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Abstract Silica-coated multiwalled carbon nanotubes
(MWCNTs) have been prepared by the sol-gel polymeri-
zation of tetraethoxysilane (TEOS) in the presence of the
acid-oxidized MWCNTs at room temperature, followed by
oxidizing the MWCNTs templates at high temperature in
air to produce hollow silica nanotubes. The thickness and
architectures of silica shell were well controlled by ratio-
nally adjusting the concentration of TEOS, and by adding
cationic surfactant as a structure-directing agent. These
results also give a clear answer to prove the fact that the
structures of spherical silica particles can be fully “copied”
to the coating shell and the wall of silica nanotubes when
prepared by the same method as the synthesis of silica
particles in the presence of templates.
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Introduction

The fabrication of versatile nanostructured materials such as
nanoparticles, nanowires, nanorods, and nanotubes has
attracted considerable attentions in fundamental science and
industrial research, since they have fascinating geometries
and physicochemical properties as well as various potential
applications [1-5]. Among them, inorganic nanotubes with
a unique hollow structure allow the independent modifica-
tion of their inner and outer surface with desired functional
molecules to develop smart multifunctional nanotubes [6]
and provide straight nanochannels for the nanofluidic sen-
sors [7]. Moreover, some novel properties of molecules or
ions confined within the nanotubes are of great current
interest [8]. Carbon nanotubes (CNTs) with remarkable
structure-dependent properties have triggered intensive
research towards the fabrication of novel advanced materi-
als since their discovery [9-12]. CNTs are expected to be
controllably designed into the desirable architectures as
integral components. At present, versatile strategies have
been developed to functionalize CNTs with organic, inor-
ganic, and biological species [13—18]. Among them, the
linkage of insulating materials to CNTs has emerged as a
new strategy for the applications in field effect transistors,
gas sensors, molecular circuits, switches, and others [19]. In
this regard, recent investigation has demonstrated that sil-
ica-coated CNTs can serve as a good candidate for high-
toughness composites, and open up new possibilities for the
fabrication of advanced reinforced materials due to the high
stiffness and bending strength of the nanaotubes [20].
Enhancement in thermal conductivity [21] and nonlinear
optical properties [22] has also been found for the homo-
geneous silica/CNT composites as compared with the
unmodified-CNTs. As silica is an insulator, silica-coated
CNTs appear to be a super-dielectric with a very large
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low-frequency dielectric constant and low dielectric loss
[23]. Moreover, with a biocompatible silica shell, silica-
coated CNTs have many potential applications in biotech-
nology and nanoelectric devices. To date, silica-coated
CNTs have been successfully synthesized by the liquid-
phase deposition [24], electrodeposition [25], and sol-gel
methods [26]. However, control over the thickness and
architectures of silica coating are highly desirable but little
reported [25].

Silica nanotubes (silica-NTs) are hydrophilic, biocom-
patible, and photoluminescent and can be applied in bio-
separation, biocatalysis, biosensors, drug/gene delivery
carriers, and optoelectronic nanodevices [27]. Till now,
silica-NTs have been typically fabricated by applying the
various templates [28], and using a surfactant-mediated
sol-gel method [29] and a thermal oxidation-etching
approach to convert the silicon nanowires into silica-NTs
[30]. Though silica-NTs with different thickness, dimen-
sions, and helicity have been fabricated by changing the
reaction parameters, the control and design of wall struc-
ture remain contentious but desirable.

Many techniques have been developed for the prepara-
tion of spherical silica particles with various structures by
the sol-gel chemistry [31-33], but they cannot be directly
adopted for synthesizing silica tubes under comparable
conditions. However, can these methods be further used for
reference of producing similar coating shell and wall of
silica in the presence of templates? That is, can the struc-
tures of silica particles can be fully “copied” to the coating
shell and the wall of silica nanotubes by employing the
methods of synthesizing particles? There are in fact, to the
best of our knowledge, few reports that address these
issues. Herein, we attempt to find out the answer for
developing a facile and feasible methodology to produce
silica-coated CNTs and subsequent silica nanotubes.
Although the preparation of silica-NTs by calcination of
the CNTs templates from silica-coated CNTs has been
reported previously [34], our proposed technique can pro-
vide additional control over the thickness and architecture
of the silica shell. Specifically, the application of sol-gel
chemistry allows us to control the nanostructure of silica
wall coating [35].

