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a  b  s  t  r  a  c  t

The  multi-walled  carbon  nanotubes,  titania  nanotubes,  and  Pt metal (Pt/TNT-MWCT)  hybrids;  syn-
thesized  via  hydrothermal-deposition  methods,  were  tested  toward  photocatalytic  degradation  of
methylene  blue  (MB)  dye under  visible  light  (�  >  420  nm)  in  comparison  with  the binary  hybrid  Pt/TNT
and  Pt/graphene  photocatalysts.  These  catalysts  were characterized  using  X-ray  diffraction  (XRD),  UV–vis
diffuse  reflectance  (DRUV–vis),  Fourier  transform  infrared  spectroscopy  (FTIR),  N2 sorptiometry,  pho-
toluminescence  (PL)  spectroscopy  and  transmission  electron  microscopy  (TEM)  attached  with  energy
dispersive  X-ray  spectroscopy  (EDX).  DRUV–vis  analysis  confirmed  the  enhancement  in the  absorption
of  Pt/TNT  following  MWCNT  incorporation.  TEM  images  showed  the  coverage  of MWCNTs  by brookite
TNT  that  has  been  substantiated  by EDX.  The  higher  photo-activity  of Pt/TNT-MWCNT  (100%  degra-
dation  in  140  min  under  visible  irradiation)  was  attributable  to the  better  contact  between  MWCNT
and  TNT;  exhibited  via  formation  of  the Ti O C  bond,  which  promoted  the  charge  separation  and

electron  transportation.  Reduced  charge  recombination  was  evidenced  for Pt  containing  samples  and  a
further  reduction  was  existed  following  MWCNTs  incorporation;  as  investigated  by PL  measurements.  The
adsorption of MB by  MWCNTs  played  major  role  in the  removal  efficiency.  On  the  other  hand,  Pt/graphene
presented  appreciable  activity,  however,  lower  than  Pt/TNT-MWCNT  both  in  UV  and  vis light  spectral
regions  due  to  decreasing  the  photocatalytic  effect  of the  former  than  that  of the latter.  A  mechanism  for
the MB  oxidation  was  proposed  based  on  the  obtained  results.
. Introduction

TNT is one of the promising nanostructured oxides with tubu-
ar structure but has no absorption in the visible light region
1]. Researchers have fabricated a variety of geometric structures
f TiO2 nanoparticles including spherical nanoparticle, nanowire,
anorod and nanotubes [2–6]. TNTs are useful in dealing with
aste-water due to the large surface to volume ratio. Most of

ynthesized TNTs are anatase in nature however, brookite is some-
imes observed as a by-product when precipitation is carried
ut in an acidic medium [7]. Classically, brookite is obtained as
arge crystals by hydrothermal methods either in aqueous or in

rganic media [8] as well as when sodium cation content increases
9]. Brookite nanoparticles used to exhibit higher activity toward
ome reactions; such as methanol photooxidation and acetalde-
yde degradation, than anatase nanoparticles [10]. This difference

∗ Corresponding author. Tel.: +20 21025384411\\206073049.
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is explained by considering the crystallinity and the conduction
band position, which is more negative than anatase. Generally, one
main drawback of the TiO2 nanostructure, when used in the practi-
cal application comes from their easy loss during water treatment.
Attempts have been employed to improve the reuse efficiency of
TiO2, via the immobilization onto some supports such as carbon
nanotube (CNT), glass, ceramic and activated carbon [11–14]. CNTs
were chosen as support to increase remarkably the photoactivity of
TiO2 [15,16] through hindering electron–hole pair recombination.
Accordingly, the aim of this work is to prepare a novel brookite
TNT of nanospindle structure coating an oxidized MWCNT to study
their effects as hybrid nanostructures toward photocatalytic degra-
dation of the MB  dye. Assembling metal particles either in the
wall of TNT and/or CNTs or both will indeed enhance their pho-
toelectricity and catalytic properties. Therefore, Pt loaded TNT and
TNT-MWCNT was synthesized; and tested as well, and the obtained
results are discussed in relation to the factors contributing to the

enhanced photoactivity. For comparison purposes, Pt/graphene
was synthesized to figure out the effect of graphene higher conduc-
tivity and surface area values [17] than CNT, on the photoactivity
performance.
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http://www.sciencedirect.com/science/journal/0926860X
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. Experimental methods

