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ABSTRACT Single-walled carbon nanotubes (SWNTs) have successfully been incorporated into a silica matrix using the sol-gel process.
The SWNTs were first functionalized with 3-aminopropyltriethoxysilane (APTES) through an amide linkage formed between the
carboxylic acid groups already present on their surface and the amino group on APTES. The silane moieties were then used to form
silica with and without the presence of tetramethylorthosilicate (TMOS) in a sol-gel reaction. The addition of TMOS was found to
influence the molecular arrangement of the SWNT in the silica matrix and also to retard the degradation of the silica-SWNT composite.
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1. INTRODUCTION

Silica compounds are among the most extensively
studied materials, especially those prepared by the
sol-gel process (1-3). However, their high brittleness

and low resistance to mechanical stress tend to severely limit
their scope of applications (4, 5). One possible and efficient
way of improving the mechanical properties of silica materi-
als is to reinforce them with fillers such as graphite powder
(6), polymers (7), and carbon nanotubes (CNTs) (8). Since
their discovery in 1991 (9), carbon nanotubes (CNTs) have
attracted a great deal of interest from scientists all around
the world because of their unique properties, which include
mechanical strength, chemical stability, and electronic con-
ductivity (10-12). For these reasons, the incorporation of
SWNTs into conventional functional materials in order to
enhance the performance of the latter has recently become
a subject of major interest (13-15). However, the achieve-
ment of better performance in the composites heavily relies
on the successful incorporation of the SWNT in the material
being investigated. The insolubility in solvents due to strong
intertube van der Waals attractions and the chemical inert-
ness of SWNT are well-known factors that hinder their
uniform dispersion and incorporation in any matrix (10, 16).
This problem can be overcome by the functionalization of
the SWNT with groups that facilitate their incorporation into
a material through covalent bonding. For example, the
covalent decoration of multiwalled carbon nanotubes (MWNT)
with silica nanoparticles has successfully been carried out
by Bottini et al. (17) using a water-in-oil microemulsion
approach to control the size of the silica nanobeads. The
latter activated the MWNT with carboxylic groups, to which
3-aminopropyltriethoxysilane was then attached in order to
introduce silicon-ethoxide groups that could further be

hydrolyzed and condensed into silica using a sol-gel strat-
egy. On the other hand, the reinforcement of silica with
SWNT through covalent functionalization using 3-glycidox-
ypropyltrimethoxysilane (GPTMS) has been realized for the
first time by Niu and co-workers (8). They have demon-
strated improved mechanical properties and higher electron-
transfer kinetics in the silica-SWNT composites as com-
pared to pure silica.

In this research work, we aim at incorporating SWNT into
silica through the covalent functionalization of the nanotubes
using 3-aminopropytriethoxysilane (APTES). The use of si-
lane-terminated compounds for the functionalization of the
SWNT creates a simple and easy way of building a homo-
geneous silica-SWNT composite through sol-gel chemistry.
Generally, the sol-gel process consists of polymerization
reactions which are based on the hydrolysis and condensa-
tion of alkoxide groups (18). Briefly, in the first step of the
reaction where a silane compound is used, the Si-alkoxide
group is hydrolyzed by a water molecule. Once the hydroly-
sis step has been initiated, the next reaction that follows is
condensation of the hydrolyzed molecules to produce
Si-O-Si linkages or networks. Further condensation reac-
tions can then take place, leading to the formation of longer
chains or oligomers. Eventually, there is the formation of
more extended networks in the sol through further polym-
erization of the chains and oligomers.

In this work, we have successfully prepared amide-
functionalized SWNT (using 3-aminopropyltriethoxysilane
(APTES)) which were then incorporated into a homoge-
neous silica matrix through a sol-gel process by the
hydrolysis and condensation reactions of the silane groups
on APTES. In a separate reaction, tetraethyl orthosilicate
(TMOS) was added to the sol-gel step in order to enhance
the formation of the silica network by helping in the cross-
linking process. The effect of the addition of TMOS to the
sol-gel reaction on the thermal stability of the silica-
SWNT composites was studied by thermogravimetric
analysis (TGA). The SWNT-APTES and silica-SWNT ma-
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terials were characterized by Raman spectroscopy to gain
an insight of the change in structure after surface modi-
fication of the SWNT and their incorporation into silica.
The morphology of these materials was also studied by
scanning electron microscopy, which showed the homo-
geneous distribution of the nanotubes in the silica matrix.

