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Tailored Macroporous SiCN and SiC Structures for
High-Temperature Fuel Reforming**

By In-Kyung Sung, Christian, Michael Mitchell, Dong-Pyo Kim,* and Paul J. A. Kenis*

The catalytic reforming of hydrocarbons in a microreformer is an attractive approach to supply hydrogen to fuel cells while
avoiding storage and safety issues. High-surface-area catalyst supports must be stable above 800 °C to avoid catalyst coking;
however, many porous materials lose their high surface areas below 800 °C. This paper describes an approach to fabricate mac-
roporous silicon carbonitride (SiCN) and silicon carbide (SiC) monoliths with geometric surface areas of 10° to 10° m? per m®
that are stable up to 1200 °C. These structures are fabricated by capillary filling of packed beds of polystyrene or silica spheres
with low-viscosity preceramic polymers. Subsequent curing, pyrolysis, and removal of the spheres yielded SiCN and SiC
inverted beaded monoliths with a chemical composition and pore morphology that are stable in air at 1200 °C. Thus, these
structures are promising as catalyst supports for high-temperature fuel reforming.

1. Introduction

Porous solids with tailored pore characteristics have at-
tracted considerable attention because of their many potential
applications, including use as selective membranes,!) photonic
bandgap materials,!l and waveguides.m In addition, high-sur-
face-area porous solids are suitable as catalyst supportsm for
reactions such as the reforming of hydrocarbon fuels (e.g., die-
sel or JP-8) into hydrogen for use in portable power sources.
Performing heterogeneous catalytic reactions in porous struc-
tures at the microscale has certain advantages. Heat and mass
transfer fluxes are much larger at the microscale than those at
the macroscale, as a result of the shorter distances and the larg-
er surface-area-to-volume ratios.*>! Limitations in the heat
transfer rate to the reactants that typically reduce the operating
temperature, and therefore the reaction rate of endothermic
reactions (such as the steam reforming of hydrocarbons), at the
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macroscale are avoided by operating at the microscale. In fact,
microscale reactors with integrated heaters for steam reform-
ing of methanol have already been reported.'®’) Additionally,
the use of monolithic porous structures within microchannels is
preferred over the traditionally used packed particle beds.
Packed particles settle as a result of vibrations and shock that
are commonly encountered in portable devices. Flow of the
reactants is diverted around the particles, called channeling,
which reduces the conversion efficiency of the reaction.®! This
phenomenon is avoided when using a monolithic catalyst sup-
port.

The challenge in the fabrication of monolithic microscale
catalyst support structures for high-temperature fuel reforming
is to combine within one structure the following properties: i) a
high surface area per unit volume to reduce the required refor-
mer volume for a given conversion; ii) compatibility with high
temperatures, ideally 800 °C or higher, to avoid coking®!" of
the catalytic structure; and iii) an acceptable pressure drop.
The requirement of a high surface area per unit volume can be
met in a highly porous material with interconnected pores. Un-
fortunately, obtaining such porous structures that also fulfill
the pressure-drop and thermal-compatibility requirements has
proven to be difficult.

Many of the monolithic (i.e., non-particle-based) high-sur-
face-area porous materials reported to date are oxides pre-
pared by flame pyrolysis or sol-gel techniques,[”'lsl or carbon
molecular sieves with surface areas per unit volume of
10° m? per m® created from silica templates.'®'”! The poor sta-
bility of these materials, such as the hydrothermal instability of
mesoporous zeolites at temperatures approaching 800 ocli2l
and the complete combustion of carbon molecular sieves in air
at 500°C,'! however, makes them inappropriate for the re-
forming of hydrocarbon fuels. Others have fabricated porous
silica and titania structures with values of surface area per unit
volume of between 10° and 10 m? per m® around a template,
using either solid particles or supramolecular assemblies to
form the template.[3‘18’19] Unfortunately, all of these oxide ma-
terials lose their structural integrity below 800 °C, which limits
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their applicability for fuel reforming of higher hydrocarbons,
because higher temperatures are needed to eliminate coking.

