
of the good affinity between the two elements, as found also
when joining Si-containing ceramics to cobalt or its alloys by
solid-state bonding.* The reduction of CoCl, to micrometer-
sized metallic Co particles during heating in inert atmosphere
and their interaction with the silicon-containing matrix were
responsible for the formation of CoSi*** XRD analysis
performed on samples prepared at lower temperatures (500°—
1200°C in 100°C steps, data not shown) demonstrated that CoSi
started to form above around 1200°C, parallel to the findings of
Bourg et al.*®

(4) Nanochemical Characterization

HRTEM investigations combined with EDX measurements en-
abled to determine the nanochemical composition of the nano-
wires and to ascertain their growth mechanism. An HRTEM
image of an Si;N4 nanowire formed on a cell wall of a sample

pyrolyzed at 1400°C in N, is reported in Fig. 6(a). The EDX
profile taken from the body of the nanowire (Fig. 4, bottom left)
indicated that the nanowire contained only Si and N elements.
The caps of the nanowires consisted of cobalt silicide of varying
stoichiometry (around 1:1), as revealed by their typical EDX
spectrum (Fig. 6, bottom right), in good agreement with the
XRD result. A higher magnification HRTEM image, reported
in Fig. 6(b), shows that the nanowire had a perfect single-crystal
a-Si3Ny structure, without defects (as confirmed also by the se-
lected-area electron diffraction pattern (SAED)—see inset),
which was identical over the entire wire length. This observa-
tion is consistent with the recent results obtained from poly-
silazane samples containing Fe’®' The HRTEM image
together with the SAED pattern suggest that the nanowire
grew along the [1-10] direction (see arrow). The factors con-
trolling the transformation between Siz;N4 polymorphs (o to B)
are very complex,>>>? especially for complex multiphase systems
like those of the present study. We can briefly comment, how-
ever, that generally this transformation occurs at temperatures
>1300°C, unless the local SiO partial pressure within the react-
ing material is high, in which case the o polymorph is stable over
the B one up to the nitride decomposition temperature, leading
to the formation of SiC.*> Therefore, we posit that the P
polymorph (high-temperature polymorph) observed by XRD
formed in some local areas in which the SiO partial pressure was
not high enough to stabilize a-SizNy. Although the transforma-
tion from Si,N,O phase to Si3Ny is a common phenomenon,>
we can exclude that this occurred in the present system, because
XRD data for samples pyrolyzed at lower temperatures (800°—
1200°C in 100°C steps) did not show the presence of Si;,ON,,
unless of course such phase was amorphous.

Because the melting point of nanoclusters is lower than that
of the corresponding bulk solids,>* it is plausible to assume that
in these experiments CoSi (7}, = 1480°C) was in a pseudoliquid
state above 1250°C (note that nanowires were obtained only
when heating at temperatures >1250°C, which is also hi%
enough to cause SiO volatilization from the SiOC matrix**>>).
It is known that the surface of these liquid droplets has a large
accommodation coefficient, and therefore they are a preferred
deposition site for the incoming SiO and CO gases,>* which form
during pyrolysis of the polysiloxane preceramic polymer,*>4*>>
and for nitrogen from the heating atmosphere. The incorpora-
tion of these gases may lead to a supersaturation of the liquid
phase in the elements forming the crystals (SiC, SisNy).>*™° The
presence of catalyst droplets at the tips of the Si3sN4 nanowires
(Fig. 4(a)), together with the fact that nanowires were obtained
only when Co was present, indicates that the growth groceeded
through a solution precipitation (VLS) mechanism.***-% The



3714

Caisils
o
[

l M Ekd fbie ]

‘_P:
[
¥
|

T T
o o
Edfergy (kav)

Journal of the American Ceramic Society—Vakifahmetoglu et al.

