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Abstract The nanocomposites of multiwalled carbon
nanotubes (MWNTs)/titania (TiO,) were prepared by
direct growth of TiO, nanocrystals onto carboxyl-modified
MWNTs under hydrothermal condition. The structure and
morphology of TiO, nanocrystals growing on MWNTs
were tuned by adjusting acidity, reaction temperature, and
reactant ratio. The results showed that a uniform layer of
anatase TiO, nanocrystals on MWNTs could be achieved at
proper synthesis parameters. Flowerlike assemblage of
rutile TiO, nanocrystals was dispersed on MWNTs. The
formation mechanism of MWNTs/TiO, nanocomposites
was further provided.

Introduction

Since the discovery of carbon nanotubes (CNTs) in 1991
[1], CNTs have aroused intense interests because of their
unique physicochemical properties. CNTs could be used in
the fields of nano-devices, and biomaterial devices, etc.
[2-6].

Carbon nanotubes, with long aspect ratio, are ideal one-
dimensional nanomaterials, and suitable for being used as
carrier to load functional nanoparticles. The improvement
of modification methods on CNTs greatly propels their
application in nanocomposites. Recently, a series of func-
tional nanocomposites were prepared for application in the
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areas of catalysis, lithium ion batteries, gas detection, and
supercapacitors [7-15]. Especially, CNTs/TiO, nanocom-
posites have attracted much attention recently because they
combine the favorable properties of both CNTs and TiO,
nanocrystals [16-24].

TiO, nanocrystals have been regarded as one of the most
attractive semiconductor materials due to their high
chemical stability, high dielectric constants, photocatalysis
activity, and non-toxic property [25-27]. Up to now, the
reports on CNTs/TiO, composites were focused on the
method to immobilize TiO, nanocrystals on CNTs, and
their application in the field of photocatalysis, etc. [16-24].
It was shown that anchoring TiO, nanocrystals on CNTs is
an efficient approach to enhance the photocatalytic activity
because CNTs present high surface areas, high electron
conductions, and high adsorption capacities [16—19]. The
biocompatible property of CNTs could be improved by
constructing CNTs/TiO, nanocomposites, and the elec-
trodes modified with the nanocomposites are promising in
the bioanalytical applications [24]. The key problem for the
exploration of CNTs/nanoparticle composites as functional
materials is the ability in controllable anchor of nanopar-
ticles on the surface of CNTs with combination of the
control on physicochemical properties of nanoparticles.
The properties of TiO, are greatly dependent on crystalline
phase, particle size, and morphology, which could be
controlled by adjusting the preparation conditions [28].
With the increased interests on CNTs/TiO, nanocompos-
ites, there is a need to investigate the growth process of
TiO, nanocrystals onto multiwalled carbon nanotubes
(MWNTs) for controlling over their structure and
morphology.

In this article, the growth of TiO, nanocrystals on
modified MWNTs by hydrothermal process was inves-
tigated. The study indicated that coating a continuous
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layer of TiO, nanoparticles could be achieved by good
dispersion of MWNTs in TiO, precursor sols in prior. The
loading amount, crystalline phase, morphology of TiO,
nanocrystals growing on MWNTs were adjusted by tuning
the reaction factors. The structure and morphology of the
nanocomposites were investigated by scanning electron
microscopy (SEM), X-ray powder diffraction (XRD),
Fourier transform infrared spectra (FTIR), thermogravi-
metric analysis (TGA), and differential thermal analysis
(DTA).

Experimental section
Syntheses
Raw materials

Commercially available pristine MWNTs (CVD method,
95%) used here were purchased from Shenzhen Nanotech
Port Co., Ltd, China. All following materials were used as
received: tetrabutyl titanate (TBT, 98%), nitric acid
(HNOs, 68%), and absolute ethanol.

Carboxylic functionalization of MWNTs

Multiwalled carbon nanotubes were functionalized by re-
fluxing in HNO; for 20 h, washed with deionized water,
and separated by percolation until the pH value of filtrate
was about 6.

