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A molybdenum-containing preceramic polymer, MoPMS, was synthesized for the first time by HCl
elimination of polymethylsilane (PMS) and MoCl5 at room temperature in tetrahydrofuran. The
insoluble MoPMS prepared was embedded into the void spaces of a silica colloidal crystal template
within the pot life of the polymer and successfully transformed to a three-dimensionally long-range-
ordered macroporous SiC–MoSi2 ceramic after pyrolysis at 1400 ◦C in an argon atmosphere followed
by template removal in HF. The bead-inverse macroporous SiC–MoSi2 ceramic, with a ceramic
yield of about 88%, exhibits high temperature stability, high BET surface area, and semiconducting
behavior. In addition, the macroporous SiC–MoSi2 ceramic was used as a catalyst carrier for
platinum–ruthenium coated on the surface of the pores. The preceramic polymer and the ceramic
were characterized by IR, thermogravimetric analysis, X-ray diffraction, scanning and transmission
electron microscopy, and BET surface area. Copyright  2005 John Wiley & Sons, Ltd.
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INTRODUCTION

Non-oxide ceramics, such as SiC and Si3N4, have attracted
considerable interest in recent years, owing to their high
strength and high temperature resistance.1 – 4 Since the
pioneering work of Verbeek and Winter5 and Yajima
et al.6 in the mid 1970s, polymer-based methods used to
fabricate these non-oxide ceramics have been paid more
attention compared with traditional grinding methods,7

and many kinds of precursor, such as polycarbosilanes,
polysilazanes, polyborazines, and polysilylenemethylenes,
have been synthesized and converted to desired shapes,
including fibers, films, monoliths and porous structures
after pyrolysis.8 – 10 The advantages of the polymer-based
methods, such as their intrinsic homogeneity on an atomic
level and low processing temperatures,11 stimulate the
development of analogous metal-containing preceramic

*Correspondence to: Hao Wang, Key Lab of Ceramic and Fiber
Composites, National University of Defense Technology, Changsha
410073, People’s Republic of China.
E-mail: whlucky2002@hotmail.com
Contract/grant sponsor: National Research Lab; Contract/grant
number: M10400000061-04J0000-06110.
Contract/grant sponsor: Chinese Natural Science Fund; Con-
tract/grant number: 59972042.

polymers in preparing functional solid-state materials that
possess interesting electrical, magnetic and optical properties
in addition to desired mechanical characteristics.12

Ishikawa et al.13 synthesized an aluminum-containing
polymer, polyaluminocarbosilane, and converted it to
Si–Al–C–O ceramic fiber that exhibited extraordinary ther-
mal and mechanical stabilities even up to 2200 ◦C. Manners
and coworkers7,12 synthesized an ion-containing polymer,
polyferrocenylsilane, which was then converted to mag-
netic ceramics with porous or patterned morphologies.
Yajima et al.14 prepared titanium-modified polycarbosilane,
poly(titanocarbosilane), and converted it to SiC–TiC compos-
ites. Kriventsov and coworkers15,16 synthesized Zr-modified
polycarbosilane and converted to SiC/ZiSi2 composites. In
addition, many groups have also reported the synthesis of
zirconium- or titanium-containing polymers that displayed
an enhanced electrical conductivity or unique magnetic
behavior.17,18 However, there have been few reports about
molybdenum-containing non-oxide ceramics from polymeric
routes, although it is well known that SiC–MoSi2 compos-
ites can be used as high-temperature structural materials and
heating elements owing to their many novel properties, such
as high creep resistance, high oxidation resistance at ele-
vated temperature, high heat conductivity and high electrical
conductivity.19 – 21
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It is obvious that the metal-containing polymers have
more versatile processibility, compared with the conven-
tional powder processing technologies that are commonly
used to produce large particles with simple designs.7,11

However, an improved approach with higher precision
formability is being demanded for newly emerging appli-
cations for electrically conductive components or small,
precision parts with complex geometries, e.g. micro-
electrodes, microsensors or micromechanical and elec-
tronic devices. As an example, porous materials, such
as porous carbon,22 polymer23,24 and ceramics,25 – 27 have
been successfully fabricated from the sacrificial template
method. Thus, one may anticipate that electrically resistive
ceramic filters or membranes could be prepared by infil-
trating with viscous precursors into sacrificial templates,
which combine self-cleaning functions with high tempera-
ture stability.