2. EXPERIMENTAL SECTION
2.1. Materials. The carboxylic acid functionalized SWNTs

(carboxylic acid content of 6 atom %) were purchased from
Carbon Solutions Inc. 3-Aminopropyltriethoxysilane (APTES)
and tetramethyl orthosilicate (TMOS) were purchased from
Sigma-Aldrich. All the chemicals were used as received.

2.2. Characterization. Fourier transform infrared spectros-
copy (FTIR) was carried out on a Bomem MB spectrometer to
obtain structural information on the APTES-functionalized SWNT
and silica-SWNT composites. Powder X-ray diffraction (XRD)
using Cu KR radiation (40 Kv, 30 mA) was carried out on a
Philips 1728 diffractometer in order to investigate any change
in phase after the incorporation of the carbon nanotubes into a
silica matrix. The morphology of the functionalized nanotubes
and their silica composites was studied by scanning electron
microscopy (SEM) using a Cameca SX-50 automated electron
probe microanalyzer (OGL). Thermogravimetric analysis (TGA)
was used to investigate the thermal stability of the silica-SWNT
composite materials as well as to determine the silica content
of the composites. The samples were analyzed on a SDT Q600
instrument. Raman spectra were measured on a LABRAM-HR

FIGURE 1. Infrared spectrum of the APTES-functionalized SWNT.

Scheme 1. Synthesis of the Silica-SWNT Composites
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confocal laser MicroRaman spectrometer with an argon ion
laser at an excitation wavelength of 514.5 nm.

2.3. Synthesis of Amide-Functionalized SWNTs. Carboxy-
lic acid functionalized SWNT (20 mg) was weighed into a round-
bottom flask, N,N′-dimethylformamide (DMF, 15 mL), triphe-
nylphosphine (TPP, 1 mg), and a few drops of pyridine were
added, and the mixture was sonicated for 30 min. 3-Amino-
propyltriethoxysilane (APTES; 4 mL, 17 mmol) was added
slowly to the mixture with stirring, and the reaction was allowed
to occur at 100 °C for 5 h for the formation of amide linkages
between the carboxylic groups on the SWNTs and the amine
group on the APTES. The black product (48 mg) was then

collected by suction filtration, and it was washed thoroughly
with ethanol and dried under vacuum overnight.

2.4. Synthesis of Silica-SWNT Composites. Distilled water
(15 mL) was added to the amide-functionalized SWNT (20 mg),
and tetramethoxysilane (TMOS, 1 mL, 6.8 mmol) was then
added slowly with stirring. The mixture was then heated at 60
°C for 6 h to allow the hydrolysis and condensation of the
ethoxysilane groups on the amide-functionalized SWNT and
TMOS. The product was removed from the reaction flask by
suction filtration and washed several times with ethanol and
then dried under vacuum overnight. In another reaction, the
amide-functionalized SWNT was heated with water at 60 °C for
6 h in the absence of TMOS. The aim of this reaction was to
build a silica network through the hydrolysis and condensation
of ethoxysilane groups present on the amide-functionalized
SWNT only. The procedure for the synthesis of the silica-SWNT
composites from the carboxylic acid functionalized SWNT is
illustrated in Scheme 1.

3. RESULTS AND DISCUSSION
3.1. Synthesis of the Silica-SWNT Composites.

The first step toward the synthesis of the silica-SWNT
composites was the functionalization of the SWNT-COOH
species with APTES so that the terminal ethoxide groups
from the latter are then available for hydrolysis and con-
densation in order to form a silica matrix in the final step.
The reaction of the amine group on APTES with the car-
boxylic groups on the SWNT to form an amide linkage was
confirmed by infrared spectroscopy. The IR spectrum of the
APTES-functionalized SWNT is shown in Figure 1. The peaks
at ∼3422 cm-1 (for the N-H bond), ∼1700 cm-1 (for the
CdO group), and 1092 cm-1 (for the Si-O bond) clearly
indicate the covalent attachment of the APTES to the SWNT
through an amide linkage. Similar IR spectra (not shown)

FIGURE 2. Powder X-ray diffraction (XRD) spectra of (a) the APTES-functionalized SWNT, (b) the SWNT-silica composite prepared without
TMOS, and (c) the SWNT-silica composite prepared with TMOS.