Preparation of MWNTs/TiO» nanocomposites

TiO, sol was first prepared. Nitric acid was used to adjust
the acidity of TiO, sols. A typical procedure was as fol-
lows: TBT (0.08 mL), ethanol (2.0 mL), and 2 M (mol/L)
nitric acid (2.5 mL) were mixed under stirring at room
temperature for 1 h to form a concentrated transparent sol.
By adding mixture of ethanol and distilled water to above
sol until a total volume of 25 mL, the final sol was obtained
for use. 25 mg acid-treated MWNTs was added to the
above sol (25 mL) under sonication and further stirred for
2 h so that the sol was thoroughly mixed with MWNTs.
The mixture of MWNTs with sol was transferred into an
autoclave and heated at 120 or 180 °C for 24 h to form
MWNTs/TiO, composites. The resulting powders were
washed by ethanol and deionized water, and finally, col-
lected by freezing drying.

Characterization

Scanning electron microscopy measurement was per-
formed with a HITACHI S-4300 instrument operated at an

accelerating voltage of 15 kV. The samples were dried at
ambient temperature and vacuum sputtered with Pt about
an average size of 3 nm. Wide-angle XRD (Rigaku D/max-
2500) was used to characterize the crystalline phase. The
thermal properties of the nanocomposites were determined
by TGA and DTA with Netzsch STA 449 C instrument in
the temperature range of 30-800 °C in flowing air at a
heating rate 10 °C/min. FTIR were recorded using a Bruker
Equinox 55 spectrometer with samples pressed into KBr
pellets.

Results and discussion

Structure characterization of MWNTs and MWNTs/
TiO,

MWNTs were first treated by acid prior to use. The pristine
MWNTs tend to aggregate into bundles due to the Van der
Waals force among MWNTs [29]. Compared with pristine
MWNTs, acid-treated MWNTs could be stably dispersed
in distilled water for several weeks, but the stability of
acid-treated MWNTs in initial TiO, sol was dependent on
acidity. The stable dispersion of MWNTs in starting TiO,
precursor sol was obtained when the amount of acid (2 M)
was lower than 2.5 mL. The higher acidity will lead to the
aggregation of acid-treated MWNTSs in starting TiO, sol.

The morphology of acid-treated MWNTSs is observed
from a typical SEM image in Fig. 1a. The average outer
diameter is about 40-60 nm. The surface morphology is
smooth. MWNTSs/TiO, composites were prepared accord-
ing to reaction parameters specified in Table 1. Figure 1b,
¢ shows the SEM images of the typical MWNTSs/TiO,
nanocomposite (sample2). Compared with acid-treated
MWNTs, the surface morphology of nanocomposites
became rougher. In the enlarged SEM image (Fig. 1c), it is
shown that spherical nanoparticles about 15 nm in diame-
ter are compactly coated on acid-treated MWNTs. Figure 2
presents the XRD results of the nanocomposites. The peaks
at 260 ca. 26.2° and 43.4° are characteristic of CNTs [30].
The spherical nanoparticles on MWNTs formed in low
acidity (samplel and sample2) are indexed as anatase
phase by XRD results (curve a and curve b in Fig. 2), on
the basis of Joint Commission on Powder Diffraction
Standards data (JCPDS No. 21-1272). The low acidity for
samplel results in the formation of fine anatase crystals and
thus the wider XRD diffraction peaks [28], shown in curve
a in Fig. 2. The diffraction peaks of sample2 become
narrower and stronger than those of samplel, shown in
curve b in Fig. 2, implying that enhancing acidity facili-
tates further growth of the nanocrystals. The anatase TiO,
peak (101) at reflection plane 260 25.3° overlaps with peak
of MWNTs at 20 26.2°.