.1. Synthesis of titanium nanotube supported platinum

1.5 g of TiO2 anatase (Aldrich) was refluxed at 423 K with 100 ml
0 M NaOH solution for 24 h. This milky suspension was  then fil-
ered and washed with aqueous HCl (0.1 M)  and distilled water till
H 7. It was then dried at 373 K for 10 h and finally heated at 350 ◦C
or 6 h. The produced TNT was dispersed in 50 ml  H2O together with

 ml  of 0.5 M/L  acetone. An adequate amount of H2PtCl6 solution;
o prepare 3 wt.% Pt, was added drop-wisely onto the above sus-
ension during stirring for 1 h. Accordingly, hydrazine hydrate that
cts as reducing agent was dropped into the above mixture. This
ixture was then evaporated at 324 K for 4 h and finally heated at

23 K for 6 h.

.2. Synthesis of Pt/MWCNT-TNT nanostructures

MWCNTs (average diameter 3–10 nm and length 5–20 �m)
ere first oxidized [11] via refluxing at 393 K using mixed acids

H2SO4:HNO3 = 3:1) for 30 min. It was then diluted with water, fil-
ered and washed till pH 7 followed by drying in an oven at 343 K for
2 h. The hybrid nanostructures were prepared by slowly dropping
iO2 anatase (Aldrich) dissolved in 75 ml  NaOH of 10 M concen-
ration into the acid-treated MWCNTs dispersed in water with the
id of ultrasonication to give composite containing 30% CNTs/TNT.
his dark suspension was loaded into Teflon-lined stainless steel
utoclave and stored at 423 K for 60 h. The produced precipitate
as separated by centrifugation followed by washing with ethanol-
ater mixture. The collected materials were left to dry at 393 K and
eated at 623 K for 6 h. A desired amount of the MWCNTs/TNT com-
osite was dispersed in water followed by ultrasonication at 318 K
or 30 min. An adequate amount of H2PtCl6 solution; to prepare

 wt.% Pt, was  added onto the above suspension during stirring for
 h. Accordingly, hydrazine hydrate was dropped into the above
ixture followed by evaporation at 324 K for 4 h and heating at

23 K for 6 h.

.3. Synthesis of graphene supported Pt

Graphitic oxide was prepared from purified natural graphite
sing modified methods [18,19]. Briefly, 2 g graphite was added
o 46 ml  of concentrated H2SO4 under continuous stirring in an
ce bath. 1 g NaNO3 and 6 g KMnO4 were then added slowly and
uccessively. The ice bath was removed and the suspension was
llowed to cool to room temperature. 92 ml  of water was then
dded to above mixture. After 15 min, the above mixture was
iluted to 280 ml  using warm water. Following this, 30% H2O2 was
dded till the solution turned bright yellow. The suspension was  fil-
ered and the filter cake was washed with warm water, repeatedly.
he residue was diluted using water and the resulting suspen-
ion was centrifuged. The product was dried under vacuum and
tored in vacuum desiccators, until further use. One pot modified
olyol method [20] was  adopted to disperse Pt nanoparticles onto
educed graphene oxide (RG-O), using H2PtCl6 as a Pt source and
olyethylene glycol and hydrazine hydrate as reducing agents for Pt
recursor and G-O, respectively. 3 wt.% Pt metal loading prepared
y the modified polyol process i.e. Pt ions [H2PtCl6–6H2O (40%
t based, Sigma–Aldrich)] dissolved in PEG solution (2 g/100 ml),
as added drop wise to the graphite oxide dispersed in 20 mL  H2O

nd ultrasonicated for 30 min  at 318 K solution. The solution was

ontinuously stirred while adding hydrazine hydrate in a stepwise
ay and increasing the reaction temperature to 60 ◦C. The reduc-

ion product was separated by filtration and then washed with
arge amounts of water several times to remove residual ions. The
s A: General 475 (2014) 90–97 91

product was  finally dried in an oven at 100 ◦C for 12 h and calcined
at 623 K for 6 h.