In contrast, non-oxide materials, such as silicon nitride, are
more promising owing to their chemical and thermal stability
at higher temperatures (>800 °C). For example, Huppertz and
Schnick have synthesized nitridosilicates that have a zeolite-
analogous silicon nitride structure with 1 nm pores, a thermal
stability up to 1600 °C, and a surface area per unit volume val-
ue of the order of 10° m? per m® 201 This nanoporous structure,
because of its small pores, would lead to large, unsustainable
pressure drops within a reactor if used as a monolithic catalyst
support. Moreover, methods to increase the pore size in these
nitridosilicate structures,”” and thereby decrease the pressure
drop, are not (to the best of our knowledge) available.

Similarly, non-oxide materials such as silicon carbonitride
(SiCN) and silicon carbide (SiC) exhibit high thermal and
chemical stability, yet methods to obtain SiCN or SiC mono-
liths with tailored porous structures have not been reported to
date. Recently, we reported the fabrication of macroporous
SiCN and SiC as a powdery product using sacrificial tem-
plates.”'* Yang et al. have shown the fabrication of borosili-
con carbonitride microscale structures via replica molding;*"
others have fabricated microscale structures that are stable
over 1500 °C via photopolymerization of a liquid SiCN precur-
sor.?! Nanophase composites of SiC/Si;N,4 have been synthe-
sized by the carbothermal nitridation of silica, and the resulting
composite powder has been used to make nonporous parts with
excellent mechanical properties at temperatures as high as
1300 °C.P

Herein, we report the preparation of tailored, highly uniform
SiCN and SiC porous structures, and validate their capability
as catalyst support structures for high-temperature fuel reform-
ing. We will show that these SiCN and SiC microstructured ma-
terials satisfy all three key requirements for the reforming of
higher hydrocarbon fuels at the microscale: geometric surface
areas per unit volume of the order of 10° to 10° m* per m® for
pore diameters of 10 um to 50 nm, porous features that are
stable up to 1200°C, and pressure drops that are realistic in
magnitude for microscale systems.

2. Results and Discussion

Figure 1 shows the steps for fabricating the SiCN and SiC
structures reported herein. For the synthesis of these tailored
porous SiCN and SiC microchannel replicas, we adopted the
MIMIC method used previously for the synthesis of porous
oxide materials.”’! In short, a PDMS mold is placed onto a flat
surface, here a chrome-coated silicon wafer, forming channels
that are open at both ends. A solution containing either PS or
silica (SiO,) spheres is then allowed to flow slowly into the
channels from one end by capillary action. Once the solution
reaches the other end of the channel, the spheres begin to pack
and the packing continues towards the inlet end. Growth of
ordered domains of packed spheres occurs as the sphere solu-
tion flows toward the nucleation sites to replace the evaporated
solvent at the outlet end.””! After the packing process is com-
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Figure 1. Schematic of the micromolding in capillaries (MIMIC)-based
fabrication procedure as developed by Kim et al. [27] and applied here to
the synthesis of SiCN and SiC macroporous structures. A packed bed of
polystyrene (PS) spheres is formed inside a microfluidic channel (poly(di-
methylsiloxane); PDMS) by evaporation-driven self-assembly [27]. An in-
verted beaded ceramic structure is obtained after infiltration of the beaded
packed bed with a preceramic polymer, followed by curing and pyrolysis.

