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ABSTRACT

A simple method is described for the synthesis of carbon nanotube/anatase titania composites by a
combination of a sol-gel method with a self-assembly technique at 65 °C. This method makes use of
polyelectrolyte for wrapping multi-walled carbon nanotube (MWCNT) and providing them with
adsorption sites for electrostatically driven TiO, nanoparticle deposition. The composites were
characterized using X-ray diffraction, transmission electron microscopy, Fourier transform infrared
and X-ray photoelectron spectroscopy, and photoluminescence for analyzing their crystal phase,
microstructure, particle size, and other physicochemical properties. The results showed that MWCNT
were covered with an anatase TiO, thin layer or surrounded by an anatase TiO, thick coating, which is
constructed of TiO, particles about 6 nm in size. The composites were rich in surface hydroxyl groups.
The excited e~ in conduction band of TiO, may migrate to MWCNT. Concerning the potential
applicability, MWCNT/TiO, composites showed excellent photocatalytic activity toward the photode-
gradation of methyl orange.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Increasing interest has been drawn in carbon nanotube (CNT)
due to their unique structural, the resultant electrical, mechanical
properties, and wide scope of possible applications [1]. CNT
coated with metal oxides are expected to exhibit different
physical, chemical, and mechanical properties than those of neat
CNT, and they may be proven to be key components in fields such
as energy conversion [2], sensors [3,4], hydrogen storage [5], and
catalysts [6]. Among the metal oxides investigated, TiO, has
recently been the focus of much research due to its photocatalytic
activity. However, the photocatalytic activity of pure TiO; is not
high enough for practical applications [7]. Among the possible
materials proposed for modifying TiO,, CNT are highly promising
due to their unique structure and properties [6,8,9].
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Up to now, considerable efforts have been dedicated to
combine TiO, with CNT in simple mixtures or as composites
materials for creation more highly reactive photocatalysts [8-10].
The synthesis of CNT/TiO, composites using sol-gel, vapor phase
method, self-assembly, and so on has been reported [11-19]. For
instance, a TiO, thin layer or TiO, nanoparticle coated multi-
walled carbon nanotube (MWCNT) composites was obtained by
the sol-gel method [16,17]. The controlled synthesis of anatase
TiO, coated MWCNT was carried out by vapor phase method [14].
Anatase TiO, nanoparticles were covalently anchored onto
acid-treated MWCNT through a nanocoating-hydrothermal pro-
cess to obtain MWCNT/TiO, composites [18]. Li et al. [15] devised
a self-assembly approach for preparation of CNT/TiO, composites
using pre-synthesized TiO, nanoparticles as primary building
units. Liu and Zeng [19] have developed a one-pot chemical
approach to prepare mesocrystals of anatase TiO, on MWCNT.
However, the above mentioned synthesis of CNT/TiO, composites
involved expensive TiF, reagents, toxic HF gas release [19], pre-
synthesis and treatment of TiO, with expensive and toxic
reagents, such as toluene and oleic acid [15], high temperature
thermal treatment for transforming the amorphous oxide into
anatase TiO, [12,17]. Overall, it is still a challenge to synthesize
CNT/TiO, hybrids via in situ deposition of nanocrystals onto CNT
under mild conditions.
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Therefore, it is necessary to find an efficient and easy way to
synthesize and attach anatase TiO, onto CNT in one step under
mild conditions. One of the techniques offering very broad
applicability is the layer-by-layer (LBL) assembly, which is mainly
based on the use of polyelectrolyte as molecular glue between the
substrate and nanoparticle or between successive nanoparticle
layers [20]. The assembly of semiconductor particles onto CNT is
an attractive method for forming such heterogeneous struc-
tures [3]. Recently, we have synthesized nanocrystalline anatase
TiO, without high temperature calcination, by an effective sol-gel
method through the control of pH at 65 °C [21]. In this paper,
MWCNT/anatase TiO, composites were investigated by the
combination of above sol-gel method and LBL technique in one
step at 65 °C. To successfully attach TiO, onto MWCNT, two kinds
of polyelectrolyte, poly(diallyldimethylammonium chloride)
(PDDA) and poly(sodium 4-styrenesulfonate) (PSS), were first
sequentially LBL assembled onto MWCNT, thus enabling MWCNT
to be negatively charged. Compared to widely adopted sol-gel
[12,17] or self-assembly [15] method, the primary differences and
advantages of this effective method are shown below. First,
nanocrystalline anatase TiO, can be synthesized at 65 °C by an
easy sol-gel method through the control of pH 1.5 without high
temperature calcination. Furthermore, thus synthesized TiO, are
positively charged, because the pH 1.5 is lower than the
isoelectric point of TiO, (pH 5-7). Second, this method makes
use of polyelectrolyte for not only wrapping MWCNT to disperse
them well, but also providing them with adsorption sites for
electrostatically driven nanoparticle deposition, which ensures
that the positively charged titania sol formed in situ can be rapidly
captured by negatively charged MWCNT through electrostatic
interaction, whilst the homogeneous nucleation of titania can be
minimized. Third, the formation and assembly of anatase TiO,
onto MWCNT can be completed in one-pot, without pre-synthesis
of TiO, particles and special equipment under environmental
benign conditions. Fourth, thus synthesized MWCNT/TiO,
composites are rich in surface hydroxyl groups, which play an
important role in the photocatalytic degradation.