Experimental

The methodology employed in this study is outlined in
Fig. 1. Pristine multi-walled carbon nanotubes (MWCNTs,
with an average outer diameter of 50 nm, China Shenzhen
Nanotech Port Co., Ltd.) were cut and purified by reflux in
strong acids as described previously [15], producing oxy-
genated functional groups (-COOH, —OH, and C=0) on the
CNTs surface. The resulting acid-oxidized MWCNTSs
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Fig. 1 Scheme for the preparation of silica-coated MWCNT (sil-
ica@MWCNT) and subsequent silica nanotube (silica-NT)

(denoted as o-MWCNTs) become hydrophilic, which makes
them well-dispersed in the reaction mixture. Typically,
o-MWCNTs (50 mg) are ultrasonically dispersed into a
fixed-volume mixture of ethanol (250 mL) and NH,OH
(8 mL, 25.0-28.0 wt%) for 30 min, followed by vigorous
mechanical agitation for another 15 min to obtain a stable
and homogeneous suspension. Immediately afterward, the
appropriate amount of tetraethoxysilane (TEOS) is quickly
added to achieve the desired volume ratio (vol.%) of TEOS
with respect to ethanol, and kept there for 12 h under stir-
ring. The whole reaction is carried out at room temperature.
After the reaction, the mixture is centrifuged at a moderate
speed (2000 rpm). In order to fully remove free silica par-
ticles, the resultant sediment is ultrasonically re-dispersed in
water for 15 min, and vacuum filtered. The same procedure
is repeated at least four cycles. Finally, the darkish product
is obtained by filtration through a 0.8-um nylon membrane
and vacuum dried, yielding silica-coated MWCNTs
(silica@MWCNTSs). Silica@MWCNTs are then oxidized in
an oven (NEY2-525) at 600 °C for 8 h to remove the CNTs
templates giving the silica nanotubes (silica-NTs). The
morphology and structure of silia@MWCNTSs and silica-
NTs can be examined by transmission electron microscopy
(TEM, Tecnai G220 and Philips CM 20).

Results and discussion

Figure 1 demonstrates the procedure to synthesize silica-
coated MWCNT and subsequent silica-NT by oxidation of
the MWCNT template in air. In previous articles, coating of
CNTs with silica has been mainly performed by reacting
siloxanes with the precursor-modified CNTs [36, 37], rather
than with the acid-oxidized MWCNTs as described here. The
latter appears to be relatively facile and fast. Figure 2 shows
the FT-IR spectra of pristine MWCNTSs, acid-oxidized
MWCNTs (o-MWCNTs), and silica-coated MWCNTSs
(silica@MWCNTs). For pristine MWCNTs, there is only a
weak peak at 1580 cm™!, corresponding to the C=C
stretching of the MWCNTs backbone (Fig. 2a). After oxi-
dation of MWCNTSs with the concentrated acid, two new
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Fig. 2 FT-IR spectra of pristine MWCNTSs (a) o-MWCNTs (b) and
silica@MWCNTSs (c)

bands occur at 1720 and 1230 ¢cm™! (Fig. 2b), which are
assigned to the C=0 vibration of the carboxylic group and
C-0O stretching, respectively. In the spectrum of sil-
ica@MWCNTs (Fig. 2c¢), a strong band centered at
1100 cm™" can be clearly observed due to the Si—O-Si
asymmetric stretching, and two peaks at 950 and 800 cm ™"
are attributed to the Si—OH stretching and Si—O-Si sym-
metric vibration, respectively. Moreover, a broad band
centered at 3400 cm ™' corresponds to the OH stretching that
originates from both silanol and adsorbed water. These
results indicate that the MWCNTs surfaces are effectively
coated by silica shell.

Fig. 3 TEM images of
silica@MWCNTSs (a—c) and
0-MWCNTs (d). The
concentration of TEOS is 3.2,
4.0, and 4.8 vol.%,
corresponding to the image
of a, b, and ¢, respectively

From the TEM images of silica@MWCNTs (Fig. 3a—c),
a sharp contrast structure that consists of an inner and an
outer layer can be observed along the axial direction of the
nanotubes. These appear to be clear core—shell structures.
As compared with the smooth and clear surface of
o-MWCNTs (Fig. 3d), the surface of silica coating is rough
with some nanoparticles attached to the surface of sil-
ica@MWCNTSs. However, the thickness of the silica shell
is relatively uniform. The coupling of silica shell to
MWCNTs core is considerably strong, and they cannot be
detached from each other even after prolonged ultrasoni-
cation. One reason involves the chemical binding that the
surface functional groups (-COOH, —-OH) of MWCNTs
react with silanol from the hydrolyzed-TEOS to form
Si—O—C linkages. Another possibility is hydrogen-bonding
interaction between silanol and C=0 groups on the CNTs
surface [38]. In some cases, the silica shells of the
o-MWCNTs surface are not so clear (as indicated by the
arrows in Fig. 3). Moreover, the thickness of silica shell is
clearly dependent on the volume ratio of TEOS with
respect to ethanol. With the addition of 3.2 vol.% (8 mL),
4.0 vol.% (10 mL), and 4.8 vol.% (12 mL) of TEOS into
the reaction system, the resulting silica thickness is about
9.2 nm (Fig. 3a), 11.6 nm (Fig. 3b), and 13.4 nm (Fig. 3c),
respectively.

