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Abstract

A method for the preparation of efficient TiO,/multi-wall carbon nanotubes nanocomposite photocatalysts by precipitation of
anatase TiO, nanoparticles onto differently oxidized carbon nanotubes is presented. The precursor compound titanium(IV) bromide
was hydrolyzed producing pure anatase phase TiO, nanoparticles decorated on the surface of the oxidized carbon nanotubes. The
oxidative treatment of the carbon nanotubes influenced the type, quantity and distribution of oxygen-containing functional groups,
which had a significant influence on the electron transfer properties, ie., the photocatalytic activity of the synthesized nanocomposites.
The results of C.I. Reactive Orange 16 photodegradation in the presence of all the synthesized nanocomposites showed their better
photocatalytic activity in comparison to the commercial photocatalyst Degussa P-25.
© 2012 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Titania (TiO,) is one of the most widely studied semi-
conductors for environmental protection, self-cleaning,
deodorizing and sterilizing applications due to its low cost,
abundant resource, photocatalytic activity, harmlessness
and resistance to chemical corrosion and photocorrosion.
However, in order to provide high photocatalytic activity,
as proved by numerous studies, it is necessary to synthesize
titania of high: specific surface area, crystallinity, porosity,
extended lifetime of the photon-generated electron—hole
pairs, etc. [1-4].

One approach for enhancing the photocatalytic activity of
TiO, was achieved by the synthesis of novel nanostructured
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carbonaceous composite materials by controlling their struc-
tural and electron transfer properties. In recent reviews [3,5],
attention was paid to the fact that carbon nanotubes (CNT)
are attractive and promising candidates for improving the
photocatalytic efficiency of TiO, due to the contribution of
their exceptional electronic, adsorption, mechanical and
thermal properties, chemical inertness and stability. TiO, is
an n-type semiconductor and the main process in photo-
catalysis is activated by photon absorption and electron—hole
generation. Therefore, an enhancement of the photocatalytic
properties of TiO, could be achieved in conjunction with
functionalized CNT, which promote electron—hole pair
separation and migration; a process that leaves an excess of
holes in the valence band and the photogenerated electrons
move freely from the conduction band of the TiO, to the
electron-accepting CNT surface. In this way, TiO, effectively
behaves as a p-type semiconductor in TiO,/CNT nanocom-
posites. Additionally, the large number of active adsorption
sites at the catalyst surface and the improved suppression of
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the recombination of the charge carriers contribute to the
higher photocatalytic activity [3,5].

Many specific methods for the synthesis of TiO,/CNT
nanocomposites have been developed, which generally
consist of two steps: functionalization of the CNT and
nanocomposite synthesis. One of the functionalization
methods applied to CNT is oxidative treatment, upon
which the nanotubes become shortened, less tangled and
their ends opened, and oxygen-containing functional groups
are introduced on their surface. Those groups have a
pronounced effect on the surface properties of the carbo-
naceous material, providing numerous sites for TiO, bond-
ing. It was shown that oxidative treatment introduces
different hydrophilic functional groups on the CNT surface,
but does not provide sufficient control over their number,
type and location. Additionally, it was explained that the
distribution of the oxygen-containing functional groups is
very sensitive to the type of oxidant [6-9].

Therefore, the aim of this work was to prepare nanocom-
posite photocatalysts, by precipitation of TiO, on differently
oxidized multi-wall carbon nanotubes (MWCNT) in order to
study the effect of oxidative methods on the photocatalytic
activity of the obtained composites. The photocatalytic
activity was studied employing the reaction of the photo-
activated degradation of the textile dye C.I. Reactive Orange
16, and obtained results are discussed in relation to the
factors contributing to the enhanced photoactivity.

2. Materials and methods

2.1. Preparation of nanocomposite photocatalyst

Titanium tetrabromide (98%, Acros Organics), MWCNT
(954 %, Aldrich), absolute ethanol and other chemicals
(Fluka, p.a.) were used as received. Millipore deionized (DI)
water (18 MQ cm resistivity) was used for sample washing
and solution preparation.