2. Experimental section
2.1. Materials

PDDA and PSS are purchased from Sigma-Aldrich. Other
reagents used are A.R. grade and purchased from Shanghai
Chemical Company of China. MWCNT with a purity of about
95% are provided by Shenzhen Nanoport Company (Senzhen,
China).

2.2. Preparation of samples

Initially, MWCNT was refluxed in concentrated nitric acid for
10h to purify received samples. PDDA, 20wt% in water,
Mw =400,000-500,000, and PSS, Mw=70,000, are used as
received. PDDA and PSS were dissolved in de-ionized water at a
concentration of 5 mg/mL, containing 0.1 M NaCl, for LBL assem-
bly. Four layers of PDDA/PSS/PDDA/PSS, were first sequentially
coated onto MWCNT by LBL assembly, which forms the outermost
layer of PSS, thus enabling MWCNT to be negatively charged [22].

To synthesize MWCNT/TiO, composites, a typical procedure is
as follows: tetrabutyl titanate (Ti(OBu)s) (6.4 mL) and glacial
acetic acid (3.2 mL) were mixed under stirring at room tempera-
ture (RT) for 30 min to restrain the intensive hydrolysis of
Ti(OBu)4. After that, anhydrous ethanol (10.89 mL) was added to
the Ti(OBu)4/glacial acetic acid mixture and stirred at RT for
another 10 min. The obtained mixture solution was named as Sa.

Expected amount of polyelectrolyte pretreated MWCNT were
sonicated in the mixture of anhydrous ethanol (54.45 mL) and
de-ionized water (2.03 mL) for 20 min to disperse them well. By
adding 4 M HNOs to the suspension of MWCNT until the final pH
1.5 was obtained under stirring at RT, the obtained suspension of
MWCNT was named as Sg. Sp was added drop by drop to Sg under
vigorous stirring at RT. The final pH was adjusted again to 1.5 by
adding 4 M HNOs to the mixed solution of S, and Sg. The solution
was kept under strong stirring at RT for 4 h, and then heated by
water bath at 65 °C for 20 h under stirring to form MWCNT/TiO,
composites in situ. The products were separated by centrifugation
and then washed with de-ionized water. Finally, the samples
were dried in an oven at 120 °C for 24 h. The obtained products
were named as x%»MWCNT/TiO,. Herein, x% is the weight ratio of
MWCNT/TiO, (x=10, 20, 30).