pleted, the solvent is removed completely, leaving behind a
sacrificial template consisting of a close-packed bed of
spheres.””) Next, for the formation of the SiCN or SiC struc-
tures reported herein, we filled the void spaces between the
spheres by capillary action with a preceramic polymer-based
liquid: KiON Ceraset polyvinylsilazane (PVS) or allylhydrido-
polycarbosilane (AHPCS), respectively. Owing to the sensitiv-
ity of the preceramic polymers to moisture and O,, the poly-
mers were handled inside a glove box in a dry nitrogen
atmosphere. The preceramic polymer, which also contained a
small amount of thermal initiator, was then cured at 70 °C for
12 h under a nitrogen atmosphere. This low curing temperature
enabled the use of a sacrificial template of packed PS spheres,
which have a glass-transition temperature around 100 °C.1%]
After removing the PDMS mold, the cured ceramic precursor
was pyrolyzed at 1200 °C for two hours under an argon atmo-
sphere. The PS spheres decomposed during the early stages of
the pyrolysis process, whereas the SiO, spheres were etched
away with a 10 vol.-% HF solution after pyrolysis. In both
cases, depending on the preceramic polymer used, PVS or
AHPCS, the result was a SiCN or SiC microchannel replica
monolith, respectively, with a tailored, inverted beaded, porous
structure. The higher void fraction (¢=0.74) of an inverted
beaded structure as opposed to a beaded structure (¢ =0.26) is
a key advantage, as it results in a pressure drop per unit length
about two orders of magnitude lower, as calculated using the
Ergun equation.!®!

Figure 2 shows scanning electron microscopy (SEM) images
taken at various fabrication stages of the inverted beaded SiCN
and SiC porous monoliths using packed beds of PS or SiO,
spheres as the sacrificial template. Highly ordered domains of
packed spheres were formed (Fig. 2a), which are essential for
obtaining the open, interconnected, porous structures required
for the envisioned continuous-flow microreactor application.
The quality of the resulting packed beds depends on the type
of spheres used, their polydispersity, and the solvent used in
the packing process. Packing of PS spheres from ethanol in-
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Figure 2. SEM micrographs showing the different stages of the fabrication
process. a) Packed beds of 1 um PS spheres in PDMS microchannels
(20 um x 8 um). b) Packed beds of 1 um PS spheres after infiltration with
PVS and curing inside a 40 um x 8 um microchannel. ¢) SiCN microchan-
nel replica and its three-dimensionally interconnected pore structure com-
prising 1T um pores (magnified image on the right) formed by pyrolysis.
d,e) Porous SiC monoliths with 1.5 um and 40-50 nm pores, respectively,
after pyrolysis and subsequent removal of the sacrificial SiO, spheres by
etching with 10 % HF solution.

stead of water resulted in less-ordered structures, owing to the
faster evaporation rate of ethanol. Additionally, quicker, pres-
sure-assisted filling of the channel led to less-ordered packing,
as expected. In general, the packing quality of SiO, spheres
was lower than that of PS spheres because of the more rapid
settling rates of the denser SiO, spheres.

Figure 2b shows a microchannel replica structure after infil-
tration of the void spaces between the PS spheres with the pre-
ceramic polymer PVS, followed by thermal curing. The void
spaces within the sacrificial beaded template are essentially
filled. When using packed beds of PS spheres as the sacrificial
template, the spheres started to decompose at 300 °C during
the pyrolysis step, leaving behind open, interconnected pores.
After pyrolysis, a 1 mm long, crack-free SiCN microchannel
replica with 1 um uniform pores interconnected by 150-
200 nm windows was obtained (Fig.2c). Although the PS
spheres are spherical, the resulting pores in the microstructure
are elliptical and elongated in the channel flow direction. We
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attribute this distortion to higher stresses in the direction per-
pendicular to the channel walls. When we filled a channel with
only preceramic polymer, a ceramic “rod” with many cracks
was obtained after curing and pyrolysis, as a result of the ex-
pected 30 % shrinkage.””) The spheres may, therefore, serve as
a structural support during the early stages of pyrolysis by ab-
sorbing some of the shrinkage stresses. The lateral shrinkage
observed within the porous structures further supports this ex-
planation.