2.4. Catalyst characterization

2.4.1. X-ray diffraction
The X-ray powder diffraction patterns of various solids were car-

ried out using a Philips 321/00 instrument. The patterns were run
with Ni-filtered Cu K� radiation (� = 1.541 Å) at 36 kV and 16 mA
with scanning speed of 2◦ in 2� min−1. The XRD phases present in
the samples were identified with the help of ASTM powder data
files.

2.4.2. N2 adsorption
The surface properties namely BET surface area, total pore vol-

ume  (Vp) and mean pore radius (r) were determined from N2
adsorption isotherms measured at 77 K using conventional volu-
metric apparatus. The samples were out-gassed at 473 K for 3 h
under a reduced pressure of 10−5 Torr before starting the measure-
ment. The total pore volume was  taken from the desorption branch
of the isotherm at P/P0 = 0.98, assuming complete pore saturation.
The amount of chemisorbed H2 was  measured using the same appa-
ratus. The sample was  first reduced with H2 at 673 K for1 h and then
cooled to room temperature in flowing He. H2 gas was introduced
into the sample at 298 K until no more adsorption was  observed.
The Pt dispersion was  calculated considering a dissociative adsorp-
tion of H2 on a Pt surface atom leading to a stoichiometric ratio,
Pt:H equal to 1.

2.4.3. UV–vis diffuse reflectance and photoluminescence
spectroscopy techniques

UV–vis diffuse reflectance spectra of various samples in the
700–300 nm range were obtained using a Jasco V-570 (serial num-
ber, C 29635) spectrophotometer, which attached to a diffuse
reflectance accessory unit. The photoluminescence (PL) excitation
and emission spectra were measured on a FL/FS 900 time-resolved
fluorescence spectrometer.

2.4.4. Transmission electron microscope (TEM)
TEM micrographs were measured using a Philips; model Tecani

Feil2, at an accelerating voltage of 200 kV. The powder samples
were put on carbon foil with a microgrid. TEM images were
observed with minimum electron irradiation to prevent damage to
the sample structure. The elemental compositions of the compos-
ite material were investigated by energy-dispersive X-ray attached
to the TEM equipment. The average particle diameter (d) was  cal-
culated by the following formula: d = ˙nidi/˙ni, where ni is the
number of particle, di is the diameter in a certain range, and
˙ni is more than 100 particles on TEM images of the sample.
Computer-assisted counting of nanoparticle images and automated
image analysis based software package including KONTRON KS 400
(Zeiss–Kontron) was used.

2.4.5. Fourier transform infrared spectra (FT-IR)
The infrared spectra of the samples were recorded in the range

of 400–1000 cm−1. The method includes mixing few milligram of
a fine powder of the sample with KBr powder in an agate mor-
tar. The mixture was  then pressed by means of hydraulic press.
The transmission was automatically registered against wavenum-
ber (cm−1) using a PerkinElmer instrument (Spectrum GX), made
in USA.
2.5. Measurements of photocatalytic activity

Dark (adsorption) experiments were carried out for 60 min
under continuous stirring for better adsorption equilibrium of the
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B  (350 mL,  20 ppm) onto the surface of catalyst (0.15 g). A 300
 tungsten halogen lamp equipped with a UVA responsive to

20–400 nm,  with no glass bulb or radiation filter and presented
trong emission lines at 325, 343, 365, 366 and 391 nm, manufac-
ured by Vilber Lourmat, France was used as an UV light source (the
verage light intensity was 60 mW cm−2). Further, a 300 W high-
ressure Hg lamp for which the strongest emission wavelength is
20 nm (the short wavelength components (� < 420 nm)  of the light
ere cut off using a glass optical filter) was used as a vis light source

the average light intensity was about 120 mW cm−2). The lamp
as cooled with flowing water in a quartz cylindrical jacket around

he lamp, and the ambient temperature was maintained during the
hotocatalytic reaction. At given time intervals, analytical samples
ere taken from the mixture and immediately centrifuged, then
ltered through a 0.22 mm Millipore filter to remove the photocat-
lyst. The concentration of the filtrate was analyzed by checking
he absorbance at 665 nm with a UV–vis spectrophotometer (Var-
an Cary 100). The reproducibility was checked by repeating the

easurements at least three times and was found to be within
he acceptable limit (5%). More details about the apparatus and the
dopted procedure can be found elsewhere [21]. The photocatalytic
ctivity of the Pt/TNT-MWCNT composite was tested using phenol
egradation; for comparison purposes, in aqueous solution under
isible light irradiation using the same photoreactor and at similar
oncentration.

