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Abstract

Homogeneous silicon oxycarbide (SiOC) ceramic powders were prepared by pyrolysis of cross-linked polysiloxane at different temperatures

(1250–1500 8C) under vacuum. The effect of pyrolysis temperature on the pore structure evolution was investigated by means of N2 adsorption,

SEM, XRD, IR and element analysis (EA). Studies showed that predominate mesoporous ceramics with the average pore size in the range of 2–

13 nm were obtained after pyrolysis in this temperature range. The pore structure transformation is strongly correlated with the thermolytic

decomposition process of the used precursor, such as phase separation and carbothermal reduction. At relatively lower temperature (1250–

1350 8C), the ceramics had a relative small specific surface areas (35 m2/g) owing to the low degree of carbothermal reduction. However, as the

carbothermal degree had an obvious augment at relative higher temperature (1400–1450 8C), the specific surface areas and total pore volume

increased and reached to the maximum of 66 m2/g and 0.214 cm3/g, respectively, and subsequently decreased rapidly after 1500 8C for the reason

of partial sintering of the nano-sized SiC derived from polysiloxane.
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1. Introduction

The conversion technology from preceramic polymers to Si-

containing ceramics (SiOC, SiC, Si3N4, etc.) has attracted

increasing attention in recent years for its advantages such as

low processing temperature, controllable ceramic compositions

through molecular design of precursor and near-net-shape

technologies [1–6]. Of all the preceramic polymers, poly-

siloxane (PSO) has received increasing interest in recent years

[7–9]. It is not only commercially available but also very cheap,

and its derived silicon oxycarbide (SiOC) ceramics have been

proved to possess improved properties such as microstructural

stability and creep resistance over those of many conventional

silicate ceramics [10,11].

The properties of polysiloxane derived ceramics depend on

many factors, including material kind (proper compositions and

molecule- network of polysiloxane), sample size, as well as
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pyrolysis system (final pyrolysis temperature, atmosphere,

heating rate, etc.). Many articles have reported the pyrolysis

behavior of polysiloxane under inert atmosphere, associating

with its cross-linking, redistribution, mineralization, phase

separation and crystallization [12–18]. However, the composi-

tional and structural evolution of polysiloxane as a function of

pyrolysis temperature under vacuum has not been explored very

well, especially in the aspect of pore structure during its phase

separation and carbothermal reduction process.

Hence, the aim of the present work is to study the effect of

pyrolysis temperature on the pore structure evolution of

polysiloxane-derived SiOC ceramics under vacuum.

2. Experiment

Commercially available polymethyl(phenyl)siloxane resin

(Dow Corning 249 flake resin, density = 1.3 g/cm3) is cross-

linked at 250 8C in air for 4 h, and crushed into powders with a

mean size of 180 mm. The experimental density of the cross-

linked powders measured by densimeter method is 1.27 g/cm3,

which indicates nearly all pores are created due to pyrolysis.
d.
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And then the powders were placed in graphite crucibles and

pyrolyzed at different temperatures (1250–1500 8C) for 1 h

under vacuum with a heating rate of 15 8C/min.

The N2 adsorption–desorption isotherms were obtained

using Quantachrome instruments at 77 K. BET analyses were

used to determine the total specific surface area (SBET). Non

Local Density Functional Theory (NLDFT) method was used to

analyze the pore size distributions (PSDs) and different pore

volumes. SEM (JSM-5600LV, JEOL) observations were

conducted to examine the microstructures. X-ray diffraction

(Bruker D8 advance) with Cu Ka radiation was used to verify

the crystal phases. IR spectra between 4000 and 400 cm�1 were

carried out with a resolution of 4 cm�1 on a Thermo Niocolet

Fourier Transform Spectrum, using the KBr disk method.
Fig. 1. Isotherm sorption and PSD curves of the 
Quantitative elemental analysis (EA) of the samples was

performed on LECOCS600 for C. The perchloric acid

dehydration gravimetric method was adopted for the determi-

nation of Si content. And the residue element is considered to

be O. The densities of powders after pyrolysis at different

temperatures were obtained using densimeter method.

3. Results and discussion

Fig. 1 shows the N2 adsorption–desorption isotherms and the

corresponding pore size distributions of the products. It turns

out that all the samples show intermediate state of type II and

type IV isotherms with H1 hysteresis according to IUPAC

classification [19], implying that predominant mesopores
products pyrolyzed at different temperatures.



