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Abstract

Multi-walled carbon nanotubes (MWCNTs) have been successfully coated with a thin SiCxOy coating when polycarbosilane (PCS) was used as

precursor and pyrolyzed in a coke bed. Meanwhile, effect of PCS concentration on oxidation resistance of the coated MWCNTs is studied. The

results showed that the pyrolysis products of PCS were composed of amorphous SiCxOy as the main phase, together with b-SiC and SiO2 as the

minor phases whose amount increased a little with the increase of temperature from 1000 8C to 1500 8C. The thickness of SiCxOy coating on the

surface of MWCNTs increased a little from 1 wt.% to 5 wt.%, but decreased dramatically with PCS concentration in the range of 10–30 wt.%. The

oxidation resistance of the coated MWCNTs was greatly improved in comparison with as-received ones. The oxidation peak temperature of the

coated MWCNTs reached 783.7 8C, much higher than 652.2 8C for as-received ones.
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1. Introduction

Since MWCNTs were discovered in 1991, they have

attracted considerable attention due to their mechanical,

chemical and physical properties, which makes them poten-

tially useful in many applications in materials science, energy

storage and energy conversion devices, hydrogen storage

media, nanometer sized semiconductor devices and so on [1–3].

In the materials science field, much progresses have been made

since MWCNTs were used as reinforcement to enhance the

strength and toughness of ceramic and metallic matrix

composites [4–9]. However, MWCNTs are easily oxidized in

air and corroded after reacting with metals such as aluminum

and iron, which has greatly restricted the wide application of

MWCNTs. So far, chemical vapor deposition (CVD) has been

successfully employed to deposit SiC coating on the surface of

MWCNTs to improve their oxidation and corrosion resistance.

However, this method, based on relatively complicated and

time-consuming producers, is not always practical and cost-

efficient. Furthermore, MWCNTs could easily transform into
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SiC nanorods and lose their superior properties if the reaction

atmosphere was not well controlled [10–14].

PCS as a very important ceramic precursor, was widely used

for the preparation of SiC coatings on the carbon materials to

improve their oxidation resistance [15,16]. However, few

papers have been published dealing with fabrication of ceramic

coating on the surface of MWCNTs using PCS as precursor. By

studying pyrolysis properties of PCS, Quanly et al. and Shimoo

et al. showed that pyrolysis atmosphere and temperature had

obvious influence on the final products of PCS [17–19]. For

example, pyrolysis of PCS in vacuum could promote a more

effective crystallization of the final products in comparison

with a flow argon atmosphere. However, nearly all the reported

papers focused on the pyrolysis of PCS in the flow argon or

vacuum atmosphere. Pyrolysis of PCS in a coke bed which is a

main sintering atmosphere of carbon-containing refractories,

has never been reported before. Meanwhile, effect of PCS

concentration on the thickness of the coating and oxidation

resistance of the resulting samples has rarely been studied.

The present work, firstly, focuses on the study of pyrolysis

products of PCS in a coke bed at different temperature such as

1000 8C, 1300 8C and 1500 8C. Based on the first part, it

secondly tries to fabricate ceramic coating on the surface of

MWCNTs using PCS as precursor and make out the effect of
d.
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PCS concentration on the oxidation resistance of the coated

MWCNTs.

2. Experimental

2.1. Pyrolysis of PCS

Commercial PCS powder was used as precursor to generate

ceramic products. Oxidative cross-linking (curing) of PCS was

carried out by heating about 5 g PCS in an alumina crucible at

200 8C for 2 h in air. Pyrolysis of the cured PCS was carried out

as follows. Firstly, the crucible with cured sample was covered

with an alumina lid and then put in the middle position of an

alumina sagger fed with carbon black. Subsequently, the sagger

was heated in the electric furnace from room temperature to

1000 8C, 1300 8C and 1500 8C at a rate of 4 8C/min,

respectively (Fig. 1). The dwell time at the final temperatures

was 3 h. After the experiment, the sagger cooled down naturally

in the furnace to room temperature.