Figures 2d,e show SiC microchannel replicas with intercon-
nected pores, as obtained using packed beds of 1.5 ym and
40-50 nm SiO, spheres, respectively, as the sacrificial template.
The open, interconnected pores were obtained after etching in
HF. Cracks are observed, however, in the microchannel replica
structure due to excessive stresses between the harder, less
compliant SiO, spheres and the ceramic precursor during the
early stages of pyrolysis. The lower uniformity of the porous
structure shown in Figure 2e can be explained by the larger dis-
persity (40-50 nm) of the SiO, spheres used, leading to packed
beds with less-perfect packing.

Forming packed beds of PS or SiO; spheres by sedimenta-
tion of spheres from a solution in a PDMS tube, here =7 mm
in diameter and =35 mm in height, provides a route to larger
macroporous SiCN and SiC structures. After settling of the
spheres, the top layer of water was removed and more sphere
solution was added and allowed to settle. After packing of the
spheres was completed, the same procedure as described above
was followed for drying, infiltration, curing, and pyrolysis, to
obtain cylindrical-shaped SiCN and SiC porous structures. This
sedimentation approach, however, can lead to poorly packed
beds compared to those obtained by the MIMIC-based packing
procedure.

NMR spectroscopy and X-ray diffraction (XRD) were used
to study the chemical and structural changes occurring during
the conversion of the preceramic polymers to the ceramic
products. Figures 3a,b show the *C NMR and *’Si NMR spec-
tra, respectively, for the PVS-derived ceramic as a function of
pyrolysis temperature under a nitrogen atmosphere. When the
samples were pyrolyzed at 950 °C or higher, the peaks in the
13C NMR spectrum between —1 and 5 ppm (corresponding to
the aliphatic carbons in the precursor), as well as the peaks be-
tween 132 and 142 ppm (corresponding to the vinyl carbons in
the precursor) disappeared. A new, broad peak at =112 ppm
represents an amorphous, graphite-like carbon phase in the
amorphous ceramic. The *’Si NMR spectrum shows shifting
and broadening of the peak in the sample after pyrolysis at
950 °C, indicating that amorphous SiCN is being formed. The
broad peak is due to the range of environments that the silicon
atoms are in, depending on the number of bonds they have to
carbon and nitrogen atoms. A lack of peaks in the XRD pat-
tern for the pyrolyzed PVS (Fig. 4a) indicates the formation of
an amorphous product after pyrolysis above 950 °C.

Figures 3c,d show the *C and °Si MAS NMR spectra, re-
spectively, for the AHPCS-derived ceramic as a function of
pyrolysis temperature under a nitrogen atmosphere. As the
pyrolysis temperature was increased, the two peaks in both
spectra of the precursor became one broad peak, indicating the
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phous SiC forms B-SiC crystallites, and at v
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400°C s 20.C crystalline phase with -SiC, a-Si;Ny, and
e . . [29,30]
Polymerd 400 °C p-SizNy in a nltrogen. atmosphere.
These crystalline materials are all stable

180 160 140 120 100 80 60 40 20 o0 -20 0 25 0 '255 [sgmi” 100 125 1150 yp to 1800°C in air and up to 2000°C in

6 [ppm] inert atmospheres, making them ideal for
high-temperature applications.”! In sum-
mary, the XRD and NMR data show that
the macroporous structures are composed

of amorphous SiCN and SiC, unless

‘____A 1400°C heated to 1400 °C or above.

Next, we studied the chemical and phys-
950.°C . ical stability of the SiCN and SiC porous
._/\/\—»_.50.0& structures at high temperatures in an oxi-
600.°C. . . .

dative, rather than an inert, environment.