The oxidized MWCNT were prepared according to
a modified literature method published elsewhere [6]:
MWCNTI1: MWCNT (100 mg) were sonicated (Sonorex)
in 200 cm® of 65% HNO; for 1 h, followed by refluxing for
1.5h at 140 °C. MWCNT2: KMnO4 (200 mg) was dis-
solved in 200 cm® of 0.5moldm~> H,SO,. MWCNT
(100 mg) was sonicated in 200cm’® of 0.5moldm
H,SO, for 30 min and after heating to 150 °C, the KMnOy,
solution was added slowly. The MWCNT/KMnOy disper-
sion was refluxed for 5h at 150 °C. HCI (10 cm® of 35%)
was added to the cooled reaction mixture to dissolve the
MnO, byproduct. MWCNT3 and MWCNT4: MWCNT
(100 mg) were added to 120 cm® (H,SO, (98%)/HNO;
(65%) v/v 3:1) solution and then sonicated at 40 °C for 3 h
(MWCNT3) or 6 h (MWCNT4). All products were pur-
ified by centrifugation, washed with deionized water and
vacuum-filtered using a 0.05 um polytetrafluoroethylene
(PTFE) membrane filter. Before the preparation of the
photocatalysts, the oxidized MWCNTs were dried in a
vacuum oven at 80 °C for 120 min.

TiO, precipitation onto the oxidized MWCNTs was
performed by hydrolysis of titanium tetrabromide accord-
ing to a literature method developed by Németh et al. [10].
In the case of MWCNT4, the TiO,/MWCNT ratio was
changed in order to obtain the optimal ratio of TiO, and
MWCNT. Different amounts of MWCNT4 (0, 5, 10, 15,
20, 25 and 30 mg) were dispersed in absolute ethanol
(1.6 cm®) and then 1.1 mmol TiBry was added and the
dispersion sonicated for 60 min under a nitrogen atmo-
sphere. TiBry hydrolysis was achieved by addition of
0.32cm® deionized water. The products were dried at
110 °C for 2 h, heated to 400 °C at a rate of 10 °C/min
and calcined for 30 min. The other nanocomposites,
TiOy/MWCNTI1, TiO,/MWCNT2 and TiO,/MWCNTS3,
were prepared using the optimal ratio found for the
TiO,/MWCNT4 photocatalyst.

2.2. Characterization

The specific surface area and pore volume were mea-
sured using Micromeritics ASAP 2020 surface area analy-
zer. X-Ray diffraction (XRD) data were obtained using a
BRUKER D8 ADVANCE with a Vario 1 focusing
primary monochromator (Cuy,; radiation, A=1.54059 A).
The crystallite size of anatase was determined according to
the Scherrer equation:

D=KA/(f cos 6)

where 7 is the wavelength of the X-ray radiation
(A=1.54059 A), K is the Scherrer constant (K=0.9), 0 is
the angle of characteristic X-ray diffraction peak
(0=12.65°) and f is the full-width-at-half-maximum of
the anatase (101) plane (in radians). Scanning electron
microscopy (FEG-SEM) was performed with field emis-
sion gun TESCAN MIRA3 electron microscope. A dia-
meter of nanocomposites was determined using of MIRA
TESCAN in-situ measurement software. Conventional
transmission electron microscopy (CTEM) was performed
using an AEM JEOL 200CX microscope at 200 kV, and
high resolution transmission electron microscopy
(HRTEM) using a TEAMO.5 aberration corrected electron
microscope operated at 80 kV, below threshold for knock-
on damage of the CNT [11]. The atomic compositions of
the obtained materials were determined by electron energy-
loss spectroscopy (EELS) in the scanning TEM (STEM)
mode. The Boehm method [12] was applied for the
determination of type and quantity of functional groups
present on the surface of the oxidized MWCNT.