For detecting the active species produced in the photocatalytic
eaction, hydroxyl radicals (•OH), superoxide radical (•O2

−) and
oles (h+) were explored by adding 1.0 mM isopropanol (IPA-a
uencher of •OH), p-benzoquinone (BQ-a quencher of •O2

−), and
riethanolamine (TEOA-a quencher of h+), respectively. The method
as similar to the former photocatalytic experiments.

. Results and discussion

.1. XRD and TEM investigation

Fig. 1 shows the XRD pattern of TNT demonstrating the crystal-
ized phases for the sample following hydrothermal treatment at
23 K for 20 h and finally calcined at 623 K. It yields brookite (1 2 1)
anoparticles as a major phase (90%) together with rutile (1 1 0)

mpurities (10%) [22]. Following doping of TNT by Pt, a marked
ecrease in all brookite peaks together with the development of
 small one at 2� = 39.6◦ due to Pt (1 1 1) phase was observed. Pt
ndeed affects the intensity of brookite (1 2 1) plane and on the other
and causes vanishing brookite peaks at 2� = 56.2◦, 67◦ and 75.8◦.

ig. 1. XRD patterns of TNT, Pt/TNT, Pt/TNT-MWCNT and Pt/graphene photocata-
ysts.
s A: General 475 (2014) 90–97

Retaining TNT structure following MWCNT and Pt incorporations
in the Pt/TNT-MWCNT pattern reflects the stability of the TNT
structure, where the relative decrease in intensity of all TNT peaks
concludes a decrease in its crystallites size. The change in the TNT
peak shape at 25.5◦ following MWCNT(Pt) incorporation as well as
its enhancement in intensity might be correlated to the superim-
posing of the brookite (1 2 0) peak over that of the CNT (0 0 2) one;
assigned to graphitic basal plane reflection of CNTs. This proposes
that a chemical interaction could have been occurred between OH
groups of TNT and COOH groups exposed on the MWCNT surface.
On the other hand, the diffraction pattern of Pt/graphene indicates
characteristic peaks at 25.2◦ (0 0 2) and 44.0◦ (1 0 0) [23] correlated
to graphene structure in addition to strong peaks at 40◦ (1 1 1),
46◦ (2 0 0) and 67◦ (2 2 0) consistent with the standard peaks of
Pt nanoparticles of face centered cubic (fcc) structure [24]. Thus, Pt
nanoparticles were highly dispersed in Pt/TNT and Pt/TNT-MWCNT
materials unlike the case on graphene that exposed highly crystal-
lized Pt nanoparticles.

The TEM image of TNT (Fig. 2a) shows that the particles are
nanotubular in nature; and largely overlapping, having an inner
diameter in the range 10–35 nm as well as length in the 80–120 nm
range. As a magnified view, HRTEM in the inset figure showed
open-ended tubes with multiple shells consisting of 3–6 layers,
not always symmetric, with small dispersion in outer diameter
(8–11 nm). In case of Pt/TNT, the nanotube structure changed into
nanospindles (Fig. 2b) shape of length equal 150 nm and cen-
tral width of 25 nm.  For Pt/TNT-MWCNT, the TEM image (Fig. 2c)
shows a clear change in the catalyst morphology acquiring nano-
tube titania shells enclosed MWCNT; as affirmed in the inset
HRTEM micrograph, together with circular black Pt nanoparticles
of average diameters equal 5–25 nm.  It is also noted that the inner
diameter of TNT became narrower following MWCNT incorpora-
tion; as seen in the inset figure. As a confirmation that TNT covers
MWCNT, energy dispersive X-ray (EDX) elemental microanalysis
(see supporting information) was  carried out in selected areas in
the inset Fig. 2c. It has been shown that C and O elements are richer
in the MWCNT catalyst where the element carbon was absent in
Pt/TNT pattern with the appreciable presence of Ti content. It can
also be noticed that Pt was rich on the TNT surface where its absence
on the surface of MWCNTs nullifies the diffusion of the Pt element
@ MWCNT. Some impure elements are also existed probably from
Pt precursor. Accordingly, it can be attested that the CNT/TNT com-
posite was  formed via using our adopted hydrothermal deposition
method. The TEM image in Fig. 2d shows that graphene acquires
nanoplates shape of average diameter ∼20–50 nm. Obviously, Pt
was sparsely decorated on graphene nanoplate surfaces and acquir-
ing average sizes comprised of 20 ± 2 nm.