400 °C . J\ / \ A 400.°C From thermogravimetric analysis (TGA;
200 175 150 125 100 75 50 25 0 -25 50 g 25 o 25 50 75 00 125 150  SC€€ Supporting Information) up to 950 °C
J [ppm] 8 [ppm] (the limit of TGA apparatus) in air, we

determined that the pyrolyzed SiCN and

Figure 3. NMR spectra of the polymeric precursors pyrolyzed at different temperatures underanitro-  SjC structures did not experience any sig-

gen atmosphere: a) '>C NMR spectra; b) °Si NMR spectra for PVS-derived samples. c¢) *C magic
angle spinning (MAS) NMR spectra; d) *°Si MAS NMR spectra for AHPCS-derived samples.

d AHPCS — SiC 2gj

c AHPCS — SiC 3¢

nificant weight change: =0.09 wt.-% gain
and =0.07 wt.-% loss, respectively. In
addition, we compared the composition
and morphology of both SiCN and SiC

700 samples that were just prepared by pyrolysis under an argon
';:'500 a SiCN atmosphere, and after subsequent exposure to air at 1200 °C
&igg for 6 h. X-ray photoelectron spectroscopy (XPS) was used to
0 T N ——— 1400 °C determine the chemical composition, that is, the fraction of
§ 200 o silicon present as carbide, nitride, oxide, and oxycarbide, of
£ 100 M the SiCN and SiC porous structures. Comparison of the XPS

% 20 30 40 s 60 70 80 analyses of structures “before” and “after” thermal treatment

20 [degrees] in air showed that the oxide content did not increase (Table 1),

— 800 - which indicates that the chemical composition of these struc-
g Zgg: b Sic tures is thermally stable up to at least 1200 °C in an oxidative
‘>, 5001 environment. In addition, the morphology of the pores in the

= 4007 o . . .
@ 300-M macroporous SiCN and SiC structures was studied by SEM.
g fgg:w SEM micrographs showed that the morphology of both SiCN

0+ y T T T T r and SiC structures did not change upon heating at 1200 °C for
10 20 30 40 50 60 70 80 R, .

26 [degrees] 6 h in air (Fig. .5). I.n both s.'flmples, ordere.d pores intercon-

nected with their neighbors via =200 nm windows can be ob-

Figure 4. XRD patterns of a) SiCN and b) SiC bulk samples pyrolyzed at
different temperatures under a nitrogen atmosphere.
Table 1. Chemical composition of SiCN and SiC porous structures before
and after heat treatment at 1200°C for 6 h under an air atmosphere, as
. . obtained from the XPS spectra.
formation of amorphous SiC from the AHPCS precursor.

When the material was heated to 1400 °C, the single peak be-

Chemical SiCN SiC
came narrower, owing to the formation of (-SiC crystallites.  species Before heat After heat Before heat After heat
XRD of the AHPCS-derived ceramics supports this (Fig. 4b). treatment [%]  treatment [%]  treatment [%] treatment [%)]
Pyrolysis at 950 °C resulted in an amorphous material, while  sic 19.0+ 7.1 162425 88.1+2.6 872413
the narrowing of a peak at 20 =35.6° for pyrolysis at 1400°Cin-  SisN, 60.5+10.4 65.6£2.1 - -
dicates the existence of crystalline phases suspended in an  SiOC 151+ 37 12.7£3.3 106+2.3 19415
SiO, 54+ 18 55+1.4 13+04 0.9+0.2

amorphous matrix. The results are consistent with reports that
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Figure 5. SEM micrographs of a) SiCN and b) SiC porous structures after
heating at 1200°C for 6 h in air. The little bits of debris on the surface of
the porous structures are due to the cutting of the samples before SEM
analysis.

served. TGA, XPS, and SEM data thus confirm that the macro-
porous SiCN and SiC structures reported herein are physically
and chemically stable in air, at temperatures as high as 1200 °C.

