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The new class of multiwalled carbon nanotube (MWCNT)/titania nanocomposites was prepared using a sol-gel technique. The
addition of titania to MWCNTs has the potential to provide new capability for the development of electrical devices by taking
advantage of the favorable electric characteristics of MWCNTs. MWCNTs were first functionalized with carboxyl, acyl chloride,
amine, and hydroxyl groups and were then dispersed in a tetraisopropyl titanate (TIPT) solution via ultrasonic processing. After
gelation, well-dispersed titania in the MWCNT/titania nanocomposites was obtained. Functionalized MWCNTs with varied
functional groups were proved by Fourier transform infrared spectroscopy (FT-IR). For the nanocomposites, the degree of the
sol-gel process were proved by Raman spectroscopy and wide-angle X-ray diffraction (WAXD). Furthermore, the morphology
of the MWCNT/titania nanocomposites was observed using transmission electron microscopy (TEM). In the sol-gel process, the
functionalized MWCNTs with carboxyl, acyl chloride, amine, and hydroxyl groups have resulted in the carbon nanotube-graft-

titania nanocomposites with a network structure of titania between the carbon nanotubes.

1. Introduction

Carbon nanotubes (CNTs) have attracted considerable atten-
tion because of their unique structure [1, 2]. CNTs, as a
novel crystalline carbon form, are unique nanostructured
materials with remarkable physical and mechanical proper-
ties, such as high tensile strength and Young’s modulus, high
thermal conductivity, and high current density [3-7]. These
excellent properties draw interest in using CNTs as fillers
in polymer composites in order to enhance the electrical
conduction, thermal transport, and mechanical properties
of the polymer matrixes [8, 9]. In particular, few researches
on microwave properties of polymer/CNTs nanocomposites,
such as the shielding effectiveness (SE) of the novel CNTs
plastic nanocomposites, were studied for the purpose of
the electromagnetic interference (EMI) protection and the
electromagnetic susceptibility (EMS) improvement in the

application of the optical transmitter and receiver modules
[10, 11]. The CNTs with a good microwave-proof property at
room temperature were proved by Highstrete et al. [12].

There are many applications for sol-gel-derived products,
such as the thin films, protective and decorative coatings,
and electrooptic components and composites. The sol-gel
methods are used for the fabrication of metal oxide starting
from a chemical solution that acts as the precursor for an
integrated network of either discrete particles or network
polymers. Typical precursors are metal alkoxides and metal
chlorides, which undergo various forms of hydrolysis and
polycondensation reactions [13, 14]. A well-studied alkoxide
is a tetraethyl orthosilicate (TEOS). Alkoxides are ideal
chemical precursors for sol-gel synthesis because they react
efficiently with water. The mechanism for the sol-gel process
is as follows.



(1) Hydrolysis process:

Si(OR), + H,0 — HO-Si(OR), + R-OH 1)

(2) Condensation process:

(OR), -Si-OH + HO-Si~(OR),

(2)
— [(OR),Si-O-Si(OR),] + H-O-H

Polymerization is associated with the formation of a 1-
dimensional, 2-dimensional, or 3-dimensional network of
siloxane [Si-O-Si] bonds accompanied by the production of
H-O-H and R-O-H species [15-22].

In preparation of the MWCNT/titania nanocomposites,
it is difficult to make the uniform dispersion of nanotubes
in the polymer matrixes because of the inherently poor
compatibility and little interactions between the matrixes
and the MWCNTs. Therefore, it is important to enhance
the physical or the chemical interaction between the organic
and the inorganic materials, which can make the MWCNTs
homogeneously distributed throughout the matrixes. In the
study, the modification of MWCNTs surface with carboxylic
acid (-COOH), acyl chloride (-COCI), amine (-NH,), and
hydroxyl (-OH) groups would increase the interactions
between the MWCNTs and matrix, which would be beneficial
for the homogenous dispersion of CNTs and titania in the
nanocomposites.