Fig. 3 depicts the IR spectra of the oxidized MWCNTs and
the MWCNT/TNT composite. Bands at 1575, 1653 and 1713 cm−1

attributed to C C, carbonyl and carboxyl, respectively were exhib-
ited for MWCNT confirming its successful oxidization in addition to
the presence an ester group localized as a strong band at 1175 cm−1.
The FTIR spectrum of MWCNT-TNT shows a peak at 700 cm−1 due
to Ti O Ti vibration beside those exhibited for carbonyl and unsat-
urated carbon. The band intensity in the region of the asymmetric
carboxylate stretching mode at 1400 cm−1 was significantly higher
than that in MWCNT. This assumes that the carboxylate oxygen
of CNT interacts with the titanium ion [25] provoking the Ti O C
bond formation.

3.2. N2 adsorption
Fig. 4a shows the adsorption–desorption isotherm of Pt doped
graphene catalyst characterizing mesoporous structure. For TNT,
the isotherm was of type IV (not shown) with a N2 hysteresis-
loop and a high surface area (240 m2/g). The presence of Pt in TNT
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Fig. 2. (a) TEM image of TNT including HRTEM image (top-right inset showing the TN
Pt/TNT-MWCNT including HRTEM image (top-right inset showing the covering of MWCN

Fig. 3. FTIR spectra of oxidized MWCNTs and MWCNT/TNT composite.
T tubular shape), (b) TEM Image of Pt/TNT nanospindle shape, (C) TEM image of
T by TNT) and (d) TEM image of Pt/graphene nanoplate shape.

led to a significant decrease in SBET (192 m2/g) comprised of 20%
(Table 1). Incorporation of MWCNTs into Pt/TNT led to a further
decrease in surface area of the composite (107.8 m2/g). Accord-
ingly, the pore volume of TNT, Pt/TNT and Pt/TNT-MWCNT showed
a decrease comprised of 1.03, 0.9 and 0.051 cm3/g, respectively
(Table 1). The noticed incredible decrease in the pore volume of
Pt/TNT-MWCNT into 0.051 cm3/g might indicate the well incorpo-
ration of CNT into the TNT pores; as confirmed from TEM-EDX and
IR investigations. It is well-known that the mesoporous structure
is a more efficient photocatalyst structure for degrading organic
pollutants in water. The specific surface area, pore volume and
pore radius values of Pt/graphene were determined to be 78.5 m2/g,
3.0 cm3/g, and 15.3 nm,  respectively. In the same time, the hystere-
sis loop of Pt/graphene closes at lower relative pressures P/P0 = 3.5.
This is indicative of the presence of large pores as ascertained from
increasing the pore radius into 15.3 nm.  Changing the desorption
slope at P/P0 = 0.6 is also indicative of the presence of two different
types of pores. The adsorption–desorption isotherm of Pt/MWCNT-
TNT carried out by N2 adsorption at −197 ◦C is shown in Fig. 4b.
The results confirm that the N2 adsorption isotherm is belong to a
mixed type, in the IUPAC classification, that composed of type II at
high relative pressures (P/P0) and type IV at intermediate relative
pressures [26]. The non-limiting adsorption at high P/P0 is char-
acteristic of type H3. For comparison, the adsorption–desorption
isotherm of Pt/TNT shown in Fig. 4c indicates type IV with type H3
hysteresis loop. The initial part of the type IV isotherm is attributed
to monolayer–multilayer adsorption. Hysteresis appearing in the
multilayer range of physisorption isotherms is usually associated
with capillary condensation in mesopore structures. The Type H3
loop is observed with aggregates of plate-like particles giving rise to