After calcination of silica@MWCNTs at high tempera-
ture, the carbon atoms of MWCNTs are converted to CO or
CO, gas due to the oxidation of O, in air. This removes the
MWCNTs templates leaving silica nanotubes [34]. It is
generally accepted that the resulting H,O and alcohol
during the hydrolysis and condensation of TEOS remain in
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the pore of the Si—O-Si network [35]. Therefore, H,O and
alcohol are easily removed at high temperature leaving
lots of holes, which provide the channels for the entrance
of O, and the release of CO or CO,. As represented in
Fig. 4(a—e), TEM images show the typical hollow structure
of silica-NTs with a relatively smooth inner wall, and no
graphitic-type fringes are seen in silica-NTs. The inner
diameters for the silica-NTs range from 30 to 80 nm, which
are in agreement with the outer diameter of the MWCNTSs
templates. The measured wall thicknesses for silica-NTs
are ca. 9.2 nm (Fig. 4a, b), 11.6 nm (Fig. 4c, d), and
13.4 nm (Fig. 4e), respectively, which is in agreement with
the thickness of silica coating on the MWCNTs surface.
Figure 4f gives the energy dispersive X-ray spectrum
(EDX) of silica-NTs, in which three distinct peaks of
silicon, oxygen, and copper are observed. The copper signal
originates from the grid used for TEM analysis. These
results further confirm that the nanotubes are only composed

Fig. 4 TEM images of hollow
silica-NTs obtained by calcining
silica@MWCNTs at high
temperature (a—e), and EDX
spectrum of silica-NTs shown in
the inset (f). The concentration
of TEOS is 3.2 vol.% (a and b),
4.0 vol.% (c and d), and

4.8 vol.% (e), respectively
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of silica, and the MWCNTs templates are fully removed
under calcination. In some cases, silica-NTs are either
closed (Fig. 4c) or open-ended tubes (Fig. 4b) on both ends.
Alternatively, some of silica-NTs have one closed end and
the other open-ended (Fig. 4e). These tubes (i.e., Fig. 4e)
could be treated as nano-test-tubes, which allow the bio-
molecules of interest to be encapsulated by capillary filling.
The encapsulated biomolecules can be stored inside the
tubes until it is ready to be delivered [39].

The above results show that the silica thickness on
silica@MWCNTs (and hence, the wall thickness of silica-
NTs) can be effectively controlled by adjusting the con-
centration of TEOS. However, the desirable silica shell
structure is not fabricated in a simple sol-gel process. In
fact, spherical silica with various structures have been
prepared by addition of structure-directing agents [40, 41].
Recently, monodispersed spherical silica particles with
dense silica core and ordered-mesoporous shell had been
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reported by employing alkyltrimethylammonium bromide
as a structure-directing agent [41]. Therefore, it is to be
expected that novel structure of spherical silica particles
can be transferred to the coating shell or the wall of silica-
NTs. Herein, one-pot two-step synthesis developed by Yu
and coauthors [41] is employed in this investigation. In this
study, o-MWCNTs (50 mg) are pre-coated by hydrolysis,
and polycondensation of TEOS (5 mL) is performed in the
presence of a mixture of ethanol (100 mL), NH,OH
(4 mL), and H,O (10 mL) with mechanical stirring for 6 h,
resulting in a dense silica (solid-structured) inner shell.
Then, 200 mL of hexadecyltrimethylammonium bromide
(CTAB, 0.015 M) aqueous solution is added to the reaction
mixture. At the end of stirring for 30 min, an additional
TEOS (2 mL) is quickly added to the above prepared
suspension, followed by stirring for 12 h at room temper-
ature. The final product can be obtained by purification and
calcination to remove free particles and CTAB as described
before.

As shown in Fig. 5a, free silica particles have a dense
core with diameter of ca. 270 nm and an ordered-meso-
porous shell with thickness of about 50 nm, in which
mesoporous channels are perpendicular to the surface of
the inner shell, similar to the previously reported results
[41]. Noticeably, similar mesoporous channel structure can
also been clearly observed on the wall of silica-NTs (see
insert in Fig. 5b), which is composed of a dense silica inner
shell and an ordered-mesoporous outer shell with thick-
nesses of ca. 94 and 21 nm, respectively. When sil-
ica@MWCNTSs are calcined at 400 °C (not 600 °C) in air,
only CTAB micelles are removed and MWCNTs backbone
can be kept due to higher thermal stability of MWCNTs.
From Fig. 5c, a clear protruded-MWCNT tip can be
observed together with double silica shells. These results
demonstrate that the structure of silica particles is fully
transferred to the silica shell, which implies that the syn-
thesis method of silica particles is easily applied to control
the structure of silica coating or silica-NTs. Interestingly,
when the sol-gel polymerization is carried out by simul-
taneously adding a TEOS/CTAB mixture to a suspension
of previously prepared o-MWCNTs, the resulting silica
particles and silica-NTs have totally different structures
after the removal of CTAB by calcination. TEM images
(e.g., Fig. 5d) demonstrate that the structure consists of
random and disordered mesoporous silica, and no multi-
walled layers can be found on the surface of silica-NTs
(and silica particles). Only on increasing the concentration
of CTAB (0.02 M), the resultant silica particles and silica-
NTs are, however, made up of mesopore with a relative
proportional spacing (Fig. Se, f).