2.3. Characterization of samples

The X-ray powder diffraction (XRD) patterns were obtained on
a Rigaku X-ray diffractometer to determine the crystallite size and
identity of TiO, samples. The microscopic structures, energy
dispersive X-ray (EDX) spectrum and selected area electron
diffraction (SAED) of composites were investigated with a JEM
2100 transmission electron microscope (TEM). The surface
functional groups of samples were examined by the KBr pellet
method on a Brueker vertex 70 Fourier transform infrared (FTIR)
spectrometer in the wavenumber range 4000-400cm~!. The
X-ray photoelectron spectroscopy (XPS) measurement was made
on a KRATOS Analytical AXISHSi spectrometer with a monochro-
matized Al Ko X-ray source (1486.6 eV photons). The binding
energy scale was calibrated by the Au 4f 7/2 peak at 83.9 eV as
well as Cu 2p 3/2 peak at 76.5 and 932.5 eV. Room temperature
photoluminescence (PL) spectroscopy measurement at 325 nm
excitations was performed using F-4600.

2.4. Photocatalytic activity measurement

Photocatalytic performance of MWCNT/TiO, composites was
studied by degradation of methyl orange (MO) as a target
pollutant. In a typical process, 20 mg 10% MWCNT/TiO, was
added to 100 mL 15 mg/L MO solution with a catalyst concentra-
tion of 0.2 mg/mL, and then magnetically stirred in the dark for
1 h, which allows composites to reach an adsorption equilibrium;
then the above mixture was exposed to UV irradiation by a
250-W high-pressure Hg lamp at room temperature. Aeration
was performed by an air pump to ensure a constant supply of
oxygen and promoted complete mixing of solution and photo-
catalysts during photoreaction. The sample was collected by
centrifugation at given time intervals to measure MO concentra-
tion by UV-vis spectroscopy at 464.2 nm.

3. Results and discussion
3.1. XRD patterns

Fig. 1 shows the XRD patterns of acid-treated MWCNT and
MWCNT/TiO, composites. The MWCNT present intense peak
assigned to the (00 2) reflection (Fig. 1d). In the case of the
composites (Fig. 1a-c), it is hard to elicit the characteristic peak of
MWCNT from the spectrum of composites because of the good
crystallization of anatase TiO, (JCPDS card no. 78-2486) and their
fine attachment onto MWCNT. The width of the reflections is
considerably broadened, indicating a small crystalline domain
size, which can be roughly quantified by Scherrer’s equation.
According to Debye-Scherrer formula, the average crystallite size
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Fig. 1. XRD patterns of samples (a: 105MWCNT/TiO,, b: 20% MWCNT/TiO5, c: 30%
MWCNT/TiO,, d: acid-treated MWCNT).

of TiO, on the surface of MWCNT for 10% MWCNT/TiO;, 20%
MWCNT/TiO,, and 30% MWCNT/TiO, is 6.2, 5.7, and 5.9 nm,
respectively.

3.2. TEM analysis

The direct evidence of the formation of TiO, nanoparticles on
the surface of MWCNT is given by TEM images. Fig. 2 shows the
morphological, structural characterizations of MWCNT/TiO, com-
posites. The images reveal that most of the MWCNT have been
covered with a TiO, thin layer (marked 1) or surrounded by a TiO,
thick coating (marked 2). It should be noted that the layer/coating
is constructed of TiO, particles about 6 nm (determined by TEM in
Fig. 2b, d, f) in diameter, which is consistent with the XRD results.
Energy dispersive X-ray (EDX) spectrum analysis of MWCNT/TiO,
samples (Fig. 3a-c) clearly reveals the presence of C, O, and Ti
elements, also indicating the actual deposition of TiO, on MWCNT.
The structure of the TiO, powders is further confirmed to be the
anatase phase by selective area electron diffraction (SAED) as