2. Materials and Methods

2.1. Materials and Surface Modification of MWCNTs. MWC-
NTs (95% pure by TGA analysis) were purchased from
BASE. Thionyl chloride, ethylene chloride, sodium hydroxide,
hydrochloric acid, sulfuric acid, nitric acid, allyl alcohol, hex-
amethylenediamine (HMDA), tetrahydrofuran (THF), chlo-
roform, ethylene glycol, ethanol, and tetraisopropyl titanate
(TIPT) were purchased from Merck Chemical Co. and were
used without any further purification. The method of surface
modification of MWCNT was covalent attachment onto
the m-conjugated skeleton of MWNT through carboxylic
acids treatment. MWCNTs (2 g), sulfuric acid (8 mL), and
nitric acid (24 mL) were charged in a 125 mL round bottom
flask equipped with a condenser and a stirrer. The flask
was sonicated for 30 min with an ultrasonic apparatus. The
chemical oxidation reaction was carried out at 60°C for
48 hrs. After acid treatment, MWCNTs were functionalized
with the carboxylic acid groups (COOH) on the surface.
After cooling down to room temperature, the mixture was
vacuum filtered through a 0. mm Teflon filter. The surface
modification of MWCNTs was then washed with deionized
water until the pH of the filtrate reached near 7.0 [23]. Igm
of MWCNTs after carboxylation was placed in a 250 mL flat
bottom flask with 100 mL of ethylene chloride and sonicated
for 1hr to disperse the MWCNT in the solvent. 15mL of
thionyl chloride was added to the flat bottom flask and the
mixture was stirred with a magnetic stirrer and refluxed for
24 hrs. After the chlorination of the MWCNTs, the unreacted
thionyl chloride and solvent were distilled off and 50 mL
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allyl alcohol was added to the acid chloride MWCNTs and
stirred at 50°C for 24 hrs. Following the esterification of
the MWCNTs with allyl chloride, excess allyl chloride was
distilled off. The synthesized acyl chloride functionalized
MWCNTs were washed with acetone to remove unreacted
chemicals. The generated acyl chloride functionalized MWC-
NTs were reacted with HMDA in the THF solution at
50°C for 12hrs. The amine functionalized MWCNTs were
synthesized, and then the products were washed with THF to
remove unreacted chemicals. Furthermore, the acyl chloride
functionalized MWCNTs were reacted with ethylene glycol at
80°C for 12 hrs. The hydroxyl functionalized MWCNTs were
synthesized, and then the products were washed with ethanol
to remove unreacted chemicals. Finally, the functionalized
MWCNTs were dried in a vacuum oven at 40°C for 12 hrs
[24, 25].

2.2. Preparation of MWCNT/Titania Nanocomposites.
MWCNTs were first functionalized with carboxyl, acyl chlo-
ride, amine, and hydroxyl groups and were then dispersed in
a tetraisopropyl titanate (TIPT) solution via ultrasonic proc-
essing. After gelation, well-dispersed titania in the MWCNT-
graft-titania nanocomposites was obtained. Scheme 1 repre-
sents the schematic procedure for the synthesis of func-
tionalized MWCNTs and MWCNT/titania nanocomposite.

2.3. Characterization of MWCNT/Titania Nanocomposites.
Morphology of MWCNT/titania nanocomposites was exam-
ined using transmission electronic micrographs (TEM,
model JEOL JEM 1200 EX). The characterization of
MWCNT/titania nanocomposites was identified by Raman
spectroscopy using the 532 nm line of a YAG laser, which
was operated at a laser power of 500 mW. The laser beam
with a beam size of approximately 2 ym in the diameter was
focused by a 1000x objective onto the MWCNTs surface.
Fourier transform infrared spectroscopy instrument (FT-IR)
was used to measure the functional group of the chemical
modification of MWCNT. For wide-angle X-ray diffraction
(WAXD) experiments, a Shimadzu/XRD-6000 with a copper
K, radiation (A = 0.1542nm) was used for the WAXD
measurements. The scanning 20 angle covered a range
between 5 and 55° with a step scanning of 0.2°.