Cousts

Vol. 93, No. 11

{1} 2

P
Ensrgy ihey)

Fig.6. High-resolution transmission electron microscopy (HRTEM)/energy dispersive X-ray (EDX) spectroscopic analyses of a sample pyrolyzed
at 1400°C under Ny; (a) overview with corresponding nanochemical data: EDX (bottom left) of nanowire, and EDX (bottom right) of nanowire tip
(Cu comes from TEM grid), (b) HRTEM image showing the regularity at the atomic scale of the nanowire body, with diffraction pattern (inset).

growth mechanism for the Siz;N4 nanowires, therefore, differed
from what was observed when FeCl, was used as a catalyst
source under the same experimental conditions. This is most
probably due to the different silicide phase, i.e. different content
of silicon in the silicide phase. Generally, similar results, but
different conclusions, have been reported for catalyst systems in
which Ni, Co, and Fe react on Si substrates forming metal
silicides.®! Various parameters can affect the catalytic activity;
for example, Esconjauregui ef al.°' have very recently shown the
importance of particle topography on the catalytic activity of
metal silicides (silicon-rich Ni or Co silicides) to produce CNTs.
Yang er al.>® reported that while metal-rich silicides (such as
Fe;Si) are not suitable for the precipitation of SiC, silicon-rich
melts (such as CoSi) can be successfully used to produce SiC
crystals. In this manner, Li er /%" obtained a-Si;N, nanowires
from high-energy ball-milled Si powder via thermolysis under
N,. The produced nanowires had silicon-rich (FeSi,) metallic
tips, and the common VLS mechanism was proposed for their
formation. Together with previously published results on the
catalytic activity of different metal silicide phases, our results
illustrate that the stoichiometry of the metal (Fe or Co) silicide
compound (i.e., metal-rich or silicon-rich) is a key controlling
parameter for the precipitation of SiC and Si;Ny crystals via
VLS.?3657 In fact, when Fe-containing samples were treated
under N», the formed silicide phase was always rich in metal
(predominantly FesSi), and precipitation from this phase was
hindered due to the inability of carrying the liquid to saturation
with respect to Si, C, and N.2836 On the other side, the use of Co
catalyst resulted in an Si-rich (CoSi) silicide phase, which acts as
a suitable medium for the saturation with Si, C, and N. In the
next stage, then Si;N4 nanowires precipitated from this super-
saturated liquid droplet. The reason why only Si3N4 (and not
SiC) nanowires formed is simply because SizNy is thermody-
namically more stable over SiC up to ~1450°C in the presence
of 0.1 MPa N, (i.e., the present experimental conditions).5>%
Similar investigations also enabled to ascertain the nano-
chemical composition of the nanowires and their growth mech-
anism when the sample was pyrolyzed in Ar at 1400°C (see
Figs. 7(a) and (b)). The caps of the nanowires consisted again of
cobalt silicide of varying stoichiometry (around 1:1 as revealed

by their EDX spectrum, data not shown) in agreement with the
XRD data. The nanowires contained only Si and C (see EDX
spectra in Fig. 7(a), bottom left) and the electron diffraction
pattern (Fig. 7(b), top right) together with the XRD data re-
vealed that they were comprised of B-SiC. The arrangement of
the atomic planes of the SiC nanowires observed by HRTEM
(Fig. 7(b), top right) indicated that the growth direction of the
nanowire is orthogonal to the {111} planes of SiC (the arrow in
Fig. 7(b) shows the growth direction of the nanowire). This ob-
served growth direction is indeed typical of SiC nanowires
grown by a solution—precipitation mechanism.>**%* In some
cases, the SiC nanowires contained arrays of planar defects, also
resulting in characteristic multiple reflexes in the diffraction pat-
tern (see SAED pattern in F1g 7(b), top r1ght) as h1gh11ghted by
the XRD results and previous investigations.”*?%

It has been shown that the formation of a Co-Si liquid phase
is essential for the nucleation and growth of SlC because of a
high carbon solubility in it at high temperatures.®®®” As in the
case for N2 ?yrolysm due to quantum effect for the nanoparticle
catalysts,>*>* pseudoliquid CoSi droplets formed during pyroly-
sis. The formation of a supersaturated solution with respect to Si
and C atoms then occurred, from which solid-phase SiC crystals
nucleated via precipitation, followed by growth along the more
thermodynamically favorable direction (i.e., {111)). Therefore,
combining XRD, SEM (coupled with EDS analysis (data not
shown)), and HRTEM (coupled with EDX analysis), we can
conclude that the SiC nanofibers grew via the well-known VLS
mechanism,*®® with Co acting as the metal catalyst similar to
what was found for the Fe-containing samples g_yrolyzed under
Ar.”® Narciso-Romero and Rodriguez-Reinoso®” compared the
synthesis of SiC whiskers from rice hulks using different catalyst
sources (Fe, Co, and Ni), and showed an increasing order of
catalytic activity, in terms of reaction rate, according to Ni>
Co> Fe. Comparing the images of the fracture surfaces of sam-
ples produced using the two different catalysts (assuming that
the distribution of nanowires were homogenous on both sur-
faces upon fracture), we can confirm that the catalytic effect of
Co was higher than that of Fe, leading to the formation of
a larger amount of SiC nanowires during pyrolysis under Ar
atmosphere.
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Fig.7. High-resolution transmission electron microscopy/energy dispersive X-ray (EDX) spectroscopic analyses of a sample pyrolyzed at 1400°C under
Ar; (a) fiber overview and related EDX spectra (bottom left) taken from body of the nanowire. Top right inset shows the smooth interface between
metallic cap and nanowire; (b) magnification showing the growth direction (arrow) orthogonal to {111} SiC planes; inset reports the selected-area
electron diffraction pattern showing characteristic multiple reflexes caused by planar defects in the nanowire due to SiC polytypism.