In this paper we report on the synthesis of a high molec-
ular weight molymer-containing preceramic polymer as a
precursor to SiC–MoSi2 ceramics, by reacting MoCl5 with
polymethylsilane (PMS) in tetrahydrofuran (THF) at room
temperature. We also describe the processing of three-
dimensionally ordered macroporous (3DOM) SiC–MoSi2

composites that exhibit semiconducting behavior by embed-
ding the developed polymer into colloidal crystal silica arrays
as sacrificial templates, followed by pyrolysis at 1400 ◦C in an
argon atmosphere and HF etching steps.

EXPERIMENTAL

Preparation of silica microspheres
The silica spheres were synthesized by a sol–gel reaction
using a previously reported procedure.22 Tetraethyl orthosil-
icate (TEOS, 98%, Aldrich), used as silicon source, was
reacted in a mixture of anhydrous ethanol (99.9%, Aldrich),
distilled water and ammonia hydroxide (25.0–28.0%, Ori-
ental Chem. Ind.). The size range of the silica spheres was
100–700 nm, controlled by adjusting the concentration of
TEOS, the reaction temperature (25–60 ◦C) and the concen-
tration of ammonium hydroxide (20–130 ml). The colloidal
silica prepared was then washed with ethanol (three to five
times with 200 ml each) to remove impurities and then dried
at 70 ◦C for 7–8 h.

Preparation of three-dimensionally ordered
template from silica microspheres
To make close-packed silica templates, the silica microspheres
(50 wt%) were redispersed in the absolute alcohol by
ultrasonication for 10 min. The prepared solution was then
held still for 3 h to deposit the aggregated particles that were
subsequently peeled out.

The suspended spheres precipitated very slowly by natural
sedimentation to form a three-dimensional ordered layer in a
clean vial. After decanting the upper alcohol with a syringe,
the silica deposit layer was dried at room temperature and

then at 120 ◦C for 1 day to remove moisture on the surface.25

All reagents were used directly without further purification.

Synthesis of PMS
Sodium was first cut in to fine particles (<2 mm) in
dried THF in a glove bag filled with dry nitrogen. PMS,
[–SiH(CH3)–]n, was synthesized via polycondensation of
52 ml of dichloromethylsilane (99%, Aldrich) and 23 g of
cut sodium in 500 ml of THF/n-hexane (1 : 6) under dry
nitrogen.25 After 18 h, the synthesized polymer solution was
transferred into a round-bottom flask in a vacuum through
a cannula equipped with a filter tip. Oily white PMS was
obtained with a yield of about 50% after evaporating the
solvent. As PMS is flammable in air, it should be kept in an
inert atmosphere.

Synthesis of MoPMS for SiC–MoSi2 ceramic
Solutions (30 wt%) of PMS and MoCl5 (99%, Aldrich) were
prepared in anhydrous THF (99.9%, Aldrich) dried over
sodium separately, and were mixed at room temperature
to adjust the amount of MoCl5 in PMS to 5 wt%, 10 wt%, 15
wt% and 25 wt%, identified hereafter as MoPMS5, MoPMS10,
MoPMS15 and MoPMS25 respectively. After evaporation of
the solvent, dark-brown MoPMS polymers were obtained
that are no longer soluble. As PMS and MoCl5 are air and
moisture sensitive, all the processes were carried out under a
nitrogen atmosphere.

Fabrication of macroporous SiC–MoSi2
First, an as-mixed MoPMS solution containing 10 wt% MoCl5

was infiltrated into the close-packed three-dimensionally
ordered silica template within the pot life (48 h) of the
precursor solution. The MoPMS embedded template was then
vacuum dried and cured at 160 ◦C for 6 h to consolidate the
infiltrated phase. In the pyrolysis step, the polymer–template
composites were heat-treated in argon at 1 ◦C min−1 to 300 ◦C,
held for 3 h, then heated to 1400 ◦C at 2 ◦C min−1 and held for
30 min. The resulting ceramic–silica composites were dipped
into 20% aqueous HF for 6 h to etch out the silica template.
The resulting 3DOM SiC–MoSi2 ceramic was then extensively
washing with distilled water until a neutral pH was attained.
The samples were air dried in an oven at 110 ◦C overnight.