3. Results and Discussion

3.1. FT-IR Spectra Analysis. In order to overcome self-aggre-
gation, chemical modification of the MWCNTS surface is
regarded as an effective way to improve the adhesion to
MWCNTs. Figurel shows the Fourier transform infrared
(FT-IR) spectrum in the range 500-4000 cm™" of the surface
of the chemically modified MWCNTs. In the IR spectra anal-
ysis, characteristic main absorption peak due to the hydroxyl
group is observed in the 3200-3700cm™’  range. The
infrared absorption of amine group is observed at 3000 cm™".
The infrared absorption of carboxylic acid is observed at
3300 cm ™. The infrared absorption of acyl chloride group is
observed at 3400 cm ™. Figure 1 shows that, for the original
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ScHEME l: Schematic procedure for the synthesis of functionalized MWCNTs and MWCNT/titania nanocomposite.

MWCNT, there is an apparent greater hydroxyl absorption
peak at 3570 cm™! in the MWCNT. On the contrary, the IR
absorption intensity for carboxyl, acyl chloride, amine, and
hydroxyl groups increased apparently. However, the increase
in IR absorption intensity in the MWCNTs with chemical
modification suggests that, after chemical modification on
the surface of MWCNTS, the hydroxyl group, amine group,
carboxyl group, and acyl chloride group were grafted onto the
surface of MWCNTs. As a result, the hydroxyl group, amine
group, carboxyl group, and acyl chloride group occurring
were covalent attachment onto the 77-conjugated skeleton of
MWCNTs through carboxylic acids treatment in the study.
The surface of MWCNTs with chemical modification has
attached more polar functional groups such as ~-COOH,
-COCl, -NH,, and -OH groups, which could lead to an
improvement of the interface chemical interaction between
MWCNTs and TIPT.

Characteristic main absorption peaks due to the titania-
oxide group are observed in the 700-1700cm™' range.
Figure 2 shows that, in the MWCNT-graft-titania nanocom-
posites, there is an apparent greater Ti-O absorption at 1680
and 850 cm™". In the figures, IR absorption intensity for the
four functional groups on the surface of MWCNTSs decreased
apparently after sol-gel process. The titania-oxide group
was observed in the MWCNT-graft-titania nanocomposites
simultaneously. As a result, the surface of MWCNTs with
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FIGURE L: FT-IR spectra of chemical modification on the MWCNT.

chemical modification has attached more polar functional
groups such as carboxyl, acyl chloride, amine, and hydroxyl
groups that could lead to an improvement of the formation of
MWCNT-graft-titania nanocomposites.
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FIGURE 2: FT-IR spectra of MWCNT/titania nanocomposites.
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F1GURE 3: XRD patterns of MWCNT/TiO, nanocomposites.

3.2. Characterization of MWCNT/Titania Nanocomposites.
Figure 3 shows the wide-angle X-ray diffraction (WAXD)
of MWCNT/titania nanocomposites. The examination of
XRD patterns of different MWCNT/titania nanocomposites
revealed that only TiO, in amorphous phase could be
identified as TiO, and MWCNT/TiO, hybrid materials. The
anatase, rutile, and brookite phases of TiO, were not observed
in the MWCNT/titania nanocomposites. It is noteworthy that
the characteristic peaks of MWCNT can hardly be identified
from the patterns of hybrid materials with different initial
MWCNT weight ratio varied from 1 to 30%. It is observed
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FIGURE 4: Raman analysis of MWCNT/TiO, nanocomposites.

that the peaks width broadened slightly and gradually with
the increase in MWCNT amount for the composite materials.

