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Hollow carbon nanofibers with circular and rectangular
opening were prepared by using electrospun silica fibers as
templates. Silica fibers were synthesized by electrospinning,
and they were coated with a carbon layer formed by thermal
decomposition and carbonization of polystyrene under a ni-
trogen atmosphere. Hollow carbon nanofibers with circular
and rectangular openings were then obtained after the silica
core was etched by hydrofluoric acid. The carbon nanofibers
with different morphologies also could be used as templates
to fabricate silicon carbide fibers. The silicon carbide fibers

Introduction

Since the discovery of carbon nanotubes,[1] 1D carbon
materials such as nanotubes and nanofibers have been
drawing attention because of their important applications
in sensors,[2] catalysis,[3] hydrogen storage,[4] and electron
field emitters.[5] Various methods have been developed to
prepare carbon nanotubes, including laser ablation,[6] chem-
ical vapor deposition (CVD),[7] and catalytic decomposition
of hydrocarbons.[8] Among these strategies, the template
method has been widely applied, and anodic aluminum ox-
ide (AAO) film and mesoporous silica are usually used as
the templates. The morphology of carbon nanotubes is de-
pendent on the carbon source[9] and preparation pro-
cedure.[10]

Silicon carbide is one of the most important semiconduc-
tor materials, as it possesses some excellent properties, in-
cluding high thermal and chemical stability, high hardness
and strength, which make it have potential applications in
nanoscale electronics,[11] optics,[12] and field-emission de-
vices.[13] Therefore, many methods, including carbothermal
reduction,[14] CVD,[15] laser ablation,[16] and hydrothermal
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with circular and rectangular openings could be obtained by
using hollow carbon nanofibers and carbon belts as tem-
plates, respectively. The hollow carbon nanofibers and sili-
con carbide fibers were characterized by scanning electron
microscopy, transmission electron microscopy, X-ray diffrac-
tion, and Raman spectroscopy, and the formation mechanism
was also discussed

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2009)

methods[17] have been developed to fabricate SiC nanomat-
erials. Unfortunately, the precursor gases (SiCl4, CH3SiCl3)
are toxic, corrosive, flammable, and explosive.[18] SiC syn-
thesized by a carbon nanotube confined reaction usually
are nanorods,[19] and the high cost of carbon nanotubes
also restricts their application.

Recently, electrospinning has been extensively explored
as an advantaged and facile method to create fibers with
diameters ranging from tens of nanometers to several mi-
crometers (Figure 1). Nanotubes or hollow nanofibers
could be obtained by the decomposition of different shell
materials on the electrospun fiber surface, which are called
tubes by fiber template (TUFT). Caruso et al.[20] and Kim
et al.[21] synthesized TiO2 tubes by sol–gel coating and
atomic layer deposition, respectively. Hou and co-workers
described the preparation of poly(p-xylylene) nanotubes by
chemical vapor deposition with electrospun fibers as tem-
plates.[22] Dong et al.[23] fabricated carbon nanofibers using
polypyrrole as the carbon source and poly(methyl methac-
rylate) as templates through in situ polymerization. The
group of Xia[24] fabricated carbon nanotubes by vapor de-
position polymerization with electrospun poly(styrene sul-
fonate) sodium as core templates. In addition, metal nano-
tubes have also been prepared by electroless plating by
using electrospun nanofibers as templates.[25]

Polystyrene (PS), a transparent, colorless, and brilliant
material, is one of the most useful plastics. As a result of
its thermally degradable peculiarity, PS is usually not used
as a carbon source for the synthesis of carbon materials.
Recently, it was reported that styrene and PS could be used
as carbon sources to synthesize carbon materials with dif-
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Figure 1. Schematic diagram of the electrospinning setup.

ferent morphologies. For example, Xia et al.[26] reported the
synthesis of ordered mesoporous carbon with a graphitic
pore wall by using styrene as the carbon source. Lei and co-
workers reported the fabrication of ordered macroporous
materials by using PS as a carbon source.[27]

In this paper, we employ economical polymer materials
as a carbon source to synthesize hollow carbon nanofibers
by using electrospun silica fibers as templates. Carbon fi-
bers with circular and rectangular openings could be syn-
thesized by the selection of different silica fiber templates.
To the best of our knowledge, belt-like carbon fibers with
a rectangular opening have not been reported. Further-
more, we synthesized SiC hollow nanofibers by using hol-
low carbon nanofibers as templates.