2.3. Photocatalytic activity

Photocatalytic decomposition of the textile dye C.I.
Reactive Orange 16 (Bezema) was followed by decrease
of the absorbance of aqueous dye solution (50 mg dm )
in the presence of the synthesized photocatalysts or the
commercial P25 photocatalyst (50 mg in 25.0 cm® of
solution). The dispersions were mixed in the dark for
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30 min in order to establish adsorption/desorption equili-
brium and then illuminated with UVA light using a Philips
125 W lamp with an intensity of 12.7 mW/cm?. Samples
(3.0 cm®) were taken and separated from the photocata-
lysts by filtration (0.2 pm poly(vinylidene fluoride) (PVDF)
syringe filter, Whatman) and used for the determination of
time-dependent change in the dye concentration employing
a Shimadzu 1800 UV-vis spectrophotometer. The light
irradiation intensity was measured by a UVX Digital
Ultraviolet Intensity Meter (Cole-Parmer, USA; Model:
97-0015-02(UVX)) wusing a 365nm sensor (97-0016-
02(UVX36)). The durability of all nanocomposite catalysts
was checked in five consecutive cycles. After each cycle, the
catalyst was recovered by centrifugation, washed with
ample DI water, dried at 80 °C or calcined (400 °C for
15 min), and reused in the next degradation cycle.

3. Results and discussion
3.1. Characterization of the samples

The results of the Boehm titration of raw and oxidized
MWCNTs are shown in Table 1. Different MWCNT
oxidative treatment routes lead to the increased content
of oxygen-containing functional groups in following order:
MWCNT1 < MWCNT2 < MWCNT3 < MWCNT4.  Six
hours of oxidative treatment increased the contribution
of carboxyl groups by = 20% and the total oxygen acidic
groups by about 10%, compared to MWCNTS3. Prolonged
oxidative treatment of the MWCNTs caused more inten-
sive degradation of the graphitic structure, mainly at the
nanotube ends, and graphitic plane opening created side-
wall defect sites [6].

According to the results of photocatalytic activity of
nanocomposites obtained with different ratios of TiO, and
MWCNT4 (data not shown), the highest photocatalytic
activity was obtained with 19 wt% of MWCNT4 (20 mg
and 1.1 mol TiBry). This optimal ratio was used for
preparation of all nanocomposites. Higher MWCNT
loadings led to an increased shielding of the active
photocatalytic sites, as well as increased absorbance and
scattering of photons, resulting in a decrease in the
photocatalytic activity.

The specific surface area (S,) and pore volume (V) of
the raw, oxidized MWCNTs, and of the nanocomposites

Table 1
Results of the Boehm titration.

Carboxyls  Lactones Phenols Total acidic Total basic
(mmol g=") (mmolg™") (mmolg~") sites sites
(mmol g~ ") (mmol g~ ")
MWCNT 0.07 0.28 0.24 0.58 0.19
MWCNT1 0.82 1.54 1.22 3.58 0.36
MWCNT2 0.85 1.62 1.31 3.78 0.38
MWCNT3 0.87 1.78 1.43 4.09 0.42
MWCNT4 1.04 1.88 1.57 4.49 0.40

Table 2
Specific surface area (S,) and pore volume (V},) of the raw and oxidized
MWCNT, nanocomposites and pure TiO,.

Sample Sp. m?g~! Vos em’g!
MWCNT 187.582 0.755
TiO,/MWCNT 144.852 0.167
MWCNTI1 102.356 0.485
TiO,/MWCNTI1 76.741 0.101
MWCNT?2 96.253 0.464
TiO,/MWCNT2 79.584 0.098
MWCNTS3 78.492 0.328
TiO,/MWCNT3 62.238 0.070
MWCNT4 76.167 0.277
TiO,/MWCNT4 61.690 0.063
TiO, Pure 32.735 0.031

are given in Table 2. In addition, the data for pure TiO,,
obtained by TiBry hydrolysis without MWCNT, are
presented. Highest surface area was found for the raw
MWCNT, significantly lower for the oxidized MWCNTs
and the lowest for the nanocomposites. Specific surface
areas of MWCNTI1 and MWCNT?2 were higher than those
of MWCNT3 and MWCNT4 due to the milder oxidative
treatment. The decrease in the surface area and pore
volumes was due to the smaller confined space among
the oxidized MWCNTs [13] and the introduction of
oxygen-containing functional groups [6], as well as to the
heterogeneous nucleation of TiO, at defect sites during the
production of the nanocomposites. Additionally, the sur-
face area and pore volume of pure TiO, were lower
(Table 2) than those of the synthesized nanocomposites,
providing additional evidence that precipitation of TiO,
contributed to the decreases of the overall surface area of
all the nanocomposites. Similar trend of the pore volume
(Vp) changes to those found for the specific surface area
was observed for all the nanocomposites.