2.2. Treatment of MWCNTs

For the preparation of ceramic coated MWCNTs, PCS

solutions were firstly prepared by dissolving PCS powder into

xylene. The PCS concentration in the solutions were 1 wt.%,

5 wt.%, 10 wt.%, 15 wt.% and 30 wt.%, respectively. Then

MWCNTs (Alpha Nano Tech. Inc., Chengdu, China, diameter,

20–70 nm; length, �20 mm; purity, >mass 95%; ash, <mass

1.5%) and the solutions with the ratio of 10 g/L were added into

breakers and stirred homogeneously for 5 min, then ultra-

sonicated for 0.5 h. Subsequently, the solutions were removed

under vacuum filtration and the residual samples were dried at

200 8C for 2 h in air. Lastly, the dried samples were pyrolyzed

in the same experimental setup as the cured PCS from room

temperature to 1500 8C using a heating rate of 4 8C/min and a

holding time of 3 h.

2.3. Test and characterization methods

The phases composition of the pyrolyzed PCS as well as the

treated MWCNTs were analyzed by X-ray diffraction (XRD,

x’Pert Pro, Philips, Netherlands). Fourier transform infrared

spectroscopy (FT-IR, Nicolet Avatar FT-IR 360, USA) spectra

was obtained over the range of 4000–400 cm�1 using KBr discs

to characterize the cured and pyrolyzed PCS. The surface

morphology and microstructure of the pyrolyzed PCS powder,

as well as as-received and treated MWCNTs were characterized
Fig. 1. Illustration of the experimental setup. 
by Raman spectroscopy (LabRam I, Dilor, France), scanning

electron microscopy (SEM, Quanta 400, FEI Company, USA)

equipped with energy dispersive X-ray spectroscopy (EDS,

Noran 623M-3SUT, Thermo Electron Corporation, Japan) and

high-resolution transmission electron microscope (HRTEM,

2000F, Jeol Ltd., Japan). Thermogravimetry-differential scan-

ning calorimetry (TG-DSC, STA449, NETZSCH, Germany)

was employed to analyze the pyrolysis process of the cured

PCS in a flow argon atmosphere and oxidation resistance of the

as-received and treated MWCNTs in a static air.

3. Results and discussions

3.1. Pyrolysis of PCS

The TG trace of the cured PCS in a flow argon atmosphere at

a heating rate of 10 8C/min is shown in Fig. 2. The results

indicated that the PCS had weight loss of about 40% between

100 8C and 1400 8C during the pyrolysis process. The weight

loss could be divided into three stages [20]. The sharp loss for

the first stage before 600 8C was associated with evaporation of

the generated CH4, H2 and some small molecules via reactions

(1) and (2). From 600 8C to 800 8C, the weight loss in the

second stage should be due to the decomposition of organic side

groups through the removal of excess carbon and formation of

metastable SiCxOy ceramic. Above 800 8C, the conversion from

polymer to ceramics was complete and decomposition of the

SiCxOy ceramic with evaporation of gaseous SiO (g) and CO (g)

accounted for the weight loss in the final stage via reaction (3).

� Si � H þ H � Si � ! � Si � Si � þ H2 (1)

2 � Si � H þ CH3 � Si � Si � H ! 2 � Si � Si � þ CH4

þ H2

(2)

2SiCxOyðsÞ ! ð1 þ x � yÞSiCðsÞ þ ðx þ y � 1ÞCOðgÞ

þ ð1 � x þ yÞSiOðgÞ (3)

FT-IR spectras of the cured and pyrolyzed PCS are

illustrated in Fig. 3. The deformation bands of H2O from

KBr were observed at 3400 cm�1 and 1620 cm�1 both for the

cured and pyrolyzed PCS. As for cured PCS, the absorptions
Fig. 2. TG curve of pyrolysis of the cured PCS in flow argon atmosphere.



Fig. 3. FT-IR spectras of the cured and pyrolyzed PCS.

Fig. 4. XRD patterns of the pyrolyzed PCS.
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around 1250 cm�1 and 2950 cm�1 were attributed to the

stretching vibrations of Si–C and C–H stretching in Si–CH3,

respectively. The peak at about 2100 cm�1 was due to Si–H

stretching. And the peaks at around 1050 cm�1 and 2920 cm�1

corresponded to C–H2 bending and C–H stretching in Si–CH2–

Si. The other peaks at around 1030 cm�1 and 470 cm�1 were

indicative of Si–O stretching and 1710 cm�1 of C O

stretching, which suggested that in the process of oxidation

curing, the Si–H and Si–CH3 groups of PCS were attacked by

oxygen, creating Si–O and C O bonds via reactions (4) and (5)

