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Abstract

The vapour deposited products on graphite substrates in the cold zone (1270±600�C) for the preparation of SiC from carbonized
rice hulls (CRH) in a vacuum tube furnace, which is operated at a reacting sample chamber temperature of 1300�C, have been
characterized by various analytical techniques, such as SEM/EDS, XRD, FTIR, XPS and AES. Morphology/size, chemical com-

position, lattice/electronic structure, and molecular vibration modes of these products have been obtained. The primary deposited
product in zone A (1270±1050�C) was a thin ®lm, consisting of SiOxCy and SiC; in zone B (1050±820�C) were whiskers aggregates,
consisting of crystalline Si and amorphous SiO2; in addition, in zone C (820±600�C) spheroids aggregates have been observed
consisting of amorphous Si and SiO2. The morphology sequence of the deposits in the cold zone, e.g. the thin ®lm (SiOxCy/

SiC)!whiskers (Si/SiO2)!spheroids (Si/SiO2), seem to be related to the substrate temperature and degree of supersaturation of the
reacting gas (SiO). # 1999 Elsevier Science Ltd and Techna S.r.l. All rights reserved
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1. Introduction

There have been substantial studies on the prepara-
tion of silicon carbide (SiC) whiskers from various
forms of rice hulls, such as raw rice hulls (containing
15±20 wt% of silica) [1±4], rice hull ashes [5,6], and
carbonized rice hulls (CRH) [7±9]. Basically the process
consists of the raw materials reacting with or without
additives of carbon and iron catalyst at a temperature
range of 1300±1600�C in a vacuum furnace or in an
inert or reducing atmosphere (Ar, N2, H2, etc.). Pre-
vious studies [10±16] focus primarily on reaction
mechanism and kinetics, conversion e�ciency, micro-
structure, crystal chemistry, and morphology of SiC
products from rice hulls. Despite these e�orts, the var-
ious vapour deposits [17±19], e.g. silicon oxycarbide
(SiOxCy) and SiC whiskers, which were deposited by a
vapour-phase reaction over an area of the reactor tube
wall at around 1200�C, compared with 1500�C as the
reaction temperature of CRH, have seldom been eval-
uated. A relevant task is to study the vapour deposited
products on the reactor tube wall at a lower temperature
range (the cold zone), i.e. between 1270 and 600�C,

when the reaction temperature of CRH is 1300�C. These
deposits may be highly promising for industrial appli-
cations and may increase the commercial values of
CRH conversion towards SiC.

The major mechanisms [6,19] in the conversion of SiC
from rice hulls can be represented by the following
equations:

SiO2�s� � C�s� ! SiO�g� � CO�g� �1�

SiO2�s� � CO�g� ! SiO�g� � CO2�g� �2�

SiO�g� � 2C�s� ! SiC�s� � CO�g� �3�

SiO�g� � 3CO�g� ! SiC�s� � 2CO2�g� �4�

Notably, the above reactions are inevitable for produ-
cing SiO, CO and CO2 gases. These gases may react
with each other or the tube wall, or deposit on the cold
wall when they ¯ow through the reactor tube to the
furnace outside. The reactions imply that di�erent
reaction products may be separately formed in di�erent
temperature zones of the reactor tube, namely: (1) raw
material sample chamber for CRH (reaction zone, the
highest temperature) and (2) the cold zone (outside
reaction zone).
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The purpose of this study is to characterize the dif-
ferent vapour deposited products in the cold zone
between 1270 and 600�C, when CRH is in the reaction
zone of tube furnace at 1300�C. SEM/EDS, XRD,
FTIR, XPS and AES techniques have been used to
analyze the morphology/surface texture, chemical com-
position, crystalline phase, molecular vibration modes,
and electronic structures of the di�erent deposits in the
reactor tube.

2. Experimental procedure

The raw materials used in this study were black
granular carbonized rice hulls (CRH), which were pre-
pared by partial pyrolysis of the raw rice hulls at about
700�C in a rotary kiln. Using an elementary analyzer
(Heraeus Co.) for C/H/O, the test materials were shown
to contain (wt) 48.96% C; 1.67% H2; 8.39% O2; and
40.98% ash. Based on ICP-AES (Jarrel-Ash, ICAP
9000) analysis, the ash components were (wt) 93.92%
SiO2; 0.32% Al2O3; 0.16% Fe2O3; 0.17% MnO; 0.5%
MgO; 1.25% CaO; 3.46% K2O; and 0.2% Na2O. CRH
had a BET speci®c surface area of 200 m2 gÿ1.