slit-shaped pores. Taking into account that titanate nanotubes are
multiwalled rolls which are believed to be shaped via sheet folding
or wrapping mechanism it seems to be reasonable that they exhibit
the H3 loop.
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.3. UV–visible diffuse reflectance spectroscopy
The light absorbing property of synthesized catalysts was  mea-
ured by UV–vis diffuse reflectance spectroscopy (Fig. 5). Pure TNT

able 1
urface texturing properties of the synthesized catalysts.

Sample name aBET surface area (m2/g) bPore volume Vp (cm3/g) cAver

TNT 240 1.35 19.5 

TNT-MWCNT 141 1.80 17.9 

Pt/TNT 192 0.92 18.6 

Pt/TNT-MWCNT 107 0.05 17.5 

Pt/graphene 78.5 3.0 15.3 

a SBET: BET surface area.
b Vp: Pore volume.
c r: BJH Adsorption average pore diameter.
d Pt dispersion measured by H2 chemisorption.
e Number of moles of the product/number of active sites in moles x time.
Fig. 5. UV–vis diffuse reflectance spectra of TNT, Pt/TNT, Pt/TNT-MWCNT and
Pt/graphene photocatalysts.

shows characteristic absorption sharp edge at 325 nm beside an
absorption maximum at 360 nm.  The absorption threshold present
in all spectra is attributed to an O2

−:Ti4+ charge transfer of TiO2
[27]. There is no indication of reduced titania sites; because no
significant absorption is observed in the visible region, character-
istic of d–d transitions. The diffuse reflectance spectra of Pt/TNT,
Pt/TNT-MWCNT and Pt/graphene catalysts showed a red shift
assigned to prevention of electron–hole recombination probably
due to the formation of Pt-TNT, TNT-MWCNT and Pt-graphene
bonds. An absorption around 450 nm assigned to surface plasmon
caused by the metallic Pt is discerned in all Pt supported sam-
ples. Surface plasmon resonances in metallic nanoparticles are of
interest for a variety of applications due to the large electromag-
netic field enhancement that occurs near the metal surface and
the dependence of the resonance wavelength on the nanoparticle
size, shape and dielectric environment. Here we report an enhance-
ment of optical absorption via the excitation of surface plasmon
resonances in spherical Pt nanoparticles deposited on the differ-
ent surfaces, arising from the collective oscillations of the free
conduction-band electrons that are induced by the incident elec-
tromagnetic radiation. It seems that the incorporation of MWCNTs
and graphene stimulate the absorption to be higher than TNT in
the vis region, as they act as good electron acceptors capable of
capturing electrons from light irradiation [28]. This exhibits that
Pt/MWCNT-TNT and Pt/graphene composites will be more excel-
lent photoactive than Pt/TNT. Interestingly, Pt/graphene exhibits
the strongest absorption among those nanostructured carbon/TNT
composites, proposing an intense electronic interaction between
kinds of crucial roles in the photocatalytic activity enhancement
of TNT. One is to act as an electron container, helping to trap elec-
trons emitted from TNT particles due to irradiation by UV/vis light,

age pore diameter (r nm) dFraction exposed (dispersion %) eTOF min−1

– –
– –
30 ± 1 0.025
37 ± 1 0.032
35 ± 1 0.029
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ig. 6. Photocatalytic degradation of MB  under the visible light and UV light (inset)
onditions: [MB] = 20 ppm, V = 0.35 L, [catalyst] = 1.5 g L−1, UV lamp intensity = 60 mW

herefore hindering electron–hole pair recombination. The other
s to function as a dispersing template or support to control the

orphology of TNT particles in the CNT/TNT composite.