The difference in packing quality between the structures
shown in Figure 5 is a result of the poor control over packing
quality when using the hard-to-control sedimentation method.
In other experiments (Fig. 2¢), highly ordered SiCN structures
were obtained from beds of PS spheres with a much higher
packing quality when prepared by the MIMIC-based packing
procedure. At this point, it is also important to note that the
morphological stability of these structures at high temperatures
depends highly on their chemical composition. The pore mor-
phology of samples that were not carefully kept in an inert and
dry atmosphere during processing did undergo morphological
changes upon heating: the inverted beaded structures started
to collapse, interconnecting windows closed up, walls thick-
ened, and amorphous regions appeared. XPS analysis con-
firmed that these structures contained large amounts of oxides,
which led to sintering of the porous features. Maintaining dry
and oxygen-free conditions during processing is thus key in
obtaining morphologically stable macroporous SiCN and SiC
structures, such as those shown in Figure 5.

The previous discussion shows that the macroporous SiCN
and SiC structures fulfill the high-thermal-stability require-
ments for application as a catalyst support in fuel reforming.
The second requirement of high surface area is also fulfilled:
the geometric surface areas per unit volume are of the order of
10° to 10° m®perm® for pore diameters of 10 um to 50 nm.
Owing to nanoscale surface roughness, the actual surface areas
of porous structures are expected to be higher, as we have
previously shown experimentally.”>*! The porous structures
reported herein are presently too small to obtain a reliable val-
ue for the surface area using the Brunauer—-Emmett-Teller
(BET) method.

The last requirement—having a reasonable pressure drop,
i.e., one that does not lead to material failure—can also be
met: a pressure drop of only 0.008 atm (1 atm~10° Pa) was
calculated for a 2 mm tall cylindrical SiCN or SiC monolith
with a diameter of 7 mm and 10 pm pores using the Ergun
equation,[sl while assuming temperature, 7=500 °C, and a flow
rate of 40 sccm NHj3 at 1 atm, the conditions of our ammonia
decomposition experiments described below. Reducing the
pore size to 1 um would lead to a pressure drop of only
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0.5 atm. The pressure drop for these highly porous, inverted
beaded SiCN and SiC structures is thus easily within limits that
can be sustained within ceramic microstructures. Moreover, in-
verted beaded macroporous SiCN and SiC monoliths with pore
diameters between 10 um and 50 nm have pressure drops that
are 10° to 10° times less than those for the zeolite-analogous
nitridosilicate structure described earlier.*"!

After establishing that the SiCN and SiC porous structures
fulfill all three key requirements for use as a catalyst support
for fuel reforming, we tested them. Ruthenium was deposited
on 7 mm cylindrical monoliths of porous SiCN and SiC via wet
impregnation using a ruthenium(m) acetylacetonate solu-
tion,*?! followed by calcination and reduction in hydrogen to
convert the ruthenium to the metallic form. We confirmed the
presence of ruthenium on the macroporous structures both on
the outer surface as well as in their interior (fracture profile)
by XPS analysis. As the catalyst-loading procedure was not op-
timized, the atomic concentration of ruthenium on the outer
surface of the cylindrical monoliths was about 40 times higher
than that on the interior surface of the monoliths. To demon-
strate the use of these monoliths as catalyst supports, the cylin-
drical SiCN and SiC porous structures were incorporated with-
in a stainless steel housing and the decomposition of NH; was
carried out at temperatures up to 500 °C. Figure 6 shows the
conversion of NHj as a function of flow rate for temperatures
between 350 and 500 °C. The solid lines in the graph fit the

0.4
=350 °C
® 400 °C

0.3 4 A 450 °C

.g m 500 °C

4

$ 0.2

<

]

o

>
0 &

0 10 20 30 40 50
NH; flowrate (sccm)

Figure 6. Graph showing the conversion of NHj3 as a function of NH; flow
rate for different temperatures using a SiC porous structure as a catalyst
support. The conversion of NH; was measured in 50 °C increments, from
350 to 500°C (the temperature limit of the present testing setup). The
NH; flow rates of 10 to 40 sccm correspond to residence times of 120 to
30 ms. The data obtained at 350 and 400 °C overlap.