FEG-TEM analyses were also performed on the cell wall
surfaces, in order to investigate their nanochemical and micro-
structural features. In Fig. 8 is reported a FEG-TEM image
taken from the cell wall surface of a sample heated at 1400°C in
N,, in the vicinity of a nanowire. It reveals that the amorphous
matrix phase contained nanocrystalline SiC, and a few areas
of nanocrystalline graphite-like carbon (as indicated also by
Raman investigations), while no micro- (<2 nm) and meso- (be-
tween 2 and 50 nm) pores were found. The EDX spectrum
(right) shows that the matrix phase consisted only of silicon,
carbon, and oxygen atoms thereby confirming, together with
previous HRTEM analyses, that nitrogen was always present in
the nanowires. Also, no Co was found in the ceramic foam, but
always only at the tip of the nanowires.

Similarly, no porosity was found in the ceramic cell wall of a
sample heated at 1400°C in Ar (see Fig. 9). Compared with
pyrolysis in N,, larger (10-20 nm) and more frequent crystalline
SiC regions together with nanocrystalline graphite-like carbon
areas could be observed. As expected, EDX analysis gave only
silicon, carbon, and oxygen.

(5) Porosity and SSA

As detailed in the experimental section, in order to perform ac-
curate physisorption measurements, a second outgassing step
was conducted after the determination of the free space with

helium. This procedure is usually adopted in the case of mate-
rials containing micropores to assure that the sample adsorption
sites are completely free from entrapped helium. In a standard
procedure for mesoporous materials (2 nm < pore size <50 nm)
analysis, the adsorption of helium is considered negligible. But
in the case of the samples produced in the present study, the
presence of micropores (pore size <2 nm) could be envisaged, as
a result of nanowire growth and assemblage. Taking also into
consideration that no micro/mesoporosity was found by FEG-
TEM in the cell walls of the ceramic foams heated in both at-
mospheres (see Figs. 8 and 9), we can consider that in our sam-
ples the “pores” are constituted simply by the interspaces among
the nanowires and between the nanowires and the cell walls.>""!

Therefore, data concerning pore size and volume, obtained from
BET analysis, are not linked to the actual presence of physical
pores in the ceramic skeleton, and the pore shape approximation
can result only in a rough estimate of these values. The nitrogen
adsorption—desorption isotherms (77 K) of samples containing
Co or Fe, heated under Ar or N, at 1400°C, are reported in Figs.
10(a) and (b). The samples containing Fe as a catalyst were
produced in previous experiments.?® For the sake of compari-
son, the isotherm for the pure matrix H44 (1400°C, Ar) was also
included in the plot. The curves for the pure samples without
metallic catalytic particles pyrolyzed at 1400°C exhibited an iso-
therm close to Type I (IUPAC classification), with no hysteresis
loop and almost negligible N, adsorption up to very high
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Fig.8. Field emission gun—transmission electron microscopic image taken from the cell wall surface of a sample pyrolyzed at 1400°C under N, (left),
and energy dispersive X-ray spectrum (recorded from the whole area at an average, right).
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Fig.9. Field emission gun—transmission electron microscopic image taken from the cell wall surface of a sample pyrolyzed at 1400°C under Ar (left),
and energy dispersive X-ray spectrum (recorded from the whole area at an average, right).

