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ABSTRACT

Cellular SiC3C ceramic components wilh a porosity = 70 vol% and cell size dimension
ranging from 10 pm o a few mm approximately have been developed using a silicone resin.
These cellular materials have been lurther [vactionalized by developing a high specilic surtace
arca (SSA), which is useful for applications such as sbsorbers or eatalyst supports. Scveral
approaches were lollowed o achicve this goal. weluding controlling the heating process o retain
the transient porosity. depositing a Si¢)-based meso-structured coating on the surface of the
S10C cellular material. or ciching the foams in HE. The samples were characterized using various
technigues, including SEM, high resotution and analytieal TEM methods and N» adsorption-
desurption. The S8A value produced varied according to the processing stratepy tollowed.

INTRODUCTION

Porous ceramic components. in particutar cellular ccramices, find use in a very broad range
ol engineering applications. [or instance as fillers for molten metal or particulate In gas streams.
as calalyst support, as load-bearing lightweight structures or as scaffolds for biomedical
applications. Most of these applications have rather strict requirements in terms both ol (he
amount of porosity and of its morphology (cell size, cell window size, mlerconneclivily belween
the cells) that can be met by choosing the appropriate fabrication method 2,

The devetopment of components with hicrarchical porosity {micro-, meso- and macro-
porosity) s of particular interest because they possess at the same time high permeability and
loriuosity of the Mow paths (improving mixzing and heat transfer), provided by the macro-pores
{with a dimension d > 50 nm). and a high specitic surface area (SSA), given by (he micro- (d = 2
nm) and meso-pores (2 <0 d < 50 nm). Components with hierarehical porosity can thus be
cmploved in separation, pas storage, removal ol poliutants and calalysis applications.
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Preecrasme polymers allow the fubrication of cellular cerumics tmicro- and macro-cellular
foams ') as well us of components with high $8A ", taking advantage both of the shaping
possihifities given by the wse of a polymerie material and of the transict porosity that is
generaled upon pyrolysis. Moreover, functionalization of the porous components s possible. by
simply adding suitable fitlers to the preceramic potymers. in order o erhance/maodify some
physical propertics (for instanee electrical conductivity or magnetic properties) *.

In this paper. we briefly discuss the use of several possible approaches for developing a
high specific surfuce area in open-cell macro-porous ceramic components eblained from
preceramic polyniers.

EXRPERINMENT AT

SIOC microceludar foams were prepared using a preceramic polymer (MK Wacker-Chemic
Gmbl [, Germany) and poly-methylmetacrylate (PMMA)Y microbeads (Altuglas BS, Alwglas
International. Arkema Group. Rho (MU, [tals) of nominal size ranging from 10 to 135 um aceing
as sacrificial Aller ' The powders were mixed o consiant weight eatio {20 wi%, MK, 80 wi%
PMAAL by ball milling tor | hour and then warm pressed {130 to 180°C, 20 MPa). The warm
pressing temperature was adjusted as o lunction of the PMMA microbeads size. i order o
optimize the viseous (low of the molten polymer through the beads and the degree ol crosslinking
ol the preceramic polymer. The green samples were then treated in aic at 300°C tor 2h theating
rate — (.5 ""('_'-mi'n") in order to burn out the PMMA microbeads and allow tor the crosslinking off
the preceramic polvmer. Macro-¢ellular foams were produced by direct foaming according lo the
procedure reported in reference 3. All (the fowms, in their polvmeric stage, were pyrolyzed under
nitragen fow at Y2007C for 2 hours {heating rde - 2 SConnin’' ) During pyrolysis. the preceramiy
palymer samples were subjected to a large volume shrinkage (-—-30%,; about 23%5 lincar shrinkage)
due 10 the polymer-to-cerantic transformation. ocvurring with the elimination of organic moieties
and lzading to the formation of un amorphous $i-0:C ceramic.

A muesoporous silica precursor solution was prepared containing tetraethy] orthosilicate
tTTEOS) as the silica source, and the block copolymer Pluronic F127 (EO ) ne-POm-Rhge.
CO-=CL1CH0, PO=CIECHDCH) as the structure-directing agent. A starGmye solution was
prepared by mixing 4 g TEOS and 2.3 p 11OH. and successively adding 0,353 g of a 0,708 M
{IC) solution. The solution was then stirred {or 45 minutes in order to pre-hydrolize the sitane
units. and added o a solution containing 12 g EtOLE 1.3 ¢ Pluronic F127 and a 0.037 M HCL
solution. This wus stimed fur [urther 15 minutes before impregnation inlo the SiQC foams. The
SIOC foams were inmersed into the silica solution sod withdrawn after T minute: excess solution
was then removed from the samples with absorbing paper. 'The impregnated samples were dried
i air at ambicnt emperature for a lew days, The impregnated sainples were heat treated in order
to remove the surfuctunt from lhe mesvpores and promote further condensation of the silica
framework, Calcination was carried vut in aic at 330°C for | hour (heating rate - l“("-min")_