The X-ray diffraction (XRD) patterns of the synthesized
nanocomposite photocatalysts, presented in Fig. 1, showed
that TiO, in the nanocomposite is in the anatase phase, while
the pure TiO, contained a negligible quantity of rutile phase.
This suggests that the MWCNTs suppressed the anatase to
rutile phase transformation during calcination [14].

According to the XRD analysis and applying the
Scherrer equation, a slight dependence of the crystallite
size with respect to the MWCNT oxidation method was
found in all the samples (Table 3).

For a better understanding of the interaction between
TiO, and the surface of oxidized MWCNT, the morphol-
ogy and nanostructure of the sample TiO,/MWCNT4
were studied by the FEG-SEM and TEM/HRTEM tech-
niques (Fig. 3) and compared with those of TiO,/MWCNT
(Fig. 2). The FEG-SEM micrograph (Fig. 2), revealed that
TiO,/MWCNT4 (Fig. 2b), compared to TiO,/MWCNT
(Fig. 2a), had a larger diameter: 40 + 6 nm vs. 29 + 5 nm,
which indicated a more homogeneous and thicker TiO,
coating.
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The low magnification of the high resolution images
(Fig. 3a and b) shows clearly the presence of the TiO,
nanocrystals on the surfaces of the MWCNTs. HRTEM
image indicates random orientation of the TiO, nanocrys-
tals (Fig. 3c and d). Moreover, the observed crystallite
sizes were similar to those obtained by XRD analysis. The
surface of the MWCNT4 was decorated by TiO, nano-
particles that were intimately anchored to the oxidized
MWCNT surface (Fig. 3c and d). The electron energy-loss
spectrum, in the inset of Fig. 3d clearly shows the presence
of a Ti L, edge at 450 eV and an O K edge at 530eV,
indicating pure TiO, nanocrystals.

| 1 TiO /MWCNT
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Fig. 1. XRD patterns of the synthesized photocatalysts.
Table 3

The mean crystallite size of anatase.

Sample Dinean (nm)
TiO, Pure 14.04+0.1
TiO,/MWCNT 12940.3
TiO,/MWCNTI1 14.04+0.2
TiO,/MWCNT?2 134404
TiO,/ MWCNT3 13.340.5
TiO,/MWCNT4 13.94+04

3.2. Photocatalytic study

The change in the normalized dye concentration versus
time is shown in Fig. 4, which reveals the significant
influence of the oxidized MWCNTs on the photocatalytic
activities of all the TiO, nanocomposites. The dye was
completely degraded after 35 min in the presence of TiO»/
MWCNT4.

Three factors contributed to the enhanced photocataly-
tic activity: adsorption of the dye molecules, light absorp-
tion, and charge separation and transportation [14]. The
adsorbtivity of the synthesized photocatalysts was related
not only to physical adsorption, but also to the non-
covalent n—r interaction of the dye molecules and the
MWCNT surface [15]. According to the results of the
photocatalytic studies and of the determination of the
textural properties of the photocatalysts (Table 2), it could
be concluded that the specific surface area, ie. dye
adsorption, is of lower significance for the enhancement
of photocatalytic dye degradation. Similarly, Yan et al.
[16] showed that the surface area of nanocrystalline TiO,
catalysts with different anatase/rutile ratios is not a
decisive factor in controlling the photocatalytic activity.
Surface hybridization of TiO, with graphite-like carbon
produced efficient photocatalysts due to high migration
efficiency of the photo-induced electrons at the graphite-
like carbon/TiO, interface, while only a small improve-
ment of the adsorption properties of the catalyst in
comparison to P25 was achieved [14]. The photocatalytic
activity of graphene-supported TiO, nanocomposites with
different graphene contents was mainly improved by the
enhanced life-time of the photogenerated electron/hole
pairs, and this property is almost independent of the
surface area of the photocatalysts [17]. According to this,
it could be supposed that the main role of the MWCNT
derives from the pronounced electron-accepting character
of the nanotube graphitic layer, which could contribute to
a more effective charge separation and suppression of
electron/hole pair recombination. The oxygen-containing
functional groups at the TiO>,/MWCNT interface support
the electron transporting properties of the nanocatalyst
and this feature depends on their total acidity and
functionality (Table 1). However, a comparison of the
photocatalytic activities of all the nanocomposites and