Fig. 2. TEM images of (a, b) 106sMWCNT/TiOy; (c, d) 20% MWCNT/TiO,; (e, f) 30% MWCNT/TIO,, respectively. Figures on the right have higher resolutions.
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Fig. 3. EDX spectrum and SAED patterns of samples (a: 10% MWCNT/TiO,, b: 20%
MWCNT/TiO,, c: 30% MWCNT/TiO5).

shown in the inset [19], located on the top right corner of Fig. 3a—c,
in agreement with the X-ray diffraction data. pH control to a
relatively low value is crucial to facilitate the formation of crystal-
line TiO, on MWCNT. The growing crystalline TiO, species such as
[Ti(OH)(OHa)s_x]*~®* are positively charged [23], as pH 1.5 in

our experiment is lower than the isoelectric point of TiO, (pH 5-7)
[24]. Thus, the negatively charged surface of MWCNT pretreated by
four layers of PDDA/PSS/PDDA/PSS polyelectrolyte, adsorb rapidly
the positively charged growing crystalline TiO, species due to
electrostatic attraction, which induces the TiO, nanocrystals to
grow onto MWCNT in situ. Continuous adsorption of titania
particles on the initially formed TiO, resulted in remarkably large
thickness of the TiO, layer. The aggregation of TiO, nanoparticles
indicates the supporting role of MWCNT as centers for the deposi-
tion and growth of hydrolysis products, as well as, the support for
spatial confinement of the TiO, clusters [6]. However, the distribu-
tion of the TiO, clusters is far from being homogenous. Further
efforts are needed to optimize experimental parameters for the
synthesis of smooth, homogeneous titania coatings on the surface
of MWCNT.

3.3. FTIR spectra

FTIR spectra provide information of surface functional groups.
The spectra are an effective method to study adsorbed species on
solid surfaces. As shown in Fig. 4d, MWCNT exhibited character-
istic absorption bands for PSS and PDDA. The relatively weak
bands at 2925 and 2846 cm~! are attributed to the stretching
vibrations of the CH3- and -CH,- groups, respectively [25,26].
The peaks in the range of 1645-1400 cm ! are attributed to the
bending modes of aromatic rings [26,27]. The bands in the range
of 1200-1000 cm~! are assigned to vibration of S=O0 groups
[26,27]. These results indicate that the PSS and PDDA were
adsorbed onto the surface of MWCNT via LBL assembly. Addi-
tionally, the spectra of MWCNT clearly show the presence of OH
groups centered at 3406 cm ™~ ! resulting from the HNO5 oxidation.
For MWCNT/TiO, composites, as shown in Fig. 4a-c, a broad band
peak centered at 3406 cm ™! is attributed to the OH stretching of
physisorbed water on the composites surface, and a relatively
sharp band at 1630 cm ™~ corresponds to the OH bending modes
of water molecules [28]. Furthermore, the intensity of OH peaks
for MWCNT/TiO, composites was far higher than that of MWCNT.
From these, the FTIR spectra strongly indicated the presence of
abundant hydroxyl groups on composites surface prepared at low
temperature, which plays an important role in the photocatalytic
degradation. Quantitative analysis of hydroxyl groups will be
further addressed in the XPS spectra below. The peak at
1382cm~! could be assigned to the stretching vibrations
of -CHs groups [29]. The strong absorption observed below
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Fig. 4. FTIR spectra of samples (a: 104MWCNT/TiO,, b: 20% MWCNT/TiO,, c: 30%
MWCNT/TiO,, d: polyelectrolyte-treated MWCNT).
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850 cm ! could be attributed to the absorption of Ti-O-Ti, which
indicates the formation of titania [30].