[21]. After the cured PCS was pyrolyzed at 1000 8C, 1300 8C
and 1500 8C, the spectral profile was typical of inorganic

materials, where practically no absorption corresponding to

organic groups from polymeric network was detected in

comparison with the cured PCS. The spectra for the pyrolyzed

PCS showed bonds at about 1600 and 800 cm�1, associated to

C–C and Si–C, as well as 1080 and 470 cm�1 to Si–O

absorptions, respectively. The intensity of Si–C bond increased

and Si–O bonds decreased with the increase of temperature,

indicating that Si–O bonds gradually transformed into Si–C

bond during the pyrolysis process.

2 � Si � H þ O2! 2Si � OH ! � Si � O � Si � þ H2O

(4)

� Si � CH3 þ O2! � Si � CH ¼ O þ H2O (5)

The XRD patterns of the cured PCS treated in the

temperature range from 1000 8C to 1500 8C are shown in

Fig. 4. As the treated temperatures increased, the broad halos

from 228 to 248 (2u) corresponding to amorphous SiCxOy and

SiO2 crystals became more concentrated, indicating that more

SiO2 crystals were formed [22]. Meanwhile, the low and broad

diffractions peaks at 35.68, 41.48, 60.08associated with (1 1 1),

(2 0 0) and (2 2 0) planes of b-SiC crystals, appeared when PCS

was treated at 1300 8C [19]. With the increase of temperature to

1500 8C, the diffractions peaks of b-SiC were more sharp and

intensive, in agreement with better SiC crystallization and

bigger b-SiC crystal size. In relation to the pyrolysis properties

of PCS, it was reported by the previous paper that when PCS

was pyrolyzed in flow argon or vacuum atmosphere, decom-
position of amorphous SiCxOy to b-SiC and SiO2 became

complete with temperature up to 1300 8C [17]. However, the

results were of great difference in the present work, which

might be closely associated with the pyrolysis atmosphere. In a

coke bed, the composition of atmosphere in the sagger were

3.5 � 104 Pa CO (g) and 6.5 � 104 Pa N2 (g) in theory. In fact, a

low partial pressure of O2 (g) was still existed. By studying the

effect of oxygen on the pyrolysis products of PCS, Kaneko et al.

confirmed that introduction of oxygen into the PCS precursor

could inhibit the formation of Si–C bonding (SiC crystal-

lization) at elevated pyrolysis temperature, which leaded to the

formation of stable Si–O bonding as Si–C–O (SiCxOy) forms

[23]. Similar results were also observed by Shimoo et al. who

used reduced pressure to pyrolyze PCS-derived SiC fibers [18].

So in this work it is deduced that, the relatively much higher O2

(g) partial pressure in a coke bed compared with that contained

in flow argon or vacuum atmosphere, might greatly hinder

reaction (3) and inhibit the decomposition of SiCxOy, thus

affecting crystallization of final products. On the other hand,

high partial pressure of CO (g) in a coke bed might also cause

damage to the crystallization of final products by decreasing

equilibrium rate of reaction (3).

FESEM micrograph as well as EDS analyses of the powder

obtained from the pyrolyzed PCS at 1500 8C is shown in Fig. 5.

It is obvious that the vitreous grains as well as many balls with

several micrometers in diameter coexisted with each other.

Besides these, a small amount of nano-whiskers were

embedded in the balls and others were located on the surface

of vitreous grains. According to XRD and EDS analyses, such

whiskers were b-SiC. Also, EDS analysis showed that the

grains were composed of Si, O and C elements, in agreement

with SiCxOy ceramic. However, only presence of Si and O

elements in the EDS analysis confirmed that the balls were

SiO2. The results here confirmed the previous FT-IR and XRD

analyses. Formation of SiC nano-whiskers could be explained

by the reaction between SiO (g) and CO (g) via equation (6).

Meanwhile, SiO2 balls might be attributed to the oxidation of

SiO (g) via reaction (7).