A sketch of the reactor system is shown in Fig. 1. It
consists of a double-tube structure, i.e. an outer Al2O3

tube, f6�100 cm, protected by an inner graphite tube,
f5�60 cm. The CRH (approximately 2g) was placed in
a 4�10�2 cm boat-like graphite sample chamber. Next,
12 pieces of rectangular graphite substrates, 2�1�0.2
cm each, were placed into the cold zone of reactor tube
and adjacent to the sample chamber. The graphite sub-
strates were chosen to receive the vapour deposited
products from the gases of CRH in the reaction zone at
1300�C because analyzing the deposits on the substrate
was easier than on the tube wall. The total temperature
drop in the cold zone was 700�C, i.e. from 1300�C for
the reacting chamber to 600�C for the farthest substrate.

The reacting system was operated under a vacuum
condition, controlled at 6.67 Pa (5�10ÿ2 torr) by a
vacuum pump. The temperature distribution in the
reacting chamber and the cold zone of the tube furnace
was measured by a thermocouple before the experi-
mental run. Temperature was elevated at a rate of 5�C

minÿ1 to 1300�C, and kept for 60 min. After cooling to
room temperature, the graphite substrates were taken
out of the furnace for subsequent analytical works.

The morphologies of deposits were observed by
scanning electron microscope (SEM, Hitachi S-4100).
The chemical compositions of deposits were determined
by using an ultra-thin window energy dispersive X-ray
spectrometer (EDS, Noran) attached on SEM. X-ray
powder di�raction patterns were obtained by using an
X-ray di�ractometer (XRD, Rigaku D-2200). Infrared
di�use re¯ection spectra (DRIFT) of deposits were
taken over a range of 4000±400 cmÿ1 using a Fourier
transform infrared spectrometer (FTIR, Jasco 300E). X-
ray photoelectron spectrometer (XPS, Fisions Lab-210)
excited with a Mg Ka (1253.6 eV) X-ray source was
used to characterize the chemical bonding of the depos-
its. Compositions of depth pro®le were obtained by an
Auger electron spectrometer (AES, Fisions 310D).

3. Results and discussion

3.1. In-situ products of the sample chamber (1300�C)

The primary conversion of CRH into SiC was per-
formed in the sample holding chamber in which the
reacting temperature was maintained at 1300�C. The
products were b-SiC and low cristobalite (SiO2) identi-
®ed by XRD, as shown in Fig. 2(b). CRH was an
amorphous phase before reaction [Fig. 2(a)]. Obviously,
the raw materials did not react completely at 1300�C so
SiO2 and carbon residuals appeared on XRD pattern.

3.2. Deposits on graphite substrates in the cold zone
(1270±600�C)

Twelve pieces of graphite substrates were extracted
from the cold zone after CRH reacted in reaction zone
at 1300�C. Next, the vapour deposited products on each

Fig. 1. Sketch of double-tube vacuum furnace apparatus.

Fig. 2. X-ray di�ractograms of (a) products of heat-treated CRH in

vacuum at 1300�C and (b) carbonized rice hulls (CRH).
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graphite substrate section were carefully examined and
analyzed. As presented in Table 1, the deposits had
three kinds of morphology which were related to sub-
strate temperature and position: (1) the thin ®lm was in
zone A, 1270±1050�C; (2) whiskers aggregates were in
zone B, 1050±820�C; and (3) spheroids aggregates were
in zone C, 820±600�C. Experimental results obtained
from deposits are described in the following.

3.2.1. SEM/EDS morphology and chemical analysis

Fig. 3 displays the SEM photographs and EDS
results of deposits on the graphite substrates. Each
micrograph is brie¯y described as follows: The thin ®lm
deposit in zone A appeared to have major elements of Si
and C, as shown in Fig. 3(a). There was no Si element to
be detected above 1270�C by EDS and XPS, and the
quantity of Si element tended to increase with decreas-
ing temperature in this zone. On SEM photograph, the
deposit's morphology was vague but graphite particles
of substrate could be observed clearly. Being heat-trea-
ted in air at 800�C for 1 h, the graphite substrate was
burned o� completely and a white yellowish thin ®lm
remained. Therefore, it can be assumed that the deposit
on graphite substrate of this zone is a transparent thin
®lm. The whiskers (zone B), 1±6 mm in length and about
0.1 mm in diameter, had a major elements Si and O, as
shown in Fig. 3(b). The size of whiskers became larger
with decreasing substrate temperature. In zone C the
spheroids which seemed to be composed of small sub-
micron particles as nuclei, had major elements Si and O,
as Fig. 3(c) shows. Moreover, in this zone, the diameter
of spheroids were around 0.6±2 mm and increased with
temperature.