SI0C foams were etched using an HE solution (20 val% in LLO). Samples were placed in a
polypropylene container with the hydrofluoric acid (HI) solution. The weight ratio between the
SIOC samiples and the HF solution was kept constant to 130, The solution was gently stirred ut
room iemperamre for Yh. and then the samples were extracted and rinsed with distiled water
remove any residual HF, They were then heated up to 1107C Lo eliminate the remaining water.
Some samples were heat treated o air at H50°C for 2h afier pyrolysis (betore erching), to remove
completely any traces of residual carbon possibly deriving from the incomplete burn out of the
PMMA microbeads.
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MK silicone resin was mixed (30 wi%o) with o Hoguid poly-dimethy-siloxane {Rhodorsil
RTV 141, Rhodia, France), cast intw a mold and, aller crosslinking, the sample was pyrolyzed at
12000C for 2 hours Cheating rate =2 “C-min ™.

The samples were characterized wsing Scanning Lleciron Microscopy (SEM, JEOT, JSM-
6490, Japan). Transmission Electron Microscopy (Philips CM20 FEG microscope, operated al
200 ke V. and nitrogen adsorplion-desorption {(ASAP 2020, Micromeritics: analysis performed al
77 K). Specilic Surface Area (885A) was determined from a BET {Brunaver, Emmet. and Teller}
analysis " Pore size distribution was calculated from the adsorplion branch of the isotherm
through the BIL analysis *,

RESLITTS ANIY DISCUSSION

Several approaches can be [ollowed in order to produce porous components using
preccramic polymers. Macro-porous cellular components with a kuge cell size (macro-cellular
[oams. average cell sive [rom =250 pm to -3 mm) or a small cell size (micro-cellular foams.
average cell slze rom 1 pm o ~200 pm) can be fabricated using different procedures: macro-
cellular fomns can be obtained from dircet foaming or by using polyurcthane precursors as
expanding agents Y while micro-cellular foams are produced with the aid ol sacrificial fillers
U Additionally, micro- and/or meso-porosity can be devcloped within ecliular ecramics, thus
ubtaining ceramic components with hicrarchical porosiey,

Several routes that can be pursued to accomplish this goal are listed in Table T and are
addressed in this paper.

Table [ Posstble strategies for producing hicrarchical porosity ceramic components with high
854 from preceramic polvmers. with typical S5A values obtained

Strategy S§A Reference
L)
Controlled thermal treatment of preceramic polymers 400-700*
____ T Addition of high SSA fillers “a00-6507 |
Deposition of zeoliles 15(-304}
T 7777 Deposition of mesa-porous coatings I T -
: Infiltration of aerogels into toams 150-2210
. - Eiching 150-600 |
!__M_ i_;'{ing_()'!__‘ p_réceramic polymers with different characteristics | 20-30

*at 6009

The first approach listed in Table 1 is the controlled thermal treatment ol preceranic
polymers. This approach takes advantage of the (ransient porosity gencrated upon heat treating a
preceramic polymer in the temperature range at which the potymer-lo-ceramic conversion accurs
{generally 400-800°C """, The build-up ol imemal pressure in the component, provoked malnly
by the decomposition ol the organic moicties in the preceramic polymer (with pencration
tvpically ol CHly and H; gas} lcads 1o porosity {with pore size typically below 50-100 nm). This
{micro)porosity is transient, in that it is eliminated when the pyrolysis temperaiure leading w the
completion of the ceramization process is increased. Tigure la shows the gas evolution of MK
polysiloxane, with its associgted weight loss, which is maximum in the polymer-to-ceramic
transiormation temperature interval. Figure 1b reports the data for the pore volume present i a
macro-celfular foarn pyrolyzed at various temperaiures. 1 cun be seen thal with increasing
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pyralysis lemperature, the micro- and meso-pores are closed. with consequent deastic reduction
of the Specilic Surluve Aren values. A signiflicant inlluence of the pyralysis rate on the amount of
the generated S8A at cach temperature hay atse been reporied (the slower the beating. the higher
the S8A values) ™.

Ihe ampunt of produced specife surface arew is stable up 10 the pyrolysis perature
reached, cven aticr prolonged heating @ the samwe wemperature, In one cxperimeni. a neero-
cellular foamn was heated al 600°C Tor times ranging from | o 48k, and the 554 value decreased
orly of about 10% (to 380 m’/g) after the longest heating ime, confirming that the closure of the
simall pores is driven by a densification mechanism based on surface reaction/pyrolysis
acconnnodated by viscous How (and thus is wniperature dependant ) ",
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Fig. 1. ay Gas gencration and weight foss upon pyrolysis: by Evolution of micro- and mesn-pore
voluwme and of 88A with pyrolysis temperature tmacro-celiular foam).