SiOðgÞ þ 3COðgÞ ! SiCðsÞ þ 2CO2ðgÞ (6)
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2SiOðgÞ þ O2ðgÞ ! 2SiO2ðsÞ (7)

3.2. Formation of SiCxOy coating on MWCNTs

As discussed above, the pyrolysis products of PCS were

composed of SiCxOy as the main phase, and SiC together with

SiO2 as the minor phase whose content had only a little increase

as the treated temperature increased. Because of a little change

of phase composition, 1500 8C as the pyrolysis temperature,

was used to fabricate ceramic coating on the surface of

MWCNTs. XRD patterns of the as-received and treated

MWCNTs are shown in Fig. 6. The diffraction peaks at 268
were involved in (0 0 2) plane of the graphite structure of

MWCNTs for all the samples. A small shoulder at 22–

248assigned to amorphous SiCxOy and a low peak at 35.68
accorded with b-SiC when PCS concentration was 5 wt.%.

With the increase of PCS concentration to 30 wt.%, the amount

of SiCxOy increased a lot, as well as a little increase of b-SiC.

By adding 1 wt.% MWCNTs into Si–O–C ceramic, Segatelli

et al. found that MWCNTs could promote a more effective

crystallization of the SiC by reduction reaction between

MWCNTs and SiCxOy above 1300 8C [19]. This work also

Fig. 5. FESEM micrograph and EDS a
Fig. 6. XRD patterns of the as-received MWCNTs and MWCNTs treated with

5 wt.% and 30 wt.% PCS.
coincides with the results because the SiC peak here was much

sharper than the pyrolysis products of the cured PCS. But the

reaction may be not noticeable in our work compared to their

work, which may be probably due to the different systems and

pyrolysis atmosphere as discussed above.

SEM micrographs of the as-received and treated MWCNTs

are shown in Fig. 7. The diameter and length of as-received

MWCNTs were 20–70 nm and 20 mm in average, respectively.

Because of their high length-to-diameter ratio and low surface

energy, MWCNTs were typically curved and entangled with

each other. However, besides curved MWCNTs, some net-like

structures and grains were also observed for treated MWCNTs,

especially for MWCNTs treated with higher PCS concentra-

tion. When MWCNTs were treated with 1 wt.% PCS, the

morphology did not change much compared with as-received

ones. For 5 wt.% PCS, some SiCxOy grains knitting into net-

like structures homogeneously dispersed and tangled

MWCNTs together. With the increase to 10 wt.% PCS, some

isolated balls as well as some grains detached from the

MWCNTs. Combined with EDS analysis and the earlier

discussion, the balls were SiO2. Furthermore, the amount of

isolated grains increased evidently and detached from

MWCNTs when the PCS concentration reached 15 wt.%.

Only the heads of some MWCNTs were exposed from the

grains, while other MWCNTs located on the surface of the

grains with the further increase of PCS concentration to

30 wt.%.

HRTEM micrographs of MWCNTs treated with 1 wt.%,

5 wt.% and 10 wt.% PCS are shown in Fig. 8. A coating was

clearly observed on the surface of MWCNTs. The thickness of

the coating for MWCNTs treated with 1% PCS was about 5–

10 nm, and increased a little for 5% PCS. Higher magnification

micrographs as well as the presence of Si, O and C elements in

the EDS analysis (not shown), indicated that the coating was

amorphous SiCxOy. HRTEM analysis could not detect the

location of b-SiC phase although it was confirmed by the XRD

analysis, which could be explained by its small amount. With

the further increase of PCS concentration to 10 wt.%, the

thickness of the coating decreased dramatically. The thickness



Fig. 7. SEM micrographs of the as-received MWCNTs (a) and MWCNTs treated with 1 wt.% (b), 5 wt.% (c), 10 wt.% (d), 15 wt.% (e) and 30 wt.% (f) PCS.
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of the coating was closely related to the adsorption of PCS

molecules on the surfaces of MWCNTs in the ultrasonicated

process [24]. Under a certain PCS concentration, adsorption of

PCS on the surfaces of MWCNTs improved with the increase of

PCS concentration. However, over this concentration, the

cohesive force between PCS molecules increased obviously.

Once the cohesive force exceeded absorption force between

PCS molecules and MWCNTs, PCS molecules were inclined to

tangle together instead of absorbing on MWCNTs. As a

consequence, absorption of PCS molecules on MWCNTs
reduced and the thickness of the SiCxOy coating decreased

accordingly. Therefore, more isolated SiCxOy grains were

formed, but detached from the surface of MWCNTs, which was

also confirmed by SEM analysis earlier. From the results above,

it was obvious that 1–5 wt.% PCS concentration was more

suitable for the absorption of PCS on MWCNTs and formation

of SiCxOy coating.