Results and Discussion

Structure of Hollow Carbon Nanofibers

XRD was applied to investigate the crystal structure of
the carbon nanofibers. In the XRD pattern of the carbon
nanofibers (Figure 2), the most intensive peak near 2θ =
22° should be indexed as the (002) reflection of the graphite
lattice. This indicates that the synthesized carbon nano-
fibers are partially graphitized. As a result of the insuf-
ficiently ordered structures of carbon materials synthesized
at low temperature, the (110) and (001) reflections are invis-
ible by XRD.

The morphology, surface structure, and dimension of sil-
ica and carbon nanofibers were characterized by SEM. Fig-
ure 3a shows the representative images of silica nanofibers
obtained by calcining the composite fibers at 700 °C. Even
though PVP in the fibers was removed by thermal decom-
position, the continuous 1D fiber structure is still retained,
and the fiber has a very smooth surface.

After the carbonization of PS/silica fibers and etching
of the silica template, hollow carbon nanofibers could be
obtained, as shown in Figure 3b–d with different magnifica-
tions. These fibers are randomly oriented in the form of a
nonwoven mat. The length of the carbon fibers ranges from
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Figure 2. XRD pattern of hollow carbon nanofibers.

Figure 3. SEM images of silica fiber templates (a) and SEM images
of hollow carbon nanofibers at different magnifications (b–d).

several to tens of micrometers. The diameters of the hollow
carbon nanofibers are in the range of 80 to 450 nm, and
the average diameter is about 270 nm. The hollow structure
indicates that removal of the silica core by etching does not
result in the collapse of the fibers.

The morphologies and microstructures of the carbon
nanofibers were further characterized by TEM and SAED
(Figure 4). From Figure 4a we can observe that the carbon
nanofibers have an apparent hollow structure. The wall
thickness ranges from 10 to 20 nm. The ring-like SAED
pattern indicates that the carbon nanofibers are partially
graphitized. The diffraction ring can be indexed to reflec-
tion (002).

Figure 4. TEM images of hollow carbon nanofibers. The inset in
(b) corresponds to the SAED of the hollow carbon nanofibers.
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Figure 5 shows the Raman spectrum of the hollow car-

bon nanofibers. The spectrum is very similar to those re-
ported in the literature for other carbon nanotubes.[28] The
strong and relatively narrow band around 1584 cm–1 corre-
sponds to the E2g vibration mode of the graphite layer with
sp2 bonding (G-band), and the broad band at 1344 cm–1

corresponds to the A1g mode for the disordered graphite
structures caused by sp3 bonding (D-band). As a result of
the different preparation procedures of the carbon materi-
als, the G- and D-bands have slight variations both in their
Raman shifts and their relative intensities, depending on the
crystal planar domain size of graphite. The value can be
obtained according to the following expression:

Imax(D)/Imax(G) = C(λ)/L

where L is the size of the graphite nanoflakes, C = 4.4 nm,
and λ = 514.5 nm. On the basis of these parameters, L is
calculated to be 5.2 nm.

Figure 5. Raman shift of hollow carbon nanofibers.

Figure 6 shows the TGA curve of the SiO2/carbon com-
posite synthesized at 800 and 1000 °C. The yield and the
thermal stability of the carbon nanofibers could be ob-
tained from TGA measurements of the SiO2/carbon com-
posite fibers. Because the oxidation temperature of carbon
materials is strongly influenced by the wall defects, the oxi-
dation reaction first occurs at the graphite layer edge de-
fects and on the disordered graphite layer. In general, oxi-
dation of ideal graphite begins above 600 °C, which has a
higher thermal stability than amorphous carbon and less
order than graphite.[29] From the TGA curve, we could ob-
serve that the yields of the hollow carbon nanofibers are

Figure 6. TGA of the SiO2/carbon composite synthesized at 800
and 1000 °C.
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14% at 800 °C and 22 % at 1000 °C. The phenomenon of
different yields at different temperatures could be attributed
to the fact that some gas decomposed from PS was not
completely carbonized at low temperature and the residual
gas was carbonized at higher temperature. It is clear that
the hollow carbon nanofibers synthesized at 1000 °C have
higher thermal stability than the fibers synthesized at
800 °C, which could be attributed to the fact that the graph-
itization was improved at higher synthesis temperature.

Structure of Hollow SiC Nanofibers

As shown in the XRD pattern (Figure 7), the SiC nano-
fibers were successfully synthesized by using hollow carbon
nanofibers as templates. The main peaks in the XRD
pattern are assigned to the (111), (200), (220), and (311)
reflections of cubic β-SiC, in agreement with the standard
JCPDS card (No. 65–0360). An additional diffraction peak
at 2θ = 33.64° is characteristic of stacking faults on the
[111] plane in the SiC nanofibers, which has also been ob-
served in the literature.[30]

Figure 7. XRD pattern of SiC hollow nanofibers.