Despite the fact that high values of $8A can be achieved by controtling the heating,
schedule and limiting the pyrolysis wemperature *°, it is very dilficult to retain the micro- and
mueso-porosity when heating at temperalures above 600-800°C. which can be desirable for some
applications. A possible solution is the second approach listed 1n Table 1 the mixing ol micro-
‘meso-porous fillers with the preceramic polvmwr, lollowed by shaping into a cellular ceramic
component. For instance, the addition ol carbon black {activaied carbon) powders to a
polysiloxane, led to SSA values of about 100-130 111";':__1 up to a pyrolysis lemperature of 120000 °

The third and fourth entries in Table 1 reler w the deposition of high $8A materials on the
cefl walls, namely zeolites and mesu-porous coutings. Macro-porous ceramic foams, in faet, arc
an ideal candidate as substrates for the development of porous bodics with hicrarchical (micro-,
meso- and macro-) porosity, Their very large geometric surface arca (for micro-ccllular toams, in
particular. of the order of a fow m-em’”) provides a wide region far the deposition of coatings of
suitable malerials possessing micro-eso-porosity. Zeolites have been deposited both on macro-
ceblular foams ¥ and on micro-celluiar foams . Tn the Tatler case. @ high S5A vatuc for the
coramic components with hicrarchical poresity wus achieved (221 m'/g for ZSM-3 coatings. 293
mrfp for silicalite-1 coatings, corresponding to a zeolite loading of ahout 80 wi%). We therefore
decided 1o lurther develop this stnitegy by depositing a 5i0); mesoporous laver obtained by block
copolymer-templated seli-assembly from a sol-gel solution i,
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Figare 2o and 2h show some TEM microgruphs of such coating deposited on the walls of
a microcellular SiOC foam (avermge cell sice 185 pm). TEM investigations reveated the
mesoparous natie of the layer. with an averaye pore size of ~4 nm. The pores are assenibled in
an 3 wrdered fashion. according 10 o BCC unip cell with a labice parameter of aboul 13 nm. It
can be observed that closer 10 the foam there wus a lower degree ot order in the pores. which
became regulardy arranged lurther away from the substrate. From SEM and TEM investipations.
the cuating thickness was assessed 10 be I the range 1 10 3 pun, depending on the region of the
toam observed. In some arcas the couting appesred to be partially detached form the substrate,
aither becuuse of stress caused when sectioning 1he sample or because of uneven drving
shrinkage. The issue will be further investigated in {orthcomiug cxperiments.

The moogen adsorption-desomptiom isotherms indicated that the comed microceliular
S10C foams followed the typical behavior of mesoporous materials, showing also the presence of
micropores {deriving trom the interconnection amonyg the mesapores). The analysis of the data
uuve 1 85A vatlue of 60 m:.f'g_ for the entire sample. Considering that the uncoated 51007 foam has
a SSA value of only ~3 wi, and taking into account the amount of meso-porous coating
deposited on the loam (from weight change measurements betore and afier inpregnation and
caleipation). this corresponds 1o a S8A (ot the meso-porous silica laver ol abowt 560 m/i, which
is (ypical for mesoporous materials, Thus, we can state thar the narure and morphology of the
foam substrate did not allfeel the self-assembling process of the molecular inorganic nano-
liilding biocks, which 15 puided by the presence ol supramelecular structure-directing agents
formed by the selttassembly of amphiphilic species.

Fig. 2. a} Cross-scctional TEM of Si0C fvant coated by a mesu-potous $i0; layer; b) particular

of the meso-perous coating. showing a 3-fould symmeiry uxes for the pores.

Hestdes meso-porous coatings, other infiltrants could be used for the generation of high
58A and hicrarchical porosity in macro-porous ceramics: sol-gel derived acrogets, for instance.
which have a S8A sy high as 1000 @7z, can be infiltrated inte open cell foams with or without
the aid of vacuum 'Y [ completely infiltrated. the resuliing component has a reduced
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permeability. but the cermmic {vam structure provides strengtl and support to the otherwise
mechanically weak acrogel material.