In the reaction system, CTAB might interact with
hydrolyzed silanol to form weak electrostatic interaction (I)

or stronger association (II) under basic conditions, as
follows:

—:SE—OH Br- @~~~ (D)

_\5-_0—(1}'WW'~ 11
i (In

Therefore, the surface of previously prepared silica acts
as an interface template to assist the self-assembly of
positively charged CTAB micelles under basic conditions,
followed by inducing the oriented propagation of mesopore
to form a dense silica core and a mesoporous-ordered shell
after heating (Fig. Sa—c). With simultaneous addition of
TEOS and CTAB to the reaction system, the hydrolysis and
polycondensation reactions initiate at numerous sites
within the TEOS/NH,OH solution to form Si—O-Si bonds,
which are also synchronously surrounded by CTAB
micelles. When sufficient interconnected Si—-O-Si bonds
are formed in a region, they respond cooperatively as
colloidal particles or silica shell, and CTAB molecules
remain in the pores of the network as a result. At lower
concentration of CTAB, CTAB micelles cannot alternately
interact with the Si—O-Si network, which leads to relative
aggregate of Si—~O-Si bonds without interference of CTAB
in a certain region, forming the little dense silica dots
(Fig. 5d). However, CTAB with a higher concentration can
alternately interact with the propagated Si—O-Si bonds
during the course of hydrolysis and condensation of TEOS,
and evenly distributes and remains in the pore of the Si—-O-
Si network. After CTAB molecules are removed by calci-
nation, the left mesopores are homogeneous distribution
within the silica particles or the wall of silia-NTs (Fig. Se, ).
Further study is under way to determine the specific surface
area according to the BET (Brunauer—-Emmett-Teller)
method, and the pore size (diameter and volume) according
to the BJH (Barrett-Joyner—Halenda) method and Gurvitch
rule.

In addition, the inside diameter and length of the result-
ing silica-NTs are clearly dependent on the outside diameter
and length of the MWCNTs templates (Figs. 4, 5). This
indicates that the diameter and length of silica-NTs can be
tailored according to the CNTs used. The theoretical
investigation has also demonstrated that the silica-coating
has structure dependence on the CNTs backbone [42]. Such
a template-directed synthesis strategy is an ideal tool to
fabricate the desired oxidated-nanotubes in which their
dimensions can be precisely controlled, which allows us to
prepare the specially structured materials. For example,
helical polymer nanotubes could be obtained by utilizing
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Fig. 5 TEM images of free
silica particles (a, e) and silica-
NTs (b, d, f) obtained by
heating (600 °C) silica-coated
MWCNTs in which a structure-
directing agent (CTAB) is
added during the course of
hydrolysis and condensation of
TEOS, and (¢) TEM image of
silica@MWCNTs that are
calcined at 400 °C (not 600 °C)

in air

polymer-grafted helical silica-NTs when helical CNTs are
used as templates, since silica can be easily etched away by
hydrofluoric acid treatment.

Conclusions

A facile sol—gel process has been successfully employed to
prepare silica-coated MWCNTSs in the presence of the acid-
oxidated MWCNTs. The proposed methodology has sev-
eral advantages in that the thickness and architectures of
silica coating can be easily controlled by rationally

@ Springer

adjusting reaction parameters such as precursor or catalyst
concentration, as well as addition of structure-directing
agents. Silica-coated MWCNTs can be further calcined at
high temperature in air to form hollow silica nanotubes
after removing the MWCNTSs templates. The wall structure
of silica nanotubes can be designed by adding CTAB
surfactant to the reaction system. These results clearly
prove that the structures of silica shell can be derived from
those of particles by employing the synthesis methods of
silica particles in the presence of additional templates.
Considering that the silica surface and structured tubes
are functionally versatile, silica-coated CNTs and silica
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nanotubes with novel structure prepared by the authors are
expected to have potential applications for tunable nano-
electric and photonic devices. The sol-gel process devel-
oped is facile and efficient for the fabrication of silica-
coated CNTs and silica nanotubes, which could be applied
in large scale production. The synthesis methods for
preparation of silica partilces also open up new opportu-
nities to the surface-coating techniques of the supports by
adopting the versatile sol-gel chemistry.
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