FIGURE 3. Thermogravimetric analyzes (TGA) measured from room
temperature to 1300 °C under a nitrogen atmosphere of (a) the
APTES-functionalized SWNT and the silica-SWNT composites pre-
pared (b) without TMOS and (c) with TMOS.
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were obtained after the sol-gel reaction to obtain the
silica-SWNT composites.

3.2. X-ray Diffraction (XRD) of the APTES-Func-
tionalized SWNT and Silica-SWNT Composites. Pow-
der X-ray diffraction (XRD) was performed on the APTES-
functionalized nanotubes and the silica-SWNT composites
in order to study the change in phase of the carbon nano-
tubes after incorporation into the silica. The XRD spectra of
the functionalized SWNTs and their silica composites are
shown in Figure 2. The intense crystalline peak seen on the
XRD pattern of the APTES-functionalized SWNTs (Figure 2a)
at a 2θ value of ∼26.7° is characteristic of the carbon

nanotubes. After the formation of the silica matrix using only
the silicon-alkoxy groups present on the nanotubes’ sur-
face, broadening of this peak is observed (Figure 2b), show-
ing the successful formation of the silica matrix. This shows
that this silica-SWNT composite is semicrystalline in nature.
In contrast, the silica-SWNT composite that was formed
with the addition of TMOS to the sol-gel reaction showed a
completely amorphous character (Figure 2c). This is due to
the presence of a composite material, the bulk of which is
mostly composed of silica.

3.3. Thermogravimetric Analysis (TGA) of the
Silica-SWNT Composites. The thermal behavior of the
APTES-functionalized SWNT and the silica-SWNT com-
posites were studied by thermogravimetric analysis (TGA).
All the samples were heated under a nitrogen atmosphere
from room temperature to 1300 °C at a heating rate of
20 °C/min. The TGA curves of the APTES-functionalized
SWNT and the silica-SWNT composites synthesized with
and without TMOS in the sol-gel step are displayed in
Figure 3. The TGA curve of the APTES-functionalized SWNT
(curve a) shows two weight losses around 300 and 400 °C,
respectively, corresponding to the decomposition of the
organic groups attached to the surface of the SWNT. After
the incorporation of the functionalized SWNT into the silica
matrix, an increase in the thermal stability of the composites
can clearly be seen in Figure 3 by an increase in the
decomposition temperature to around 500 °C. The thermal
degradation of the composite materials is also seen to slow
down by the addition of TMOS to the sol-gel step for the
formation of the silica-SWNT. The change in the decom-
position patterns of the silica-SWNT composites relative to
that of the APTES-functionalized SWNT confirms the forma-
tion of the silica matrix in both composite materials. An
increase in the residual weights (corresponding to residual
carbon and silica) of the materials analyzed is also observed
from 57% in the APTES-functionalized SWNT to 60% (curve
b) and 80% (curve c) in the silica-SWNT prepared without
and with TMOS, respectively. The results are consistent with
the fact that the silica content of the APTES-functionalized
SWNT does not differ by much from that of the silica-SWNT
synthesized without the addition of TMOS, because the latter
was formed by the hydrolysis and condensation of the
silicon-ethoxide groups present on the APTES-functional-
ized SWNT only.

3.4. Scanning Electron Microscopic Analysis of
the Silica-SWNT Composites. The silica-SWNT com-
posites were imaged using scanning electron microscopy
(SEM), which revealed some very interesting features about
their microstructure and morphology. The SEM pictures of
the composites are shown in Figures 4 and 5, respectively.
Figure4adepictsthecross-sectionofaslabofthesilica-SWNT
composite prepared without the addition of TMOS to the
sol-gel step. These pictures clearly show the homogeneous
dispersion of the carbon nanotubes in a closely packed silica
matrix. Parts b and c of Figure 4 are pictures of the same
slab taken at higher magnification to show how the func-
tionalized SWNTs have successfully been cross-linked to

FIGURE 4. Scanning electron microscopic (SEM) images of the
SWNT-silica composite synthesized without TMOS.
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each other through the silica, forming a network in which
the nanotubes are intertwined. This is in good agreement

with the speculation that the silicon-ethoxide groups at-
tached to the nanotubes’ surface through the APTES mol-

FIGURE 5. Scanning electron microscopic (SEM) images of the SWNT-silica composite prepared by the addition of TMOS to the sol-gel
step.