The resonance Raman spectrum of the MWCNTs was
shown in Figure 4. In the figures, characteristic peaks of
MWCNT register at 1321 and 1582 cm ™. The G-band which
originates from the graphitic sheet is at 1582 cm ™. The broad
peak near 1321cm ™" shows the D-band, which indicates the
existence of defective, graphitic layer, and/or some carbon
particles, which remain even after the purification procedure
[23]. The relative intensity ratio of the D-band to G-band
peak (i.e., Ip/I5) was 121 for crude MWCNTs. In the
MWCNT/titania nanocomposite, it was found that the Ij,/I;
of MWCNTs increased to 1.66. It indicates that more defective
graphitic layers were formed by the acid-treated process.
From the FT-IR and Raman analysis, it demonstrated that the
MWCNT/titania nanocomposites were synthesized during
the sol-gel process.

Figure 5 shows the thermal stability of MWCNT/titania
nanocomposites. It is apparent that an obvious mass loss
occurred for MWCNT/titania nanocomposites, while the
oligomer in neat TiO, and MWCNT/TiO, nanocomposites
may be gasified in an air flow within this range [23]. The
MWCNT/TiO, hybrid materials, containing 5-10% weight
ratio of the unity weight basis of neat TiO,, exhibit a mass
loss 0of 15% due to the oligomer gasification, which agrees very
well with the calculated value from initial ratio. This result
indicates that there is no appreciable loss of MWCNT during
the preparation procedure, where a calcination temperature
of 550°C in a N, flow was used for 2 hrs.

3.3. Morphology Analysis. The effect of the chemical
modification on the morphology in the MWCNT was
examined using transmission electron microscopy (TEM).
Figures 6(a)-6(d) show the TEM results of the surface
of MWCNTs with chemical modification have attached
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more polar functional groups such as carboxyl, acyl
chloride, amine, and hydroxyl groups that could lead to an
improvement of the formation of MWCNT-graft-titania
nanocomposites. The TiO, size distribution centered at
25nm, 35nm, 20nm, and 50nm for the functionalized
MWCNTs with hydroxyl, amine, carboxyl, and acyl chloride
group in the nanostructured MWCNT/titania hybrid mate-
rials, respectively. In the previous study [23], the aggregation
of chemical modified MWCNT was less than that of the
crude MWCNT due to the increased polarity from functional
groups such as carboxyl and hydroxyl groups on the surface
of the MWCNT and the short length and low aspect ratio for
the MWCNT. The length of the MWCNT is about several ten
microns and the diameter of MWCNT is about 10-30 nm.
In the sol-gel process, the functionalized MWCNTs with
hydroxyl, amine, carboxyl, and acyl chloride groups have
resulted in the carbon nanotube-graft-titania nanocompos-
ites with a network structure of titania between the carbon
nanotubes. MWCNT was introduced into TiO, particles
from agglomerating, consequently increasing its surface
area of the composite materials. Meanwhile, the absence
of MWCNT aggregated pores in the composite catalysts
suggests a homogeneous coverage of TiO, over MWCNT
[26]. This effect was also supported by SEM observation. The
morphology of MWCNT/TiO, composite materials features
relatively homogeneous TiO, supported on MWCNT with-
out apparent agglomeration of TiO, particles. Additionally,
EDX spectra analysis of MWCNT-TiO, nanocomposites
confirmed only the presence of C, O, and Ti elements.

4. Conclusions

New class of multiwall carbon nanotube (MWCNT)/titania
nanocomposites was prepared using a sol-gel technique. In
the study, functionalized MWCNTs with varied functional
groups (carboxyl, acyl chloride, amine, and hydroxyl groups)
were proved by Fourier transform infrared spectroscopy
(FT-IR). Furthermore, the morphology of the new class
of MWCNT/titania nanocomposites was observed using
transmission electron microscopy (TEM). In the sol-gel
process, the functionalized MWCNTs with hydroxyl, amine,
carboxyl, and acyl chloride groups have resulted in the
carbon nanotube-graft-titania nanocomposites with a net-
work structure of titania between the carbon nanotubes.
In the MWCNT/titania nanocomposites, the functionalized
MWCNTs with hydroxyl and acyl chloride group could
enhance the nanostructured titania mesh-reinforced carbon
nanotube composites.
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