i 3

Fig. 2. FEG-SEM: (a) TiO,/MWCNT and (b) TiO,/MWCNT4 images of nanocomposites.
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Fig. 3. TEM/HRTEM images of TiO,/MWCNT4 nanocomposite (a and b)—the TiO, nanoparticles, marked by arrows, present on surface of
MWCNT4; (¢ and d)—random orientation of the TiO, nanocrystals; EELS of TiO, crystallite—inset in (d).

1.0

0.9 4

0.8 —— Tit:!2 Pure

1 5
0.7 4 e TlOszWCNT

1 —h— TiO,MWCNT1
0.6
[ ] ¥ Tio,MWCNT2

054 — 4 Tio,MWCNT3

0.4 4 ~ > TiO,MWCNT4

—4— P25
—®@— Photolysis

0.3 o

Relative concentration, C/C,

0.2
0.1

0.0

T T I Trrir A OUE- D PO FO T FNRNE FRN AN SN
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150
Irradiation time, min

Fig. 4. Change in the relative dye concentration versus time for the
synthesized photocatalysts.

pure TiO, leads to the conclusion that the synergetic effect
of increased photogenerated electron/hole separation and
specific surface area contributes to the increased photo-
catalytic dye degradation.

A study of the reusability of the photocatalysts showed
that there was no significant decrease in the photodegrada-
tion efficiency for all catalysts (the overall decrease was in
the range 2-5% of the initial), indicating good catalyst
stability (Fig. 5). In addition to this, there were no

significant differences in the photocatalytic activity of the
TiO,/MWCNT4 catalyst treated by simple washing or
calcination between the consecutive reusability cycles
(Fig. Se). The heat treatment and washing of the catalyst
between the cycles removed the dye degradation products
from the catalyst surface and cavities resulting in recovery
of the catalyst activity. Such result indicates that simple
washing of the catalysts is an efficient and economical
process for possible practical application of obtained
photocatalysts.

4. Conclusions

The improved photocatalytic performance of the synthe-
sized nanocomposite photocatalysts was obtained by
hydrolysis of TiBry and precipitation on differently oxi-
dized MWCNTs. The oxidative treatment of the MWCNT
introduced significant amounts of oxygen-containing func-
tional groups, which played an important role in the
nucleation and binding of TiO,, thereby contributing to
the increased photocatalytic activity of the synthesized
nanocomposites. The TiO,/MWCNT4 photocatalyst
showed significant enhancement of photocatalytic degra-
dation of the dye compared to P25 (enhancement factor
1.71) and the non-supported catalyst (3.71). Even higher
values of enhancement factors of 2.04 and 4.42 were
obtained when the active TiO, in the nanocomposites
was considered, which undoubtedly confirmed significance
of functionalized MWCNT support. It can be supposed
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Fig. 5. Reusability of

the synthesized photocatalysts: results of five repeated photocatalytic cycles under the same experimental conditions

and appropriate irradiation time: (a) 120 min for TiO,/MWCNT; (b) 55 min for TiO,/MWCNTI; (c) 50 min for TiO,/MWCNT?2; (d) 45 min for

TiO,/MWCNT3 and (e) 35 min for TiO,/MWCNT4.

that enhanced charge separation and transportation prop-
erties mainly contributed to the high photocatalytic activ-
ity of nanocomposites, as well as the increased specific
surface area.
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