Preparation of platinum–ruthenium by
borohydride reduction
In order to deposit catalysts on the inner wall of the
macroporous SiC–MoSi2, the resulting porous sample was
dipped into a RuCl3 and H2PtCl6 aqueous solution with a
platinum/ruthenium: H2O mole ratio of 1 : 20. After soaking
for 3 h, a 1 M NaBH4 solution in distilled water was added
dropwise into the solution and allowed to react for 6 h.
The mixture was then filtered and washed with distilled
water. Then, platinum–ruthenium-supported macroporous
SiC–MoSi2 was finally achieved after air drying in an oven at
110 ◦C overnight.
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Characterization
The structural changes of the polymer were analyzed with
IR spectroscopy (Nicolet-360), 13C and 29Si solid state NMR
spectroscopy (DSX600, Bruker). The morphologies of the
porous samples were examined using scanning electron
microscopy (SEM) (LEO1455VP) and transmission electron
microscopy (TEM; EM912 Omega). Powder X-ray diffraction
(XRD; Siemens D5000, Cu Kα) was performed to determine
the crystalline phases and structures of the ceramics.
Thermogravimetric analysis (TGA; TA Instrument 2950) was
performed at 10 ◦C min−1 to 1000 ◦C in air. BET surface
areas were determined by nitrogen adsorption–desorption
isotherms (ASAP 2400, Micromeritics).

RESULTS AND DISCUSSION

It is well known that PMS produced by sodium dehalocou-
pling of MeHSiCl2 is a soluble preceramic polymer with a low
molecular weight (Mw = 1218, Mn = 578) and a low ceramic
yield of 43%; furthermore, on heating, it converts to SiC with
excess silicon. As the PMS is mixed with MoCl5 in THF at
room temperature, HCl is released in an exothermic reaction.
In addition, the liquid mixture gradually turns to a dark gel
after 30–100 h and finally becomes a fragile solid after 1 week
even at room temperature. It is generally observed that the gel
time becomes shorter with increasing amounts of MoCl5 and
the use of hydrophilic solvents. As summarized in Table 1,
the insoluble products obtained show significantly improved
ceramic yields, possibly due to enhanced curing of the precur-
sor by MoCl5. MoPMS10 prepared with 10% MoCl5 showed
the highest ceramic yield (about 88%), whereas MoPMS with
>10% MoCls evolved SiClx or MoCl5 by evaporation at higher
temperature, resulting in decreased ceramic yields. Thus, it
became important to investigate the curing reaction chemistry
of these mixtures.

From IR spectroscopy (shown in Fig. 1), one can observe
ν(Si–H) peaks at 2100 and 930 cm−1 and ν(Si–C) at 1250 cm−1

in PMS decrease with increasing amounts of MoCl5. In
addition to the self-curing of PMS (Eqns (1) and (2)), it is
most likely that reactions between Si–H or Si–CH3 and
Mo–Cl bonds are involved with HCl elimination to form
Si–Mo (Eqn (3)), which promoted the curing degree of PMS

and resulted in insoluble products.

Si–H + H–Si + MoCl5 −−−→ Si–Si + MoCl3

+ 2HCl (g) (1)

Si–H + Si–CH3 + MoCl5 −−−→ Si–CH2 –Si

+ MoCl3 + 2HCl (g) (2)

Si–H + MoCl5 −−−→ Si–MoCl4

+ HCl (g) (3)

In the 29Si NMR spectrum shown in Fig. 2a, PMS displays
a broad peak at around −70 ppm, which corresponds
to the overlap of Si–(MeSiH)–Si (−45 to −55 ppm) and
Si–(MeSi) Si2 (−60 to −75 ppm) in the polymer chain,
and the small peak at −35 ppm is assigned to the terminal
Si–(MeSiH)H and Si–(MeSiH)Cl.28

When PMS reacts with MoCl5, the two signals observed at
around −70 ppm and −35 ppm are broadened, which likely
originate from increases in the numbers of Si–(MeSi) Si2

(shown in Eqn (1)) and the two kinds of terminal groups
respectively. In addition, two smaller peaks at 0 to −20 ppm
appear. There are two possible assignments: (1) one is very
likely to be Si–Mo (shown in Eqn (3)), although this needs
to be proved further; (2) or the other could be Si2 –Si–C2

units formed from the further crosslinked products shown
in Eqn (2). In the case of the 13C NMR spectra shown in

Figure 1. IR spectra of the various polymeric precursors.