Figure 8 shows the representative SEM and TEM images
of SiC nanofibers obtained by the reaction at 1300 °C. As
shown in Figure 8a, the 1D fiber structure is still retained,
and the surface of SiC becomes rougher than that of the
hollow carbon nanofibers as a result of the transformation
of carbon into SiC. The diameter of the SiC fibers is about
385 nm. From the high magnification SEM images (Fig-
ure 8b), it could be clearly seen that these nanofibers have
an apparent open-tubular structure.

The morphology and microstructure of the SiC nano-
fibers were further characterized by TEM and SAED (Fig-
ure 8c,d); the SiC nanofibers have an open-tubular struc-
ture and a wall thickness of about 45 nm. SAED shows
diffused rings, suggesting that the sample is polycrystalline.

In the case of transformation of carbon into SiC, the
volume of SiC has swelled to some extent. The swell ratio
could be concluded by the following expression:

where VC, ρC, and MC are the volume, density, and molecu-
lar weight of the hollow carbon nanofibers, and VSiC, ρSiC,



Hollow Carbon and Silicon Carbide Fibers from Electrospun Fibers

Figure 8. The SEM images (a,b) and TEM images (c,d) of SiC
nanofibers. The inset in (d) corresponds to the SAED of the SiC
nanofibers.

and MSiC are the volume, density, and molecular weight
of the hollow SiC nanofibers.[31] The value of VSiC/VC is
approximately 2.2, and the diameter swells about 40 % in
our case.

Further characterization of SiC was investigated with
FTIR. Figure 9 displays the characteristic IR spectrum of
the SiC nanostructure. There are two absorption bands at
around 472 and 1090 cm–1, which correspond to Si–O
stretching vibrations of amorphous SiO2. The intense band
at 821 cm–1 is induced by the TO phonons of SiC, and the
absorption bands centered at 1634 and 3423 cm–1 are attrib-
uted to water.

Figure 9. FTIR spectrum of hollow SiC nanofibers.

Figure 10 shows the nitrogen adsorption–desorption iso-
therm and pore-size distribution of the hollow carbon nano-
fibers and SiC nanofibers. The Brunauer–Emmett–Teller
(BET) surface area of the hollow carbon nanofibers is
112.3 m2 g–1. The Barrett–Joyner–Halenda (BJH) method
was used to calculate the pore-size distribution, and the re-
sult is shown in the Figure 10b. The carbon nanofibers have
a wide pore-size distribution from 2 to 120 nm, which could
be mainly attributed to the pore formed by a random stack
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of fibers. After transformation into SiC, the BET surface
area of the SiC fibers is reduced to 29.4 m2 g–1, and the
pore-size distribution as shown in Figure 10d is between 1.8
and 100 nm.

Figure 10. The nitrogen adsorption–desorption isotherm and pore-
size distribution (insert) of hollow carbon nanofibers (a) and SiC
fibers (b).

Electrospinning is a complicated process. Many factors
have strong influences on the morphologies and microstruc-
tures of the electrospun fibers, such as polymer concentra-
tion, volatility of solvent, strength of electric field, feeding
rate of the precursor, and ambient parameters including
temperature and humidity. In our experiment, when the
amount of TEOS (tetraethylorthosilicate) was increased to
3.0 mL and the other conditions were kept constant, the
morphology of the silica fibers changed into a belt, as
shown in Figure 11a,b. These belt-like silica have a width
and thickness of about 1 µm and 250 nm, respectively, and
lengths up to tens of micrometers. In order to investigate
the influence of the amount of TEOS on the morphologies
of the silica fibers, we also fabricated silica fibers with other
amounts of TEOS. When the amount of TEOS was de-
creased to 0.5 mL, the silica fibers became network-like
(Supporting Information, Figure S1a), and when the
amount of TEOS was increased to 6.0 mL, the width of the
silica belts increased to about 2 µm (Supporting Infor-
mation, Figure S1b). In the process of electrospinning,
TEOS would become a gel because of the rapid evaporation
of the solvent. So, if the amount of TEOS was not enough,
although composite fibers with a circular cross-section
could be collected on the collector (Supporting Infor-
mation, Figure S2a), TEOS could not form a complete gel
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layer on the surface of the electrospun composite fibers, and
TEOS inside the composite fibers would connect to each
other in the interface of composite fibers and become a
network-like morphology in the process of heat treatment.
By increasing the amount of TEOS to 1.5 mL, although the
morphologies of the composite fibers obtained are fibers
with a circular cross-section, a complete silica gel layer on
the surface of the composite fibers could form in the pro-
cess of electrospinning, which could prevent silica from con-
necting to each other during heat treatment, so silica fibers
with a 1D morphology rather than a network-like mor-
phology could be obtained after annealing at high tempera-
ture. If the amount of TEOS was further increased to
3.0 mL, the silica gel layer would become thicker and hinder
the evaporation of solvent inside the composite fibers, so
the inside of the composite is not completely dried and the
silica gel layer does not have enough rigidity to keep the
fiber morphology, so the composite fibers would collapse
and composite belts could be formed (Supporting Infor-
mation, Figure S2c). After annealing at high temperature,
silica belts could form. By further increasing the amount of
TEOS, the width of the silica belt would become large and
the belt-like morphologies could not be changed Support-
ing Information, Figure S2d).