3.2.2. Deposits phases by XRD analysis

Glazing incident X-ray di�raction (GIXD) patterns
of the thin ®lm, whiskers and spheroids deposits are
shown in Fig. 4. It was revealed that most of the strong
peak intensity belonged to the graphite phase (2y=26.5,
42.6, 44.5, 54.6, 77.7�) of substrate, SiC crystalline
phase (2y=35.7, 60.1�) was observed among the thin
®lm, in addition, Si crystalline phase (2y=28.5, 47.3,
56.1�) appeared in the whiskers, as Fig. 4(a) and (b)
show, respectively. Notably, no crystallite was formed

among the spheroids except graphite phase, as shown in
Fig. 4(c). To realize the amorphous phase in zone C, the
deposits were separately heated at 1000 and 1200�C for
1 h in a vacuum furnace; and, respectively, crystalline
silicon and low cristobalite (SiO2) were subsequently
identi®ed by XRD di�ractograms in Fig. 5(a) and (b).
According to Blanchard and Schunb [20], Si crystallite
appears to form around 900�C for the pyrolytic con-
version of perhydropolysilazane into Si3N4. Thus, the
spheroids and whiskers represent a mixture of Si and
SiO2, presumably to have been formed by the decom-
position reaction of amorphous solid SiO to Si and SiO2

on the graphite substrates at a lower temperature (below
1100�C) [21,22], as the following:

2SiO�am� ! SiO2�s� � Si�s� �5�

Therefore, the phases of di�erent deposits in the cold
zone appear to be related to the substrate temperature
and position, such as SiC crystallite in zone A, Si crys-
tallite and amorphous SiO2 in zone B, and amorphous
Si and SiO2 in zone C.

3.2.3. FTIR analysis

FTIR di�use re¯ectance spectra of the di�erent
deposits have been obtained, as shown in Fig. 6(a), (b)
and (c), respectively. The thin ®lm had one absorption
peak at 810 cmÿ1 which is due to the stretching modes
[23±25] of Si±C bond. The whiskers had four absorption
peaks at 1160, 1070, 805 and 470 cmÿ1; these closely
resemble the SiO2 glass whose peak positions [26,27] are
1080, 800 and 460 cmÿ1. Pultz [28] observed two
absorption peaks at 1165 and 1089 cmÿ1 belonging to
amorphous SiO2 which came from oxygenizing SiC
®bers above 1000�C. Moreover, the crystalline varieties
of SiO2 such as quartz, cristobalite, or tridymite, yield a
substantially sharper band [29], so whiskers deposits
consist of amorphous SiO2. The spectrum in Fig. 6(c)
represents the spheroids which have two broad peaks
appearing at 840±1300 cmÿ1 and 400±600 cmÿ1. The
former shows a prominently broader peak that may be
attributed to the stretching modes of lattice vibration
[30] involving Si±O±M, in which M=Si, Al or Ti, while
the latter indicates the bending modes [30] of Si±O±M,
in which M=Si or Al. Although the spheroids and
whiskers deposits had the same components, they dif-
fered in terms of particle morphology, size and thick-
ness, which ultimately shifted and changed the shape of
IR absorption peaks [31±34]. After the three kinds of
deposits had been leached by 10% HF solution for 24 h,
the 810 cmÿ1 absorption peak of the thin ®lm still
obtained, but the absorption peaks of the whiskers and
spheroids all disappeared. Hence, DRIFT spectra show
that the thin ®lm deposit has SiC, also the whiskers and
spheroids deposits have a component of amorphous SiO2.

Table 1

Vapour deposited products in the cold zone di�erentiated by

temperature and position of graphite substrates

Zones A B C

Temperature, �C 1270  ÿÿ! 1050  ÿÿ! 820  ÿÿ! 600

Positiona, cm 3 12 18 23

Major elements Si, C Si, O Si, O

Phases SiOxCy, SiC SiO2, Si SiO2, Si

Morphology Thin ®lm Whiskers Spheroids

a Distance away from sample chamber.
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3.2.4. Surface analysis by XPS (ESCA) and AES

Electron spectroscopy for chemical analysis XPS has
been considered to be useful for determining the chemi-
cal state (chemical binding energy and valency) of SiC
surfaces in some previous studies [35,36]. Table 2 sum-
marizes XPS analysis results for silicon (Si 2p) of dif-
ferent deposits on the graphite substrates. The thin ®lm
had two binding energies (Si 2p) of 101.8 eV for the

most intense and 103.2 eV for the weak intense. The
binding energy of Si 2p in SiOxCy [37] is about 101.5 eV,
whereas in SiO2 [38] it is about 103 to 104 eV. Also,
Taylor [35] and Karasek [36] showed that SiC whiskers
may have a surface of SiO2 or SiOxCy. When the thin
®lm had been leached by 10% HF solution, the 101.8 eV
(Si 2p) was obtained, but the 103.2 eV vanished. There-
fore, according to XRD, FTIR and XPS results, the

Fig. 3. SEM micrographs and EDS analysis of (a) the thin ®lm, (b) whiskers, and (c) spheroids deposits on graphite substrates.
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thin ®lm (SiC) was covered by an oxide layer, pre-
sumably SiOxCy. It was so thin that it couldn't be
detected oxide elements by EDS. Shimokawa [18] in
his study indicated that SiOxCy is a gradient material by
the mixed compositions of SiO2 and SiC.