Another stratepy that has been used to increase the speciile surface area n cordierie
honeycombs is etching ™, which has also been applied with success 10 $i0C materials in powder
tfarmn ' Because of the nano-structured microstructure that SiOC ceramics possess, which is
compriscd of nano-domains (typical size 1-5 nm)y based on clusiers of silien etrahedra cneased
within an interdomain wall constituted from mixed bonds of $iQC and from a network of sp’
carbon . HF attack provokes the preferential removal of silica from the material. this leads to
the developpwnt of micro- and meso-porous structures with a high $$A " The etching
experiments performed on an as-pyrolyzed foam gave only a limited incrense in the specific
surtace arca {30 1113;"g), ‘The reasons for this discrepancy wilh the results published by other
authors concerning $i0C glass powders could be severnl. We can cxciude a non complete
infiltratiop of the foam by the HF soludon, because we performed erching tests on crushed toams
as well, but we did not observe a significant ditference in the SSA data. Therelore, a possibility
could be the presence of some residual carbon at the surface of the cells {deriving from an
incomplets burn-out of the PMMA microbeads), which could act as a barrier towards chemicat
attack . We therelore proceeded (o heat treat a SIGC foam in air al 650°C, in order 1o remove
any residual € present. After etching of the oxidized foam. an increase of SSA (46 m'/g) was
mdeed observed. but not as signiflcant as one could have supposcd. Therelore, the reason for the
limited development of specific surlace area with ciching in our present experiments must he
elsewhere. At this stage of the investigation, we believe that a possible motivation could be
refated o the size of the silica nano-domains in our SIO0C ceramic; if they we wo small. this
would hinder the access of the etchant o the silica tetrahedra '*. Small Angle X-ray Scallering
experiment will have 0 be performed w clarify this issue. In Figure 32 and 3b are shown the
absorption-desorption isotherms, which indicate the presence of both micre-pores and meso-
pores, as well as the pore size distribution {or both the as-pyrolyzed and oxidized S10C eiched
foams, We can observe that most of the pores have o dimension below 10 nm. but the distribution
is very broad (slighty more so for the oxidized SIOC toam).
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Iig. 3. a) Absorption-desorption isotherms fur eched SiOC foam (as reecived and after oxidation
at 630°CY; by Pore size distribation.
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The lash strategy listed in Table 1 is the mixing of precursors with diftferent architeeiure
tpebv-silsesquioxanes typically possessing a cage-like structure or fincar poI\ -siloxanes). This is
another promising strategy for the generation of (maceo-jporous evramics [Tom precermic
polvmers ' Some preliminary work cenducted in our laboratory has shown that porous
structures ol various morphology can be produced depending on the composition of the starting
mixtore, As g tvpical example. in Figure 40 and 4b are shown SEM micrographs of a porous
ceramic oblained by mixing o silsesquioxane (MK resin) with a linear silicone (RTV 141). The
generation of porosity is due Lo the different behavior that the twoe palvmers have upon pyralvsis.
in lerms of weight loss, shrinkage and smount of gas generated (all much higher tor the siloxane
with a hincar structure than tor e stlicone resin, with a more complex structure). It can be seen
that i large amount of open porosity was generated in the sample, and that the specimen had quite
a complex morphology. Besides large pores of a few hundred microns in size. a large amount of
smalier. miccon-sized pores and cavities is present. At this stage of the investigation we do not
have any mformation relative o the amount of specifie surface area produced by tth mec-:smﬂ
method. but lirerature data indicate that relatively high S8A values could be achiey ed

Fig. 4. SEM micrograph of the fracture surface of a macro-porous ceramic obtiined by mixing
preceramic polymers with different charactertsties. a) general view: t higher maguification
detatl.

Finally, it is worth noting that in soenw current applications (e.p. Diesel particulate filters
with 2 wash-coat =", the ameent of $8A present in the component is typically well below 100
m'fg, so the requited targel value for high $SA in hiecarchical porosity ceramics should be
assessed depending on the application considered.

CONCLUSIONS

Using preceramic pelymers. in particular polysiloxancs. it 1s possible o fabricatle macro-
porous (micro- and macro-celiular) ceramics, Several strategics are avatlable {or adding to these
structures a high specific surface area (58A). thus creating ¢eranic components with hierarchical
porosity. Interrupting the pyrolysis process in the polymer-io-ceramic temperature range allows
to tetain the transient porosily in the malerial, but increasing pyrolysis emperature [eads to a
drastic reduction of the $8A. The addition of {micro- and meso-Jporous fillers scems a pood way
of retaining high S8A values at high pyrolysis temperature. 'The deposition of coalings possessing
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(micro- and meso-jpores is alse o viable roule o produce ceramic components with hierarchical
porosity, Infilication of the macro-porous ceramic components with acrogels is another possibility
warlh further exploring. Elching can also be used, but in the present experiments only a limited
increase in SSA was obsenved, possibly due to the intrinsic nature of the SiGC cerantic tested.
The mixing ol preceramic polvmers with ditlerent characteristics upon pyrolysis allows to
fabricate (macro-jporous ceramics with a varied pore morphalogy.
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