@ Springer
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Fig. 1 SEM images. a Acid-treated MWNTs, b sample2, ¢ an enlarged SEM image of a typical composite nanotube of sample2, d sample3

Table 1 Synthesis parameters

[H*] (M)/V (mL) EtOH (mL) Vi (mL) Temperature (°C)

2/0.4 4.0 25 120
2/2.5 4.0 25 120
2/5 4.0 25 120
2/0.4 4.0 25 180
2/18.75 4.0 25 180

Sample MWNTs (mg) TBT (mL)
1 25 0.08
2 25 0.08
3 25 0.08
4 25 0.08
5 25 0.30
A
A A
c A AR (o)

10 20 30 40 50 60 70 80
20/°

Fig. 2 XRD patterns of MWNTs/TiO, composites. a Samplel,
b sample2, ¢ sample3, d smaple4, e sample5. The letters A, R, and
C stand for anatase TiO, (JCPDS No. 21-1272), rutile TiO, (JCPDS
No. 21-1276), and MWNTs, respectively

@ Springer

When acidity of TiO, precursor sol was increased to
5 mL/2 M, acid-treated MWNTs could not be stably dis-
persed in the starting TiO; sol. After hydrothermal reaction,
as a result, flowerlike assemblage is grown on MWNTs as
being shown in Fig. 1d. XRD pattern (curve c in Fig. 2)
indicates that the composite is composed of rutile TiO,
(JCPDS No. 21-1276) and CNTs. The formation of TiO, on
MWNTs is further investigated by varying other reaction
parameters (sample4 and sample5). With increasing reac-
tion temperature, the crystallization of anatase is enhanced,
compared curve a with curve d in Fig. 2. Although the
acidity of TiO, sol was high for sample5, increasing in
reaction temperature and feeding amount of TBT led to
forming MWNT/anatase TiO, composites, which is certi-
fied in curve e of Fig. 2.

FTIR spectra were conducted to investigate the func-
tional groups of samples. Curves a and b in Fig. 3 show the
FTIR results of pristine MWNTSs and acid-treated MWNTs,
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Fig. 3 FTIR results of the typical samples. a MWNTSs, b acid-treated
MWNTs, ¢ sample2

respectively. The characteristic band in 3400 cm™'
becomes stronger in the latter than in the former, implying
the concentration of hydroxyl is increased after acid
treatment. The carboxyl groups of acid-treated MWNTs are
confirmed by FTIR with stretching band at 1720 cm™" as
shown in curve b of Fig. 3. The adsorption peak of car-
boxyl groups of typical MWNTs/TiO, composite shown in
curve ¢ is moved to 1737 cm_l, indicating the formation of

covalent linkage of TiO, with acid-treated MWNTs [31].
Thermal properties by TGA-DTA

Thermal properties of typical samples are investigated by
TGA and DTA analyses. Figure 4a shows that MWNTs
could be entirely degraded under flowing air. Therefore, the
residual mass by TGA is the content of TiO, in MWNTs/
TiO, composites. By adjusting ratio of TBT to MWNTs, the
amount of TiO, is changed from 34.0 wt% (sample2) to
58.3 wt% (sample5) according to TGA analyses. DTA curve
for acid-treated MWNTs shows two peaks at 533 and
626 °C, due to the thermal oxidative degradation of
MWNTs. Two peaks at about 260 and 600 °C are shown in
DTA curves of MWNTSs/TiO, composites. The first exo-
thermal reaction corresponds to the removal of small mole-
cules from TBT. The second one is attributed to degradation
of MWNTs. The degradation temperature of MWNTS is in
the range of 500 to 700 °C. Tyax (maximum degradation
temperature of MWNTs from DTA) of MWNTs/TiO,
composites are changed according to different reaction
conditions. Tyax shows a maximum for sample3, in which
MWNTs/rutile TiO, composite was formed (Table 2).

Formation mechanism analyses
The formation of TiO, with different crystalline phases and

morphologies on carboxyl-functionalized MWNTs is ana-
lyzed according to the results. The low pH value is a