Table 1. The gel time at room temperature in nitrogen and ceramic yield at 1400 ◦C in argon of the cured insoluble polymeric
MoPMS precursors

PMS MoPMS5 MoPMS10 MoPMS15 MoPMS25

Mo/Si (atom ratio) 0 0.008 0.018 0.028 0.054
Gel timea (h) >10 000 100 48 40 30
Ceramic yieldb (%) 43.0 78.1 87.0 68.7 57.4

a Time to become the gel phase right after mixing.
b Ceramic residue when pyrolyzed up to 1400 ◦C.
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Figure 2. (a) 29Si NMR and (b) 13C NMR spectra of the polymers obtained (solid NMR was performed on MoPMS25 and MoPMS10;
liquid NMR was performed on the PMS sample).

Fig. 2b, the signal around −10 ppm is assigned to Si–CH3;29

however, small and broadened signals at 2 and 8 ppm
appeared for the MoPMS products, which may be assigned
as CH3 –Si–Mo or Si–CH2 –Si, although these assignments
need further proof. In addition, the reactivity of Si–H with
metal chlorides was also reported by Kriventsov’s group,
who successfully synthesized titanium- and zirconium-
containing polycarbosilane (PCS) from reactions of Si–H
bonds in PCS with TiCl4 and ZrCl4 respectively.15,16 From
the above analysis, it is clear that MoCl5 could also further
dehydrocoupled addition to crosslinking of PMS and hence
increase the ceramic yield.

Figure 3 shows powder XRD patterns of the pyrolyzed
(1400 ◦C) samples of PMS and MoPMS10. The PMS-derived
ceramic sample displays four peaks at 28.5◦, 36◦, 61◦ and
72◦ (Fig. 4a), which are assigned to free silicon, β-SiC (111),
β-SiC (220) and β-SiC (311) respectively.30 In the diffraction
pattern of MoPMS10 (Fig. 4b), some Mo–Si phases appear
accompanied with the SiC matrix with no free silicon. It
is reasonable to assume that the excess silicon reacts with
molybdenum to form MoSi2 with a minor Mo5Si3 phase
at high temperature.21 In addition, it should be noted that
MoPMS10-derived SiC–MoSi2 ceramic exhibits a higher
degree of crystallinity than that of PMS-derived SiC ceramic,
which implies that introduction of molybdenum contributes
to the crystallization of the porous SiC matrix.

The solution of preceramic polymer MoPMS10, which gives
the highest ceramic yield after drying, curing and pyrolysis
(Table 1), was used to infiltrate and fill the void spaces within
the template consisting of a three-dimensionally ordered
crystalline array of silica spheres within the pot life (48 h).
After pyrolysis at 1400 ◦C and subsequent removal of the
silica template, sphere-inversed 3DOM ceramic structures

Figure 3. Powder XRD patterns of (a) PMS-derived and
(b) MOPMS10-derived ceramics, pyrolyzed at 1400 ◦C in argon.

were produced. Fig. 4a–c) shows three representative SEM
images of various pore-size samples with flat plane or deep-
seated structures. It is generally observed that highly ordered
and interconnected ‘honeycomb’ pore structures are obtained
by replicating the long-range and three-dimensionally close-
packed silica template.