Notably, the Si(2p) binding energies were 98.8, 103.1
eV and 98.8, 103.0 eV for the whiskers and spheroids,
respectively. In solid silicon [39] the Si(2p) is about 99 eV.
So, XPS results con®rm that the surface of whiskers and
spheroids both have Si and SiO2 components which came
from SiO by a decomposition process [Eq. (5)]. This is
similar to the situation for the production of SiC in the
Acheson [40] process, in which the outer core of the react-
ing pile contains signi®cant quantities of silicon grains.

A surface depth pro®le analysis by AES was performed
on the thin ®lm that had been leached byHF solution. The
results are shown in Fig. 7, indicating that SiC is present
and the surface of SiC has an oxide layer (SiOxCy).
Apparently, SiC appears to be a chemical gradient mate-
rial on graphite substrate because Si and C elements var-
ied in inverse proportions. Thus, AES analysis con®rms
the existence of the XPS results of the thin ®lm.

According to the above results, when SiO and CO
gases are released from CRH in the reaction zone
(1300�C) and ¯ow into the cold zone (1270±600�C) of
the furnace tube, the vapour deposited products on
graphite substrates are obtained as follows: in zone A,
SiO may initially react with CO to form SiOxCy [18]
and, then, SiOxCy continues to react with graphite to
produce SiC on the graphite substrates. Therefore, in
this zone, SiC is covered with SiOxCy. When these gases
¯ow over the zone B and C (1050�C), SiC cannot form,
possibly due to an energy barrier. Apparently, SiO gas
is absorbed on the surface of substrates and decom-
posed to Si and SiO2. The temperature of zone B
exceeds the crystallization temperature of Si and, there-
fore, Si is crystallized in this zone. In brief, the deposits
are crystalline Si and amorphous SiO2 in zone B, as well
as amorphous Si and SiO2 in zone C. The sequence of
morphology development of vapour deposited products
with the decrease of temperature is: thin ®lm (SiOxCy/SiC)
!whiskers (Si/SiO2)!spheroids (Si/SiO2). This sequence
is possibly related to the gases supersaturation and
substrates temperature at the di�erent zones, as shown

Fig. 4. Grazing incident X-ray di�ractograms of (a) the thin ®lm, (b)

whiskers, and (c) spheroids deposits on graphite substrates.

Fig. 5. X-ray di�ractograms of spheroids deposits heat-treated at (a)

1000�C and (b) 1200�C in vacuum for 1 h.

Fig. 6. FTIR di�use re¯ection spectra of (a) the thin ®lm, (b) whis-

kers, and (c) spheroids deposits on graphite substrates.

Table 2

Binding energy for Si 2p of di�erent deposits in the cold zone by XPS

Zones Morphology Binding energy

for Si 2p (eV)

Si SiC SiOC SiO2

Refs. [18,39] 99 100.2 101.5 103.7

A (1270±1050�C) Thin ®lm ± ± 101.8 103.2a

HF leached ± ± 101.3 ±

B (1050±820�C) Whiskers 98.8a ± ± 103.1

C (820±600�C) Spheroids 98.8a ± ± 103.0

a Weak intensity.
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by Blocher [41] in his studies of the structure/property/
process relations in chemical vapour deposition (CVD).
The deposits may adequately protect graphite substrates
against erosion and oxidation, which can increase the
commercial bene®ts of SiC synthesis from CRH.

4. Conclusion

The vapour deposited products on graphite substrates
in the cold zone (1270±600�C), away from CRH in
reacting sample chamber (1300�C), have been shown to
give di�erent morphologies and surface textures of the
deposits. Characterization of these products gave the
following results: in zone A (1270±1050�C), a thin ®lm
of SiC with an outer oxidized surface of SiOxCy was
displayed; in zone B (1050±820�C), whiskers aggregates
of crystalline Si together with amorphous SiO2 were
present; and in zone C (820±600�C), spheroid aggregates
of amorphous Si and SiO2 were obtained.

Morphologies of deposits on graphite substrates can
be expressed by the following sequence with decreasing
temperature: thin ®lm (SiOxCy/SiC)!whiskers (Si/
SiO2)!spheroids (Si/SiO2). The morphology sequence
appears to be related to substrate temperature and super-
saturation degree of the SiO gas in the cold zone of the
tube furnace.

Further investigations on these di�erent by-products
coming from SiC formation from CRH, e.g. SiOxCy/SiC
thin ®lm, Si/SiO2 whiskers and Si/SiO2 spheroids, may
possibly show their potential for various industrial
applications.
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