conversion data assuming plug flow, constant temperature, no
pressure drop, and first-order kinetics with respect to NHj. As
expected, conversion increases with longer residence times
(lower flow rates) and with increasing temperature. These ex-
periments were limited to 500°C because stainless steel is
known to catalyze NH; decomposition at higher tempera-
tures,”® making it difficult to separate the conversion due to

Adv. Funct. Mater. 2005, 15, 1336-1342
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steel catalysis from the overall conversion. Once these porous
SiCN and SiC catalyst support structures are integrated within
high-temperature-stable housings, conversion data for fuel re-
forming at temperatures as high as 1200 °C can be obtained.
The generation of hydrogen is expected to be much higher at
higher temperatures, owing to faster reaction kinetics and high-
er equilibrium conversion, and lower residence times will be
needed to attain complete conversion using SiCN or SiC po-
rous structures. This work is ongoing.

3. Conclusion

For the first time, ceramic monoliths consisting of highly in-
terconnected inverted beaded networks of uniform pores with
diameters of 50 nm to 10 um were obtained in the non-oxide
materials of SiCN and SiC. The overall dimensions of these
monoliths can be precisely tailored by the dimensions of the
PDMS mold used; the pore size can be tailored independently
by the bead size used within the packed beds that serve as the
sacrificial template. The resulting macroporous SiCN and SiC
structures retain both their chemical compositions and pore
morphologies, even after exposure to an oxidative environment
at 1200 °C for 6 h, as shown by XPS (Table 1) and SEM (Fig. 5)
data. The structures are thus compatible with operation at tem-
peratures above 800 °C, the temperature above which coking
does not occur during the reforming of hydrocarbon fuels.

The crack-free, porous monoliths made of SiCN or SiC fulfill
all three key requirements of catalyst supports for hydrocarbon
reforming: a high surface area per unit volume is obtained
through an interconnected network of uniform pores of nano-
meter to micrometer dimensions; compatibility with tempera-
tures above 800 °C is achieved by using the thermally stable
non-oxide materials of SiCN and SiC; and a low pressure drop
while maintaining a high surface area is obtained by having an
inverted beaded bed structure to form the network of intercon-
nected pores with a porosity exceeding 0.7. Using the inverted
beaded bed structure also eliminates channeling problems that
occur with packed particle beds. The problem of coking of the
catalyst while reforming higher hydrocarbons below 800 oc 101
which to date has held back the development of microscale
devices for the reforming of higher hydrocarbons, is expected
to be eliminated by the use of these SiCN and SiC porous cata-
lyst support structures, which are compatible with tempera-
tures above 800 °C. These novel porous materials thus show
great promise for microreactors for the on-demand reforming
of higher hydrocarbons such as diesel and JP-8 into hydrogen
for portable power sources. Currently, we are working to
integrate these structures within a non-porous ceramic housing,
enabling us to reform fuels at high temperatures.

4. Experimental

Microchannel Structures: PDMS molds with microchannel structures
were produced by replica molding of a master obtained through photo-
lithography, as described previously [34].

Adv. Funct. Mater. 2005, 15, 1336-1342
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Creating Packed Beds of Beads: Solutions of PS spheres (0.06 to
10 um in diameter; Polysciences) were obtained by mixing the PS bead
solution (1 mL) with surfactant (0.1 mL, 5 wt.-%; Pluronic P123,
BASF) in deionized water. Solutions of SiO, spheres (1.5 and 0.5 um
in diameter) were prepared by adding of spheres (3 g; Lancaster) to
ethanol (10 mL ), followed by sonication for 40 min (Branson 3510).
Solutions of nanometer-sized spheres (Snowtex S0L, 20L, and ZL, with
diameters of 20-30 nm, 40-50 nm, and 70-100 nm, respectively) were
used as received. A drop of a PS- or silica-sphere solution (5-10 pL)
was placed at one end of the channels of different dimensions (20—
80 um wide, 2-8 um high, and 5-7 mm long), and left for 12 h to com-
plete the packing process [27].