The 3DOM structures of the resulting porous ceramics
with different pore sizes were further characterized by
TEM and are shown in Fig. 5. In each image in Fig. 5

Copyright  2005 John Wiley & Sons, Ltd. Appl. Organometal. Chem. 2005; 19: 742–749
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(a)

(c)

(b)

(d)

Figure 4. SEM images of 3DOM SiC–MoSi2 ceramic with pore sizes of about (a) 475 nm, (b) 210 nm, (c) 93 nm. (d) SiC–MoSi2
nanofiber from 200 nm alumina membrane.

the dark areas represent the ceramic frameworks and the
light areas are void space. It is clear that the resulting
porous ceramics exhibit regular three-dimensionally ordered
structures. Different views of the pore array can be classified
as corresponding to the different planes of an h.c.p.
structure, such as (211) (Fig. 5a), (111) (Fig. 5b and d) and
(110) (Fig. 5c).25 The small openings of about 70 ± 10 nm
connecting the macropores further illustrate the long-range,
three-dimensional order of the ceramic structures. In addition,
when MoPMS10 was embedded into an alumina membrane
template with 100–200 nm cylindrical pores, after conversion
to ceramic and template removal, the result was a rod-like
morphology, as shown in Fig. 4d.

The pore characteristics of the macroporous SiC–MoSi2

ceramic obtained were investigated using the nitrogen
adsorption method and the results are summarized in Table 2.
The pore sizes of about 90 to 475 nm were approximately
proportional to the sizes 105 to 500 nm of the sacrificial
silica sphere templates with 5–10% shrinkage, which is quite
different from the 25–30% shrinkage of the pure PMS-derived
porous samples obtained by the identical process.25 This can
be attributed to the molybdenum promoted crosslinking of
the precursor, leading to a higher ceramic yield.

It was observed that the BET surface areas and the
pore volumes of the porous samples increased as the

diameters of the silica spheres decreased, while the pore
sizes showed the opposite trend. This can be interpreted as
the smaller silica spheres producing higher contact areas
per unit volume between the silica and the infiltrated
polymeric precursor, which develop a higher surface area.
In particular, when 105 nm silica spheres are used as the
template, the related porous ceramic has a considerably
higher surface area and pore volume of about 407.6 m2 g−1

and 0.46 cm3 g−1 respectively than those of previously
prepared oxide ceramics, where average surface areas of
about several 10–150 m2 g−1 are reported,26,27,31 although
they are smaller than those of mesoporous carbon materials
(>1000 m2 g−1).32

Figure 6 shows a representative adsorption and desorption
isotherm plot and the pore-size distribution of a 475 nm
porous SiC–MoSi2 sample. The isotherm curve displays
typical type II nitrogen adsorption behavior with the
hysteresis loop at medium pressure, which indicates the
existence of cylindrically shaped pores.25 From the pore-
size distribution curve (Fig. 6 inset), the broad peak at
60–80 nm and the sharp peak at 3–5 nm prove the
existence of macropores and near-micropores respectively.
The former originate from the contacting points between
initial neighboring silica spheres. However, it is believed
that the near-micropores were formed by etching out silica

Copyright  2005 John Wiley & Sons, Ltd. Appl. Organometal. Chem. 2005; 19: 742–749
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Figure 5. TEM images of 3DOM SiC–MoSi2 with different pore sizes: (a) 475 nm, (211); (b) 210 nm, (111); (c) 210 nm, (110);
(d) 93 nm, (111).

Table 2. Pore characteristics of the macroporous SiC–MoSi2
ceramic

SiO2

sphere
(nm)

Macropore
size of the

ceramic (nm)
BET surface

area (m2 g−1)

Pore volume
(cm3 g−1)

105 93 407.6 0.46
228 210 321.2 0.28
500 475 232.4 0.12

diffused into the ceramic framework from the silica template
during high-temperature pyrolysis. In addition, smaller
particles with higher surface activity might cause more
significant diffusion to develop pores in the walls of the
ceramic frameworks, resulting in a higher surface area.
Similar diffusion phenomena at the interface were reported
for spin-coated BN films on SiO2-modified silicon wafers,
where oxygen from the silica layer diffused into the BN layer
at 1100 ◦C.33,34 Thus, it can be concluded that the porous

Figure 6. Nitrogen adsorption and desorption isotherms of the
475 nm porous SiC–MoSi2 ceramic. Inset: the corresponding
pore-size distribution curve calculated from the adsorption
branch of the nitrogen isotherm by the BJH method.