3.4. XPS spectra

The results of FTIR are supported by the XPS spectroscopy
presented in Fig. 5. XPS measurements were carried out to study
the Ti, O, C chemical state of the MWCNT/TiO, composites. Fig. 5
shows the XPS data for Ti, O, and C core levels of three MWCNT/
TiO, samples. The formation of the TiO, on the sidewall surface of
MWOCNT is shown clearly by the high-resolution XPS spectra of Ti
2p (Fig. 5(1)), which shows the core level spectral values. As
shown in Fig. 5(1), the binding energies of Ti 2ps;, and 2p,,, were
centered at 459.1-459.2 and 464.6-464.9 eV for MWCNT/TiO,,
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respectively. This clearly revealed that the titanium elements
were in the oxidation state IV, corresponding to Ti**(TiO,) [31].
Compared with the Ti 2p binding energies of TiO, (Ti 2psj:
458.6eV, Ti 2pip: 464.2eV) obtained by analogous method
[21], there are 0.5-0.6eV positive shifts of Ti 2ps;, and
0.4-0.7 eV positive shifts of Ti 2p;/, for MWCNT/TiO, composites.
It was found that the O 1s spectra could be fitted to three peaks.
The main peak at 530.3-530.6 eV was assigned to lattice oxygen
in anatase TiO,. The other two peaks with higher binding energies
located at 531.6-531.7 and 532.9-533.2 eV were attributed to
O-H and the C=0 groups, respectively [31,32]. Similar to their Ti
2p spectra, O 1s peaks from the MWCNT/TiO, composites are also
shifted toward higher binding energies. For example, the lattice
oxygen in anatase TiO, of composites is now about 0.45-0.75 eV
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Fig. 5. High-resolution XPS spectra of Ti 2p, O 1s, and C 1s (a: 10% MWCNT/TiO,, b: 20% MWCNT/TiO,, c: 30% MWCNT/TiO>).
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higher than that in the pure TiO, [21]. The observed binding
energies shifts in Ti 2p and O 1s spectra are primarily due to
electronic interaction between the surface TiO, and MWCNT
substrate (i.e., charge transfer from the surface TiO, to MWCNT)
[15,33]. The contribution of O-H in three oxygen species,
expressed by XPS areas ratio, was as high as 18.53%, 18.14%,
and 19.08% for 10% MWCNT/TiO,, 20% MWCNT/TiO,, and 30%
MWCNT/TiO,, respectively. Hydroxyl groups existing in the
samples are attributed to the chemisorbed H,O. Although some
H,0 is easily adsorbed on the surface of the samples, the
physically adsorbed water on the samples is desorbed under the
ultra-high vacuum condition of the XPS system. Therefore, XPS
spectra only show chemisorbed H,O [8]. Similarly, the C 1s peaks
could be fitted to three peaks. The main broad peak of samples
centered at 284.8 eV originated from extensively delocalized sp?-
hybryidized graphitelike carbon atoms, assigned as C—C from
CNT. The peak at 286.0 eV corresponded to alkyl C-C groups of
the adsorbed polyelectrolyte and also C atoms in etherlike (C-0)
linkages. The carbon atoms in carboxylic acid groups show small
shoulder peaks located at 289.0-289.3 eV [15,34,35]. These
results provide further evidence that polyelectrolyte was
absorbed onto MWCNT through LBL assembly, and TiO, was
formed on the surface of MWCNT, and as-prepared MWCNT/
TiO, composites were rich in surface hydroxyl groups, which
supports the results of FTIR. The abundant hydroxyl groups on the
surface of composites could promote photocatalytic activity
[36,37].

3.5. PL emission spectra

PL spectroscopy is a powerful tool for understanding the
electro-optic and photoelectric properties of materials and for
investigating the fate of electron-hole pairs in semiconductor
particles because PL emission resulted from the recombination of
free carriers [38]. Fig. 6 shows the PL spectra of 10% MWCNT/TiO,
with excitation wavelengths of 325 nm. It was reported that
MWCNT gave no PL signal in the measured region [10,39]. The
MWCNT/TiO, composites feature a broad emission including
three observed peaks from 350 to 550 nm, which is attributed
to the emission signal of TiO, particles. The main peak at 367 nm
is likely to have originated from the self-trapped excitons
localized on TiOg octahedral [38,40]. The 526 nm band should
originate from the F*-type (an oxygen-ion vacancy occupied by

367

Intensity (a.u.)