Figure 11. SEM images of silica belt templates (a,b), carbon belts
(c,d), and SiC belts (e,f) at different magnifications.

Figure 11c,d are typical SEM images of the carbon fibers
synthesized by using belt-like silica as template. The carbon
fibers have belt-like morphologies; the widths and thick-
nesses of these carbon belts are about 1 µm and 250 nm,
respectively, which are similar to those of SiO2 belts. The
high-magnification SEM image shows that the belt-like car-
bon fibers have a rectangular open-tubular structure, which
indicates that etching of the silica templates does not result
in the collapse of the fibers (Figure 11d). Although the
group of Lee[32] reported the fabrication of quasi 2D carbon
nanobelts by thermal decomposition of ethanol on nano-
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porous alumina templates, the formation of these nanobelts
is attributed to the collapse of the nanotubes, because the
carbon shell is too thin to have enough rigidity to keep their
hollow tube-like morphologies. The carbon belts synthe-
sized by this method have a rectangular open-tubular struc-
ture and did not collapse after removal of the SiO2 tem-
plates, which should be attributed to the fact that the car-
bon shell has enough rigidity to retain their morphologies
when enough PS is used as the carbon source. In the process
to fabricate hollow carbon nanofibers with circular open-
ings, we also found that carbon fibers with irregular open-
ings (Supporting Information, Figure S3a–c) and some car-
bon belts (Supporting Information, Figure S3c), also could
be found if the amount of silica nanofiber templates is in-
creased to 0.10 g. This phenomenon should be attributed to
the fact that the carbon produced form the decomposition
of PS was not enough; the carbon shell does not have
enough rigidity to retain their hollow structure after re-
moval of the silica templates, so the carbon shell would col-
lapse into belts and fibers with irregular openings. Because
the amount of carbon decomposed from PS was not
enough, some silica fibers were not completely covered by
the carbon shell, and trough-like carbon could also be
found (Supporting Information, Figure S3d). So, the key
factor for formation of carbon belts with rectangular open-
ings is the existence of enough carbon source to ensure that
the carbon shells have enough rigidity to retain their hollow
morphologies so that they do not collapse after removal of
the silica templates. Carbon belts with this morphology
have never been reported in the literature.

The SEM images of SiC fabricated by using belt-like car-
bon fibers as a template are shown in Figure 11e,f. The SiC
fibers also have belt-like morphologies even in the high-
temperature reaction. The inset image of Figure 11e shows
that the cross-sections of the SiC belts are also rectangular.

Formation Mechanism of Hollow Carbon and SiC Fibers

The formation process of hollow carbon and SiC fibers
is described in Figure 12. The silica nanofibers are dis-
persed into PS solution, and after the solvent is evaporated,
the silica nanofibers and PS are interconnected. During the
heat treatment, PS decomposes into its monomer, dimer,
trimer, and so on, and some part is carbonized on the silica
fiber surface. If silica fibers are not used, the carbon would
fly away into the flowing nitrogen. The silica nanofiber acts
as the template during the whole process of PS decomposi-
tion and carbonization of the decomposed species.[33] When
the silica core is removed by HF, hollow carbon nanofibers
are formed. When the SiO2 belts instead of the SiO2 fibers
were used as templates, carbon microbelts with rectangular
openings could be obtained. The resulting carbon fibers
and belts could well replicate their template shapes, which
indicted shape memory was retained during the synthesis
process from SiO2 templates to carbon fibers and belts.

When the carbon fibers are used as templates to fabricate
SiC fibers, the formation of SiC involved in a solid–gas re-
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Figure 12. Formation procedure of the hollow carbon and SiC nan-
ofibers.

action between carbon and Si vapor generated from Si solid
powder at high temperature. The main reaction involved in
this synthesis process could be illustrated by the reactions
outlined in Equations (1) and (2).