Copyright  2005 John Wiley & Sons, Ltd. Appl. Organometal. Chem. 2005; 19: 742–749
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Figure 7. (a) TEM image and (b) high-resolution TEM image of the 475 nm porous SiC–MoSi2 ceramic with platinum–ruthenium
supported on the walls of the surface. Inset: electron diffraction of the particle aggregate.

ceramic obtained exhibits a trimodal pore-size distribution,
originating from the template spheres, contact points between
the spheres and partially diffused silica.

For fuel cells and other catalytic applications, metallic
nanoparticles are usually supported on a high-surface-area
substrate so that they can work either as an electrode material
or as a catalyst. Here, the porous SiC–MoSi2 ceramic obtained
was surface-treated with platinum–ruthenium nanoparticles
produced by borohydride reduction under mild chemical
conditions.35 TEM images (Fig. 7a) show that the porous
framework with a 475 nm pore size was coated with
randomly aggregated platinum–ruthenium nanoparticles
on the surface of the wall. Moreover, high-resolution
TEM (Fig. 7b) reveals that the 10 nm platinum–ruthenium
particles or the aggregates are homogeneously deposited
on the surface. Electron diffraction (Fig. 7a inset) of the
particles proves the existence of (111), (200), (220) and
(311) platinum–ruthenium, which is consistent with a solid-
solution phase as reported previously.36

In addition, using a modified two-point method, the
electrical properties of the MoPMS-derived SiC–MoSi2

ceramic were analyzed for the rod-like structure loaded in
the alumina membrane template with 200 nm pores (shown
in Fig. 8, inset). It can be seen that the specific resistance of
the 200 nm SiC–MoSi2 nanorods has a negative temperature
dependence, changing from about 8.3 �m to 4.2 × 10−2 �m
in going from 20 to 300 K, i.e. shows semiconductor-like
behavior (Fig. 8). This is relatively lower than that of PCS-
derived SiC fibers (Nicalon fiber, NL-200), with specific
resistances of about 101 –102 �m.37 It is believed that the
electrically conductive MoSi2 phase38 in the SiC–MoSi2

ceramic contributes to the higher conductivity of the

Figure 8. Temperature dependence of the specific resistance
of 200 nm SiC–MoSi2 rods. Inset is a measurement scheme
for the specific resistance of the SiC–MoSi2 rods.

composite phase. Based on the electrical properties of the
SiC–MoSi2 ceramic, it may be possible to develop a low-
resistance heating nanodevice and a new IR sensor for a
human body detector using SiC–MoSi2 as an element of the
sensor.37,38

Finally, the SiC–MoSi2 porous composite showed excellent
thermal stability, compared with PMS-derived porous SiC
samples. When exposed to air up to 1000 ◦C, the former
sample showed almost no weight change, whereas the latter
displayed an 8 wt% gain due to oxidation of the excess silicon

Copyright  2005 John Wiley & Sons, Ltd. Appl. Organometal. Chem. 2005; 19: 742–749
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starting from 500 ◦C, as is well documented.25,30 Therefore,
the porous SiC–MoSi2 ceramic with semiconductor behavior
appears to be a promising material for high-temperature
applications of electrically heated filters and membranes.

CONCLUSIONS

The sacrificial template method used to synthesize well-
ordered nanostructures, especially those constituting replicas
of the templates, is remarkably useful for microfabrication
applications. In this study, a high-temperature stable porous
SiC–MoSi2 ceramic, with a specific resistance ranging from
about 8.3 to 4.2 × 10−2 �m over the range 20 to 300 K,
was successfully fabricated with an MoSi2 phase embedded
in the SiC matrix, using MoCl5-modified PMS as the
preceramic polymer by combining with silica array templates.
Macroporous SiC–MoSi2 with three-dimensionally long-
range-ordered structures exhibit high surface areas and
pore volumes ranging from 407.6 to 232.4 m2 g−1 and 0.46
to 0.12 cm3 g−1 respectively, which can be easily tailored
by using different sizes of template spheres. In addition,
the macroporous SiC–MoSi2 can be used as a catalyst
support, as suggested by the successful deposition of
platinum–ruthenium in the pores.
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