.4. Photocatalytic evaluation

Photocatalytic performances of the different photocatalysts are
valuated by measuring their activities for MB  degradation under
V and vis light irradiations (Fig. 6). The MB  degradation in the
bsence of photocatalyst is exceptionally slow under both irra-
iations, because electron recombination between the injected
lectron and the excited dye*+ is fast in the photosensitization pro-
ess. The high MB  degradation in presence of TNT (75% in 90 min)
nder UV irradiations (Fig. 6-inset) is ascribed to the relatively
imple combination between photo-ejected electron and adsorbed
xygen [27,28]. After the dispersion of Pt on TNT surface, the MB
egradation is significantly increased (95% in 45 min). The reason
or higher activity of the latter can be explained by considering the
t nanoparticles to form locally Schottky junctions with a higher
otential gradient at the Pt/TNT interface [29] based on exceeding
he work function of the Pt than TNT [28]. On the other hand, the
onduction band edge of TNT rich brookite has been found to be
0.14 eV more negative than that of anatase [30]. This promptly

uggests a facilitated interfacial electron transfer, and the energy
arrier will suppress the electron back transfer. It is also obvious
hat Pt nanoparticles have strong influence on the photoactivity
f MWCNT/TNT composite that showed remarkable adsorption
eaching 55% for MB.  Such light off experiments were continued
ill reaching the adsorption equilibrium (60 min). The favourable
dsorption evoked by MWCNT is accomplished via �–� stacking
etween MB  and aromatic regions of the MWCNT [31], exactly
evoted for Pt/MWCNT that almost showed no activity under UV-

ight irradiation.
Although the surface area of Pt/TNT-MWCNT is lower than that

f MWCNT-TNT (149 m2/g), it exhibits higher photocatalytic activ-
ty (100% in less than 30 min  under UV illumination) compared
o the latter (85%-not shown). Considering the work function of

WCNT (4.95 eV) and TiO2 (4.4 eV), excited MB  can efficiently
nject electrons into the TNT conduction band firstly, which can

urther move to MWCNT due to lowering the work function of
NT than MWCNT. This concludes that the degradation reaction
y MWCNT/TNT can only be occurred for adsorbed MB on MWCNT
urface, rather than on TNT surface. Owning to the work function
ations over TNT, Pt/TNT, Pt/TNT-MWCNT and Pt/graphene photocatalysts. Reaction
2 and vis lamp intensity = 120 mW cm−2.

of clean Pt is 6.10 eV [32], electron transfer from MWCNT to Pt
is expected, and thus promoting the degradation of MB  adsorbed
on TNT/MWCNT surfaces. In the photo-degradation process by
Pt/TNT-MWCNT composite, Pt nanoparticles act as a charge transfer
channel [33] for enhancing the vis-light photoactivity of the com-
posite (Fig. 6) to reach degradation comprised of 100% in 140 min
exceeding the rest of catalysts. Surprisingly, Pt/graphene presented
high activity (90% in 140 min), however, lower than Pt/MWCNT-
TNT. The significant enhancement in the absorption of MB on
Pt/graphene (75%); probably took place on the surface or between
graphene sheets, was the priming effect on the removal efficiency
than that of the photo effect exerted on Pt/MWCNT-TNT. On the lat-
ter, excellent electron transport (collect) properties [34,35] assist
its forward transfer from photoexcited adsorbed dye molecules to
Pt nanoparticles suppressing back electron transfer.

The electrons photogenerated in TNT following the irradiation
move to the Pt metal through MWCNTs and thus the electrons
on Pt metal participate in catalytic reactions i.e. MWCNT has the
ability to trap electrons before channelling them to the conduction
band of TNT. This proposes that the strong coupling between TNT
and MWCNT; confirmed from TEM-EDX, IR and surface texturing
results, affects the entire photodegradation process. Another rea-
son is that MWCNT can absorb much oxygen on the inside or outside
surface to act as an electron acceptor to form •O2