Si(s) � Si(g) (1)

Si(g) + C(s) � SiC(s) (2)

In the synthesis process, the carbon fibers not only acts
as the carbon source but also as the template during the
conversion from carbon into SiC fibers, so the resulting SiC
could well keep the original morphologies of the carbon
fibers. The SiC hollow fibers with circular and rectangular
openings could be synthesized by choosing hollow carbon
nanofibers and carbon belts, respectively.

Conclusions

In summary, hollow carbon and SiC fibers were fabri-
cated by using electrospun SiO2 and carbon fibers as tem-
plates, respectively. The morphologies of the carbon fibers
could be tuned from fibers to belts and the openings
changed from circular to rectangular when SiO2 belts in-
stead of SiO2 fibers were used as templates The inner dia-
meters and morphologies of the carbon nanofibers were
similar to those of SiO2 templates. The hollow SiC fibers
and belts could also be fabricated by using carbon fibers as
templates. The morphologies of the SiC fibers depend on
the morphologies of the carbon fibers.

Experimental Section
General Methods: Structure analysis with X-ray diffraction (XRD)
was performed with a Rigaku D/MAX-2500 diffractometer. The
morphology of the carbon nanofibers was analyzed by scanning
electron microscope (SEM, XL 30 ESEM FEG, Micro FEI Philips)
and transmission electron microscope (TEM). SAED (selected area
electron diffraction) were recorded with a JEOL-JEM-2010 op-
erating at 200 kV (JEOL, Japan). Raman spectroscopy was re-
corded with a JY T4–6000 Raman with an excitation wavelength
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of 514.5 nm. Thermal gravimetric analysis was performed with a
thermoanalyzer (Pyris Diamond TG/DTA) in air with a heating
rate of 10 °Cmin–1. Specific surface areas of the fibers were mea-
sured by N2 adsorption–desorption isotherm at 77 K with a Micro-
meritics ASAP2020 instrument. Fourier-transformed infrared
(FTIR) spectra were recorded with a Bruker Vertex 70 FTIR spec-
trometer in the range 400–4000 cm.

General Procedure for the Preparation of the Silica Nanofibers: A
solution composed of deionized water (1.0 mL), hydrochloric acid
(0.23 mL, 1.2 ), tetraethylorthosilicate (TEOS, 1.5 mL) and poly-
vinylpyrrolidone (PVP, 4.00 g) was magnetically stirred at room
temperature for 3.3 h, resulting in the formation of a transparent
solution for electrospinning. A typical electrospinning setup con-
sists of three major components: high-voltage power supply, a plas-
tic syringe with a stainless steel needle, which was used as the spin-
neret, and a grounded collector plate (Figure 1). In a typical elec-
trospinning process, the electrospinning precursor solution is
ejected from the stainless steel needle with a voltage of 30 kV. The
distance between the capillary and collector was 15 cm. As a result
of the evaporation of the solvent, the composite fibers in the form
of nonwoven mats could be collected on the collector. The as-pre-
pared precursor fibers were calcined at 700 °C for 4 h with a heat-
ing rate of 1 °Cmin–1.

PS (1.00 g) was dissolved in dimethylformamide to form a homo-
geneous solution. Subsequently, silica nanofibers (0.040 g) were
dispersed into the PS solution. The solution was simply evaporated
in a dish, and the as-obtained PS-silica composite nanofiber was
treated at 800 °C for 2 h with a heating rate of 5 °Cmin–1 under a
nitrogen atmosphere. After the carbonization, the silica nanofibers
were removed with hydrofluoric acid for 12 h at room temperature.
The hollow carbon nanofibers were washed with deionized water
and dried at 100 °C overnight.

The carbon fiber templates used to fabricate SiC fibers were synthe-
sized at 1000 °C and other conditions were kept constant. The hol-
low carbon nanofibers were first mixed with an excess amount of
silicon powder, and then, the mixture was treated at 1300 °C for
6 h with a heating rate of 5 °Cmin–1 under an argon atmosphere.
The resulted powder was treated with 5  NaOH solution and then
washed with distilled water several times and dried at 100 °C. Fi-
nally, the powder was calcined at 700 °C for 2 h in air.

Supporting Information (see footnote on the first page of this arti-
cle): SEM images of SiO2 fibers fabricated with different amounts
of TEOS; SEM images of composite fibers with different amounts
of TEOS; SEM images of carbon nanofibers with different open-
ings.
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