Table 1

Pore parameters of the products pyrolyzed at different temperatures.

Temperature (8C) BET surface area (m2/g) Average pore size (nm) Va (cm3/g) Vb (cm3/g) Vc (cm3/g) Vt (cm3/g)

1250 35 2.9 0.011 0.013 0.002 0.026

1300 34 4.2 0.009 0.025 0.002 0.036

1350 35 6.2 0.008 0.042 0.004 0.054

1400 54 7.8 0.010 0.080 0.015 0.105

1450 66 13.1 0.009 0.170 0.035 0.214

1500 29 10.2 0.005 0.052 0.017 0.074

a Micropore; b mesorpore; c macropore; t total pore.

The macropore volume is calculated by the following equation: Vc = Vt � Va � Vb.
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(2 < d < 50 nm) be generated during pyrolysis. The tiny initial

vertical parts of the curve at low relative pressure reveal the

presence of micropores (d < 2 nm). Further more, it can be

shown that the vertical parts get smooth gradually at elevated

temperatures, indicating the decreasing proportions of micro-

pores. At high relative pressure (P/P0 > 0.9), the isotherms

have sharp increase, indicating that a quantity of macropores

(d > 50 nm) exist in these pyrolyzed samples. The correspond-

ing PSDs of all the samples pyrolyzed at different temperatures

are also displayed within Fig. 1. We can see that pores

generated by pyrolysis at different temperatures are multi-

modal and wide range distributed.

The different pore volumes and BET surface areas of the

samples are summarized in Table 1. As the increasing of

pyrolysis temperature, the proportion of micropores basically

decreases from 42% to 4%. In contrast, the macropore volume

increases from 7% to 23%. The mesopore volume changes with

the same trend of total pore volume and its proportion is more

than 50%. Besides, the average pore size for all the samples is in

the mesopore range of 2–13 nm, implying that mainly

mesoporous materials are obtained after pyrolysis.

Few changes for the BET surface areas can be observed

below 1400 8C, except for small increase of pore volume. At

higher temperature, the specific surface area and total pore
Fig. 2. SEM images of the products p
volume increases with increasing pyrolysis temperature, and

approaches a maximum of 66 m2/g and 0.214 cm3/g, respec-

tively, when the pyrolysis temperature reaches 1450 8C.

However, when the pyrolysis temperature was increased to

1500 8C, the elimination of nanopores (0 < d < 100 nm) with a

high speed was observed, characterized by the decrease of

specific surface area and total pore volume.

This result is well consistent with the results characterized

by SEM method (Fig. 2). Changes are small at elevated

temperature starting from 1250 8C up to 1350 8C. Above this

temperature, a great distinguish was observed. More pores

emerged between small ‘‘particles’’ with a diameter below

100 nm up to 1450 8C. Subsequently, most of the resulting pore

disappeared, which led to the representation of sintering

morphology for the sample pyrolyzed at 1500 8C.

These phenomena belonged to the pore structure evolution

are strongly correlated with the thermolytic decomposition of

the adopted precursor, especially in the process of phase

separation and carbothermal reduction. The structural evolu-

tion from silicon resin to ceramic material, as a function of the

pyrolysis temperature, was monitored by IR spectra (Fig. 3)

and XRD method (Fig. 4). For the sake of clarity and

perspicuity, the temperature range here is separated into two

parts.
yrolyzed at different temperatures.



Fig. 3. IR patterns of the products pyrolyzed at different temperatures.

Fig. 4. XRD patterns of the products pyrolyzed at different temperatures.
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(i) 1250–1350 8C: as shown in Fig. 3, two broad bands at 1081

and 842 cm�1 assigned mainly to nSi–O–Si and nSi–C

absorptions, respectively, did not present a significant

change in intensity. However, distinct transformation could

be observed by XRD patterns, shown in Fig. 4. The

resulting ceramics were completely amorphous when

pyrolyzed at 1250 8C. When the final temperature increased

to 1300 8C and 1350 8C, b-SiC phase could be detected,

characterized by broad diffraction peaks at 35.68, 41.48,
608, 71.88 and 75.58 (2u), corresponding to (1 1 1), (2 0 0),

(2 2 0), (3 1 1) and (2 2 2) SiC phases, respectively [20].