Creating Inverted Beaded Structures of SiCN and SiC: The SiCN and
SiC precursor solutions consisted of 3-5 wt.-% of the thermal initiator
1,1-bis(tert-butylperoxy)-3,3,5-trimethylcyclohexane (92 %, Aldrich) in
polyvinylsilazane (KiON Ceraset VL20, KiON Corporation), or in
allylhydridopolycarbosilane (SP matrix, Starfire Systems), respectively.
In some cases, the viscosity of the SP matrix mixture was lowered by di-
lution with tetrahydrofuran (THF) to facilitate infiltration. Infiltration
of the packed beds of spheres with the precursor mixtures and curing
of the mixtures was carried out in a glove box under a nitrogen atmo-
sphere. After curing at 70°C for 12 h, the PDMS mold was peeled
away or removed by dissolution in tetrabutylammonium fluoride
(1.0 M; TBAF) in THF for 20 min. Pyrolysis was carried out in a tube
furnace (HTF5500 Series, Lindberg/Blue M) under an argon atmo-
sphere by heating at 2°Cmin™" to 1200°C and holding at 1200 °C for
2 h. Alternatively, packed beds were created by sedimentation of
spheres within a PDMS tube (inner diameter 7 mm), followed by the
same infiltration, curing, and pyrolysis steps as discussed above.

Structure Characterization: *C and *Si NMR measurements were car-
ried out using a Bruker DMX600; *C and ?Si MAS NMR experiments
were performed on an FT Wide Bore (600 MHz) Unityl NOVA600 in-
strument. The pyrolyzed specimens were characterized by powder X-ray
diffraction (Rigaku Miniflex) using Cu Ka radiation. TGA (TGA?7, Per-
kin-Elmer) was performed by heating at 5 °C min™" to 950 °C and holding
at 950 °C for 30 min in air. The thermal stability of the porous structures
was determined by heating the samples in a tube furnace (HTF5500 Se-
ries, Lindberg/Blue M) at 1200 °C for 6 h in air. XPS analysis was carried
out using a PHI 5400 XPS (Physical Electronics) with an Mg Ko X-ray
source. SEM micrographs were taken using either a Hitachi S-4700 or a
JEOL 6060-LV scanning electron microscope.

Catalyst Deposition: The ruthenium catalyst was deposited on the
SiC porous structure by impregnation with 0.96 wt.-% ruthenium(tr)
acetylacetonate (97 %, Aldrich) in 2,4-pentanedione (99+%, Aldrich)
[32]. After drying, the structure was calcined in air at 580 °C in the tube
furnace for 3 h. The structure was then mounted inside a stainless-steel
holder using ceramic binder (Ceramabond 569, Aremco) and placed
within a stainless-steel test fixture in the tube furnace. The catalyst was
then reduced using 10 % H, in argon at 500 °C for 5 h. Reactants and
products were led into and out of the test fixture through stainless steel
tubing attached with Swagelok connections.

Fuel Reforming Tests: The flow of NH; (anhydrous, Matheson Gas
Products) through the porous structure inside the test fixture was con-
trolled using a mass flow controller (1479A MassFlo Controller, MKS
Instruments), while the temperature of the test fixture with mounted
porous structure was controlled inside the tube furnace. Gas chroma-
tography/mass spectrometry (TRACE DSQ Single Quadrupole GC/
MS, Thermo Finnigan) was used to measure the conversion of NHj3 into
N, and H,. For each flow rate of NHj3, the conversion data was taken
after increasing the temperature of the furnace from 350 to 500 °C in
50°C increments. The average conversion and its standard deviation
were obtained from at least three measurements after steady-state op-
eration was reached.
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