relative pressure, where a slight N, uptake is visible, owing to
multilayer adsorption on macropores. The curves for samples
including catalytic metal ions indicated a different behavior. In-
terestingly, the isotherms for Co including samples are close in
shape to Type IV, with hysteresis loops that can be assigned to
type H1 in the case of samples heated in Ar, and H3 in the case
of samples heated in N,. Type H1 loops are often an indication
of both high pore size uniformity and high pore connectivity. In
this case, the mesopores result from interstices between close
packed, regularly arranged ceramic nanowires, and from the
spaces between the nanowires and the cell walls. In the case of
Co samples treated in N,, nanowire bundles were produced to-
gether with longer and straight single nanowires, as shown in the
SEM images (see Figs. 2(e) and (f)), which protrude from the cell
walls for hundreds of micrometers and arrange on the cell sur-
face in a highly disordered fashion. This is reflected by the iso-
therm shape, where the hysteresis loop starts at lower relative
pressures (p/pp=20.43) and does not close until the saturation
vapor pressure is reached. It is well known that type H3 loops
have been generally obtained with plate-like particles or slit-
shaped pores.®®®® Here, we can consider the spaces between the
nanowires as wedge- and slit-shaped pores, where the high pack-
ing density hampers the mesochannels connectivity. The size
distribution of the mesopores of Co samples heated in Ar or N,
at 1400°C was obtained through the BJH method, and are re-
ported in the inset of Fig. 10(a). As it can be observed, pyrolysis
in N, gave narrower mesopores with respect to Ar treatment
(7.8 vs 15.0 nm, as determined from the BJH model applied to
the desorption branch), thus confirming a tighter packing of the
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nanowires. In both cases, N, or Ar treatment, the isotherms of
samples containing Co displayed a moderate N, uptake in the
low pressure range, as highlighted in Fig. 10(b), associated with
the presence of microporosity. The application of the #-plot
method, using a thickness curve-type Harkins and Jura allowed
to confirm that a significant fraction of micropores was present
in the multiphase SiOC ceramic composites. The micropore vol-
ume increased steadily with the treatment temperature up to
1350°C, whereas the micropores size, as derived from HK
model, kept almost constant at 0.7 nm. Hence, it can be con-
cluded that the Co samples possessed hierarchically porous
(trimodal) architecture, with the coexistence of micro-, meso-,
and macropores. The N, adsorption—desorption curves for sam-
ples containing Fe exhibited mainly a Type II behavior, with
gradual N, uptake at moderate pressure (p/po) and a predom-
inant N, adsorption at high p/p,, associated with the presence of
macropores. The hysteresis loop (type H3) is very narrow, the
adsorption and desorption branches being almost vertical and
nearly parallel above 0.8 of the relative pressure, confirming the
presence of a significant external surface. In both pyrolysis at-
mospheres, Fe-containing samples heated at 1400°C presented
broad pore size distributions, peaking at 11.6 nm for the Ny-
treated sample and 22.6 nm for the Ar-treated sample, as de-
rived via the BJH model applied to the desorption branches of
the isotherms. This is in good agreement with the large variabil-
ity in the shape and volume of the voids among the nanowires
themselves.

The SSA value for the foam substrate (containing no catalyst
and in the expanded—with ADA—and nonexpanded form),

20 T==—FeCT, Ar —* FeCL, N, (b)
—a—CoCl, Ar —v—CoCl. N, e
-#—H44, pure g
15 - -
v ‘__...A—"A'_
L4 ‘-‘J___.. Ak
b ..“
10 _,-'._.*
7
X
3 ; P T i
faar e
*
0 +* -
0.0  20x107 4.0x107 6.0x107 8.0x10° 1.0x107°

Relative Pressure p/p,

Fig.10. Nitrogen adsorption isotherms (77 K) of samples containing Co or Fe, heated under Ar or N, at 1400°C. For the sake of comparison, the
isotherm for the pure matrix H44 (1400°C, Ar) is included in the graph. The solid and open symbols indicate adsorption and desorption branches,
respectively. (a) Full isotherm and pore size distribution of Co samples (inset); (b) expanded view of low-pressure region.
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Fig.11. Plot of specific surface area (from Brunaluer—Emmett-Teller
regression analysis) vs. pyrolysis temperature for samples H44-CoCl,
and H44-FeCl,, heated either in N, or Ar at 1400°C.

heated in Ar at 1400°C, was <1 m?/g. As a general trend, the
samples containing Co gave higher SSA values in comparison
with those containing Fe (see Fig. 11). Moreover, while the
samples heated below 1300°C had always low SSA values
(< ~10 m?/g), the ones produced at higher temperatures re-
sulted in a high SSA samples (10~110 m?/g). The highest value of
SSA, 109.5 m?/g, was obtained for a sample containing Co and
pyrolyzed at 1400°C under N».