The samples also showed a broad halo centered at �228,
typical of amorphous silica phase [21]. It can be inferred

that carbothermal reduction is not dominated in this

temperature range, and SiC nanocrystallines were mainly

yielded by phase separations process: SiCxO2(1�x))
xSiC + (1 � x)SiO2, which was observed by Xu et al.

[22]. SiC phase and amorphous silica phase other than

gaseous molecules were generated, which contributed little

to the pore-forming process. That is why powdered samples

with relative small and stable BET surface areas were

obtained in this temperature range.

(ii) 1400–1500 8C: a distinct enhancement of the relative

intensity of the absorption centered at 842 cm�1 (nSi–C)

was verified when the pyrolysis temperature changed from

1350 8C to 1400 8C (Fig. 3). The relative intensity of the

absorption (nSi–O) decreased at elevated temperature,
Table 2

Density and elemental composition of the products pyrolyzed at different tempera

Temperature (8C) Density (g/cm3) Composition (wt.%) 

Si O C

1250 1.96 35.43 27.92 36.65 

1300 1.99 40.23 23.25 36.52 

1350 2.04 42.32 21.51 36.17 

1400 2.22 45.70 18.96 35.34 

1450 2.47 56.96 9.26 33.78 

1500 2.83 65.51 2.99 31.50 

Atomic formula is based on the formula SiOxCy [23].

Calculated composition is based on the formula SiOxC(1�x/2) + y � (1 � x/2)Cf [23
contrary with that of SiC diffraction peaks (Fig. 4). The

broad halo became smaller and smaller, and can hardly be

observed for the sample pyrolyzed at 1500 8C. Table 2

shows the density and elemental composition of the

products pyrolyzed at different temperatures. We can see

the value of density increases with a high speed after

1400 8C and gets close to that of pure silicon carbide

(3.2 g/cm3). Chemical composition of the samples shows

clearly the quick reduction of free carbon content,

especially for the samples pyrolyzed at 1400–1500 8C. It

can be concluded that carbothermal reduction is dominate

in this temperature range, SiO2 + 3C ) SiC + 2CO(g).

Consequently, much small gaseous molecules (CO)

released from the samples and generated pores simulta-

neously, leading to the augment of BET surface areas and

total pore volume of the pyroylzed samples. Based on the

pyrolyzed composition at 1500 8C (Table 2), the sample

still contains excess carbon (�4.7 wt.%). The composition

containing Si–O–C is most likely ‘‘SiC + SiO2 + excess

carbon’’. Aweak absorption at 1081 cm�1, characteristic of

nSi–O can still be detected for the sample pyrolyzed

at 1500 8C (shown in Fig. 3), indicating a residue of

silica. Nevertheless, the carbothermal reduction of SiO2 by

excess carbon may compete with partial sintering of
tures.

Atomic formula Calculated composition Free carbon (wt.%)

SiO1.38C2.41 SiO1.38C0.31 + 2.10Cf 31.9

SiO1.01C2.12 SiO1.01C0.49 + 1.63Cf 28.1

SiO0.89C1.99 SiO0.89C0.55 + 1.44Cf 26.1

SiO0.73C1.80 SiO0.73C0.64 + 1.16Cf 22.7

SiO0.28C1.38 SiO0.28C0.86 + 0.52Cf 12.7

SiO0.08C1.12 SiO0.08C0.96 + 0.16Cf 4.7

].
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polysiloxane-derived SiC at the near end stage of

carbothermal reduction, because the polysiloxane-derived

SiC is nano-sized [24] and can be sintered partially at

1500 8C due to its large surface energy [25]. Thus, partial

sintering of the polysiloxane-derived SiC decreased the

total pore volume and the specific surface area rapidly.

4. Conclusion

In summary, this study shows the effect of the pyrolysis

temperature on the pore structure evolution of the pyrolysates

from silicon resin under vacuum. The pore structure evolution

is mainly decided by the carbothermal reduction progress.

Three stages are demonstrated corresponding to three

consecutive stages of carbothermal progress, respectively.

The first stage (1250–1350 8C): the ceramics had a relative

small specific surface areas in the initial stage of carbothermal

reduction progress; The second stage (1400–1450 8C): as the

carbothermal progress proceeded to a relatively high point, the

specific surface areas and total pore volume increased

accordingly; The third stage (above 1450 8C): the specific

surface areas and total pore volume decreased rapidly for the

reason of partial sintering of polysiloxane-derived SiC at the

near end stage of carbothermal reduction.
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