In order to make out whether the structure of MWCNTs

changed or not after treated, the Raman spectrums of the as-

received MWCNTs and MWCNTs treated with 5 wt.% PCS are



Fig. 8. HRTEM micrographs of MWCNTs treated with 1 wt.% (a)–(b), 5 wt.% (c) and 10 wt.% (d) PCS.

Fig. 9. Raman spectrums of the as-received MWCNTs and MWCNTs treated

with 5 wt.% PCS.
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shown in Fig. 9. As for as-received MWCNTs, the relatively

broad and low peak appeared at the wavenumber of about

1350 cm�1 (D-band) corresponded to disordered structure of

amorphous carbon in the MWCNTs. And the sharp peak at

1575 cm�1 (G-band) was related to the graphite structure of

MWCNTs. When MWCNTs were treated with 5 wt.% PCS, the

intensity of D-band became a little higher, which was attributed

to formation of a little amount of free carbon by pyrolysis of

PCS [22]. But the graphite structure of the treated MWCNTs

remained the same compared with as-received ones, indicating

that the coating process did not change the structure of

MWCNTs. Meanwhile, it was not surprising to observe SiCxOy

peaks in the treated MWCNTs because of its much lower

sensitivity in the Raman analysis.

3.3. Oxidation resistance of the coated MWCNTs

The oxidation resistance of all the treated MWCNTs

including as-received ones was evaluated by TG-DSC

measurement (Fig. 10). The samples were heated from room

temperature to 1000 8C in a static air atmosphere at a rate of

10 8C/min. According to DSC curves (Fig. 10a), it was obvious
that the starting temperatures (Ts), peak temperatures (Tp) and

terminating temperatures (Tt) of the exothermic peaks for the

treated MWCNTs were much higher than those of as-received

MWCNTs (Table 1), demonstrating that the oxidation of

MWCNTs was delayed and the oxidation resistance was greatly

improved. It was not surprising to find that the oxidation

resistance of the treated MWCNTs deteriorated with the



Fig. 10. DSC (a) and TG (b) curves of the as-received and treated MWCNTs.

Table 1

Characteristic temperatures of exothermic peaks of the as-received and treated

MWCNTs.

Temperatures (8C) As-received After treated with different

PCS concentration

1 wt.% 5 wt.% 10 wt.% 15 wt.% 30 wt.%

Ts 587.3 654.3 643.5 641.6 632.2 570.4

Tp 652.2 780.0 783.7 746.8 735.4 715.4

Tt 693.1 811.8 810.8 769.4 770.5 781.7
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increase of PCS concentration from 10 wt.% to 30 wt.%, which

was in agreement with the thickness of the coating on the

surface of MWCNTs. The peak temperature for MWCNTs with

1 wt.% PCS was 780.0 8C, and increased a little when 5 wt.%

PCS was used. However, it decreased evidently with the further

increase of PCS concentration in the range from 10 wt.% to

30 wt.%. In addition, with the increase of PCS concentration,

the height of the exothermic peaks declined and reached a

minimum value at 30 wt.%, indicating that the content of

MWCNTs in the samples decreased as more SiCxOy formed

accordingly. Meanwhile, TG curves of all the samples

measured during heating-up are presented in Fig. 10b. The

mass loss at the end of the measurement was lower for the

samples with higher PCS concentration, associated with the

larger amount of SiCxOy ceramic.

4. Conclusions

SiCxOy ceramic was successfully coated on the surface of

MWCNTs when PCS was used as precursor and pyrolyzed in a

coke bed at 1500 8C. Pyrolysis products of PCS were composed

of amorphous SiCxOy as main phase, together with b-SiC nano-

crystals and SiO2 crystals as the minor phases. The thickness of

the coating increased a little from 1 wt.% to 5 wt.%, but

decreased with the further increase of PCS concentration from

10 wt.% to 30 wt.%. The oxidation resistance of the treated

MWCNTs improved greatly compared with the as-received

ones. The oxidation peak temperature of the treated MWCNTs
in a static air atmosphere reached 783.7 8C, higher than

652.2 8C for as-received ones.
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