Our results are in accordance with the literature. Jarrah
et al®" deposited CNFs on the cell walls of y-alumina wash-
coated cordierite honeycombs, and showed that the SSA could
be increased from 45 to 63 m?/g, because of the presence of a
~ 1-um-thick layer of CNFs (diameter of 10-30 nm). The fiber
diameter was controlled by the size of the deposited Ni particle,
the reactivity of the gas in contact with the particle, and the
duration of thermal treatment, and this parameter, together
with the total amount of fibers formed, affected the final SSA of
the component.” BET analysis showed the presence of micro-
pores, which were attributed by the authors to the space between
the fibers and the pore walls of the washcoat layer, which con-
tained only mesopores (5-20 nm).” de Lathouder ez al.>'° fol-
lowed a similar strategy and demonstrated that CNF-containing
cordierite monoliths possessed ~8 nm mesopores, which were

T250C T2A350C

again attributed to the space among the fibers and therefore not
to the presence of pores in the substrate. It was also shown that a
correlation between fiber diameter and the SSA values existed
(assuming a constant carbon yield), according to which an in-
crease in the fiber diameter caused a decrease in the surface
area.'® Other researchers also underlined the significant influ-
ence of the diameter and degree of entanglement of the CNF's on
the resulting SSA of the macroporous ceramics on which they
were deposited.® Vanhaecke e al.* showed that the conversion
of such a CNF layer into SiC (via reaction with gaseous SiO)
resulted in a decrease of the SSA value, because of the increase
of the nanofibers diameter after reaction.

We can therefore attribute the observed differences in the
SSA values with the heating temperature, the type of catalyst,
and the type of pyrolysis atmosphere to the variation in the
amount and morphology (diameter, length, and degree of
entanglement) of the formed nanowires. In fact, Co catalyst
produced thinner nanowires (100.13+33.38 nm in Ny;
128.68 +33.06 nm in Ar; samples heated at 1400°C) than those
obtained from Fe (154.474+43.04 nm in N,; 280.23+120.3 nm
in Ar; samples heated at 1400°C). This confirms that SSA in-
creases with the decreasing diameter of the nanofibers. More-
over, the pyrolysis in N, of Co-containing samples formed
bundles of SizN4 nanowires (see Figs. 2(a)—(f)). This particular
morphology was caused most probably by multiple nucleation
on a same large Co particle, as observed for SizN4; nanowire
bundles produced using Fe particles in the pyrolysis polysilazane
precursor,*® while straight nanowires formed starting from
smaller droplets (see Figs. 2(e) and (f)).

In conclusion, the high SSA values observed in our samples
derive from the presence of additional surface provided by the
nanowires. A schematic mechanism for the formation of the
nanowires, with the concurrent development of micro- and
meso-‘pores” (i.e., the space among the nanowires and between
nanowires and solid foam skeleton), is shown in Fig. 12.
We envision that the ceramic components with hierarchical
porosity that we produced in this work could be used for
several applications, including trapping of (nano)particles, gas
adsorption, or catalysis (e.g., Fischer Tropsch synthesis or N,O
decomposition).

IV. Conclusions

The pyrolysis of a foamed silicone resin containing 3 wt%
CoCl,, resulted in highly porous (>70 vol%) SiOC ceramics
possessing dense cell walls decorated with nanowires. The com-
position and morphology of the nanowires depended on the
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Fig.12. Schematic representation for the formation of NWs on the cell walls of polymer-derived ceramic foams, with the concurrent enhancement of

specific surface area.
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processing atmosphere, with Nj-producing single-crystal SizNy
and Ar SiC nanowires. The presence of these nanostructures on
the surface of the porous ceramics increased considerably the
SSA of the materials (up to ~ 110 m%/g), including those pro-
duced with FeCl, as a catalyst, and the observed differences
were attributed to the varied nanowire morphology (diameter
and assemblage), which depended on the processing conditions
and the catalyst type. In particular, increasing the pyrolysis
temperature increased the amount and length of the formed
nanowires, and the Co catalyst was more effective in the for-
mation of a large amount of thin and bundled nanowires with
respect to the Fe catalyst used in a previous study. The proposed
one is a simple and effective one-pot method for the fabrication
of ceramic components with hierarchical porosity and high SSA.
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