FIGURE 6. Raman spectra of the APTES-functionalized SWNT and the silica-SWNT composites.
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ecule have been hydrolyzed in the sol-gel reaction and have
subsequently randomly condensed with other similar groups,
hence cross-linking together the carbon nanotubes into an
intertwined network.

On the other hand, a completely different scenario is seen
in Figure 5, in the SEM micrographs of the silica-SWNT
composite synthesized in the presence of TMOS. It can be
concluded that this composite was formed as a layered
material with a thick and compact silica layer on top of the
silica-SWNT layer (Figure 5a-c). As a crack was formed in
the first layer (most probably during the drying process and
because of the high brittleness of pure silica), we can observe
the SWNTs embedded in a silica matrix. Interestingly, the
nanotubes appear to stretch out in one direction, looking as
if they were being pulled upon when the layers cracked
(Figure 5d-f). While the upper layer consisting of pure silica
cracked very easily, the one which contains the SWNTs
showed resistance to breakage. This shows the ability of the
nanotubes to impart their mechanical strength to the silica.

3.5. Raman Spectroscopic Data of the Silica-
SWNT Composites. Raman spectroscopy is a widely used
technique for the characterization of SWNT in order to gain
useful information about their structure. Figure 6 shows the
Raman spectra of the APTES-functionalized SWNT and the
silica-SWNT composites. The band observed at ∼1350
cm-1 (referred to as the D band) represents disordered sp3

carbon structure, and the band at ∼1600 cm-1 (G band)
results from sp2 ordered crystalline graphite-like structures
(10, 19). For the silica-SWNT composites prepared without
TMOS, an increase of the D band is observed together with
a broadening of both the D and G bands. This observation
is indicative of an increase in defect due to covalent attach-
ment to the nanotubes and also due to the strain put on their
surfaces as a result of the cross-linking between the nano-
tubes. This kind of arrangement brings the carbon nano-
tubes closer together which, therefore, influences the mo-
lecular band structure. These results agree very well with the
observation made in the SEM pictures of this silica-SWNT
composite (see section 3.4) where the SWNTs are inter-
twined and closely packed in the silica matrix. However,
when TMOS was used in the cross-linking process of the
functionalized SWNTs, only a small intensity increase and
a small enhancement of the bands was observed. This can
be explained by the fact that the addition of the TMOS
resulted in the formation of a composite with a higher silica
content that tends to mask the effect from the carbon
nanotubes. The TMOS also serves as a medium of cross-
linking between the carbon nanotubes, which tends to ease
off the strain from the nanotubes’ surface.

4. CONCLUSIONS
Amide-functionalized SWNTs were prepared by the reac-

tion of SWNT-COOH with APTES. The APTES-functionalized
SWNTs were then incorporated into a silica matrix using
sol-gel chemistry. In the first case, the silica network was
formed simply through the hydrolysis and condensation of
the silane groups present on the APTES attached to the walls

of the SWNT. In another reaction, TMOS was added to the
sol-gel step to help form the silica matrix. IR spectroscopy
was used to confirm the formation of the amide bond
between the SWNT-COOH and APTES as well as the forma-
tion of the silica network in the composites synthesized with
and without TMOS. The successful incorporation of the
SWNTs into a silica matrix has been confirmed by both XRD
and SEM analyses. The latter has shown a homogeneous
distribution of intertwined nanotubes in a compact silica
matrix in the composite formed without TMOS. The thermal
stability of the APTES-functionalized SWNT was compared
to those of the silica-SWNT composites. The incorporation
of the SWNT into a silica network was shown to retard the
thermal degradation of the composite materials. Raman
studies have shown that, in the absence of TMOS, the
molecular band structure of the resulting silica-SWNT
composite is greatly disrupted because of extra strain on the
nanotubes due to the cross-linking between the nanotubes.
Through the successful incorporation of an amide-function-
alized SWNT into silica, we have prepared composites that
are less brittle compared to pure silica and that can also have
potential applications as fillers in the reinforcement of high-
performance polymers such as polyamides, polyimides,
polycarbonates, and polyether ether ketone (PEEK) polymers.
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