350 400 450 500 550 600 650 700
Wavelength (nm)

Fig. 6. PL spectra of 10% MWCNT/TiO,.

one electron centers) color center on the surface of TiO, while the
467 nm band should originate from another kind of oxygen
vacancy (F) (an oxygen-ion vacancy occupied by two electron)
[41]. The PL spectra response is relatively broad, indicating that
there is a significant ground state interaction between TiO,
nanoparticles and MWCNT [42]. It can be concluded that elec-
trons from the external TiO, nanoparticles will flow into the inner
MWCNT, forming an accumulation layer of electrons.

3.6. Photocatalytic performance

To test the potential application of the above prepared
MWCNT/TiO, composites in real working environments, we
selected the 10% MWCNT/TiO, as an example for MO photode-
gradation. Fig. 7 shows the evolution curves of MO photodegrada-
tion on 10% MWCNT/TiO,. As shown in Fig. 7, the concentration of
MO decreases heavily as the exposure time increases. After
exposure for 30 min, 96.4% MO was photo-degraded and MO
completely disappeared after 40 min exposure. To obtain a
quantitative understanding on the reaction kinetics of the MO
degradation, we apply the pseudo-first order model as expressed
by equation In(Cy/C)=kt, which is generally used for photode-
gradation if the initial concentration of pollutant is low [43]:
where Cy and C are the concentrations of dye in solution at time
0 and ¢, respectively, and k is the pseudo-first-order rate constant.
The inset in Fig. 7 depicts the photocatalytic reaction kinetics of
MO degradation in solution. A rather good correlation to the
pseudo-first-order reaction kinetics (R > 0.98) was found from
these results. The reaction constant k is 0.1299 min~', indicating
that the 10% MWCNT/TiO, composites have great photocatalytic
activity toward the photodegradation of MO. As mentioned above,
MWCNT-TiO, composites are rich in surface hydroxyl groups.
Furthermore, electronic interaction between the surface TiO, and
MWCNT substrate could occur for composites. The abundant
hydroxyl groups adsorbed on the surface of composites can lead
to the formation of considerable hydroxyl radicals, which oxidizes
the adsorbed MO on the surface [44]. Due to the electronic
interaction between TiO, and MWCNT, the excited e” in conduc-
tion band of TiO, may migrate to MWCNT with transporting e-
ability, so that the possibility of recombination of the e~ /h* pairs
decreases [8,10]. Moreover, the MWCNT/TiO, composites have
the higher surface area-to-volume ratios allowing for greater
photon absorption on the photocatalyst surface [3,45]. Therefore,
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Fig. 7. MO photodegradation over 10% MWCNT/TiO, under UV-light irradiation,
and photocatalytic reaction kinetics of MO decomposition (inset).
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MWCNT/TiO, composites show great photocatalytic activity
through the above three aspects.

4. Conclusions

MW(CNT/TiO, composites have been prepared by a combina-
tion of a sol-gel method through the control of pH with a
layer-by-layer assembly technique in one step at 65 °C. MWCNT
were covered with an anatase TiO, thin layer or surrounded by an
anatase TiO, thick coating, which is constructed of TiO, particles
about 6 nm in size. The composites were rich in surface hydroxyl
groups. The photoluminescence bands showed spectral lines at
about 367, 467, and 526 nm, which are attributed to the
self-trapped excitons, F and F* centers. The excited e~ in conduc-
tion band of TiO, may migrate to MWCNT. Concerning the potential
applicability, MWCNT/TiO, composites showed excellent photoca-
talytic activity toward the photodegradation of methyl orange.
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