decisive factor for forming TiO, crystallites by liquid
methods because proton ions can expedite hydrolysis and
slow down the condensation in the acid-catalyzed sol-gel
process [32]. In comparison, the conventional sol-gel
process usually involves uncontrollable hydrolysis and
condensation, and thereby results in the formation of dis-
ordered structure. Herein, the crystallization of TiO, was
conducted under acidic solution. The formation mechanism
for crystalline phase of TiO, on MWNTs is consistent with
that of bulk TiO, nanocrystals. TiO, nanocrystals can grow
from TiOg octahedra. From above results, we can presume
that amorphous TiO, sol was produced at the initial reac-
tion stage. The amorphous sol composed of aggregate TiOg¢
octahedra will be dispersed into discrete TiOg octahedra by
protonation of the surface Ti-OH groups giving Ti-OH, ™
under acidic solution. Ti—-O-Ti oxygen bridge bonds are
generated by combining the protonated surfaces with —OH
groups of other TiOg octahedra and then eliminating a
water molecule. The phase formation depends on linkage
manners between TiOg octahedra [33—37]. The protonation
process followed by the face-sharing from the TiOg
octahedra will be beneficial for formation of anatase
phase. This process could be promoted by increasing
reaction temperature, which showed the crystallization was
enhanced at high temperature [28]. Further, decrease of the
reaction rate is expected to favor formation of rutile TiO,.
In the case of sample3, when compared with samplel,
sample2, and sample4, the lower reaction temperature and
higher acidity of the sol slow down the reaction rate, which
results in the preferred formation of rutile TiO, nanocrys-
tals [34, 38]. Gopal et al. considered this problem from the
aspect of thermodynamic stability that the activation
energies for forming rutile, anatase, amorphous TiO,
should be described as Qrutile < Qanatase < Qamorphous [34]
Therefore, it is proposed that rutile phase could be obtained
at the lowest reaction rate; at the fastest reaction rate,
amorphous phase will be produced; anatase phase will be
obtained when the reaction rate is between the above two.
In the present study, rutile TiO, were formed in sample3, in
which low reactant concentration and high acidity facili-
tated the olation reaction proceeding in the equatorial
plane, and finally forming a linear chain polymer, which is
only structurally compatible with rutile [33]. Additionally,
the excessive increase in TBT concentration and temper-
ature will accelerate the reaction, which promotes the
formation of mesostable anatase TiO,, although the acidity
of sample5 is high.

On the other hand, the dispersion of acid-treated
MWNTs in starting TiO, sol was found to depend on its
acidity, leading to different morphology of MWNTs/TiO,
composites at varied acidity. The formation process under
different acidity was illustrated in Fig. 5. The acid-treated
MWNTs are functionalized by carboxyl groups on surface.

@ Springer
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Table 2 Thermal parameters characterized by TGA and DTA

No. MWNTs Sample2 Sample3 Sample4 Sample5

Residual (%) 0 34.0 40.4 41.1 58.3
Oxidation peaks 533/626 260/650 267/667 265/632 285/613

The deprotonation of carboxyl groups will give negatively
charged MWNTs, when pH values of TiO, sol are above
that of deprotonation point of carboxyl groups. The
adsorption between negatively charged MWNTs with
positively charged Ti-OH," promotes the dispersion of
MWNTs in TiO, sol. An intact coat of anatase TiO, on
MWNTs could be achieved at relatively low acidity.
Comparably, the protonation of carboxyl groups on

@ Springer

acid-treated MWNTs results in reduction of their stability
in high acidic TiO, sol and weak interaction of TiO, with
MWNTs. The nucleation sites on MWNTs decreased when
high acidic sols were applied, therefore resulting in
assemblage of rutile TiO, on surface of MWNTs. Addi-
tionally, with high acidity but increasing both reaction
temperature and TBT content, the fast linkage of TiOg
octahedra resulted in forming anatase phase on MWNTs.

Conclusions

In this article, MWNTs/TiO, nanocomposites were pre-
pared by hydrothermal growth of TiO, nanocrystals on
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Fig. 5 A schematic drawing illustrates formation process of
MWNTs/TiO, with different reaction parameters. a Uniform layer
of anatase nanocrystals on MWNTs formed at low acidity and
120 °C, b flowerlike assemblage of rutile TiO, nanocrystals on
MWNTs formed at high acidity and 120 °C, and assemblage of
anatase TiO, nanocrystals on MWNTs formed at high acidity and
180 °C

functionalized MWNTSs. The morphology and crystal phase
were tuned by adjusting reaction parameters. The acidity of
starting TiO, sol played an important role in tailoring TiO,
phases and morphologies of composites. The intact coat of
anatase titania was achieved by well dispersing MWNTs in
TiO, sol and further growth. The flowerlike assemblage of
rutile TiO, on MWNTs was obtained due to the weak
dispersion of acid-treated MWNTSs in strong acidic TiO,
sol.
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