− that by its turn
form •OH through the presence of H+. Thus, there may  be more •OH
in the system throughout the MWCNT/TNT composite leading to
faster degradation of MB.  The inhibition effect of 2-propanol, which
is known to be effective scavenging agent for hydroxyl radicals [36]
was measured. As was shown (see Fig. in supporting information),
the rate of MB  degradation became slower at relatively low concen-
tration of 2-propanol; while at high concentration of 2-propanol,
great inhibition was observed indicating that the hydroxyl radicals
are the major active species during the photo-catalytic oxidation
reaction. >Further trapping experiments for detecting other active
species was again conducted during the photocatalytic degrada-
tion of MB  in the presence of Pt/TNT-MWCNT under visible light
irradiation. As observed (see supporting information) the degra-
dation efficiency of MB  was not affected by the addition of 1 mM
BQ (a quencher of •O2

−), but apparently decreased with the addi-

tion 1 mM TEOA (a quencher of h+). Therefore, the results show
that •OH and h+ are the two  main active species play key roles in
the degradation of MB  rather than •O2

−. >A proposed mechanism
for the enhanced photocatalysis of MWCNT/TNT doped Pt is shown
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of MWCNT/TNT/Pt catalyst under vis-light irradiation.
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Fig. 7. The proposed photocatalytic mechanism 

chematically in Fig. 7. Under vis light illumination, photo-excited
lectrons from the dispersed MWCNTs are injected into the con-
uction band of TNT affirmed through the combination of TNT-CNT

.e. the formation of the Ti O C bonds. The generated positively
harged MWCNTs will in turn capture electrons from the valence
and of Pt/TNT leaving holes behind on the TNT surface. Such holes
an react with surface hydroxyl ions or water molecules to pro-
uce hydroxyl radicals (OH•). While electrons trapped by the Pt can
eact with adsorbed molecular oxygen yielding superoxide radicals
O2

•), which scavenge water molecules to form highly reactive OH•

adicals. The OH• radicals are highly oxidizing agent and are capa-
le of degrading MB  to carbon dioxide and water. When TNT forms

 heterojunction with MWCNT, a charge space ranging from several
ens to hundreds of nanometres would be formed near the junction
o equalise the Fermi levels [37]. This will result in reduced band-
ap energy within the Pt/TNT/MWCNT heterojunction. In contrast,
25 gives (not shown) the lowest efficiency (4%) in the degrada-
ion of MB  under the visible light irradiation, probably due to its
arge band gap. Pt/TNT catalyst indicates a conversion equal 95%
nder UV irradiation in 45 min  where it presents 70% degradation
fficiency when exposed to vis light for 140 min. In conformity, the
urnover rates of the catalysts given in Table 1 indicate a decrease in
he following order: Pt/TNT-MWCNT > Pt/graphene > Pt/TNT. There
s a pronounced dependence of the turnover rate on the disper-
ion; i.e. the turnover number is increasing with higher dispersion
nd smaller particle sizes depicted from the TEM results. This find-
ng indicates that the activity depends on the detailed surface
tructure of the nanoparticles and smaller particles are expected
o expose a larger fraction of low-coordinated sites than larger
article. Accordingly, the high adsorption capability shown for
t/graphene affected greatly the TOF rate compared with Pt/TNT-
WCNT.
In order to exclude the effect of photosensitization towards

B degradation, the photocatalytic conversion of phenol over
he Pt/TNT-MWCNT catalyst under visible light irradiations was
xamined. It was shown that (see supporting information) the
atalyst exhibited high adsorption capabilities (>50%) compa-

able to that noticed for the MB  dye (∼50%). Moreover, the
ctivity of the mentioned catalyst revealed higher efficiency
owards phenol degradation (120 min) compared with that of MB
140 min).
Fig. 8. PL spectra of MWCNT, Pt/TNT-MWCNT, Pt/graphene, TNT-MWCNT and TNT
samples.

In order to study the effect of MWCNT on the recombination of
e−/h+ produced by TNT, the PL spectra shown in Fig. 8 compares the
e−/h+ recombination of Pt/TNT/MWCNT to those of Pt/graphene,
Pt/TNT, TNT/MWCNT, TNT and MWCNT. Catalysts show broad PL
emission bands, which were similar to those seen in an earlier
study [38]. The emission band corresponding to the peak position of
� = 520 nm is for the TNT sample [39]. As expected, no PL signal is
observed in the covered range for MWCNT. The Pt/TNT/MWCNT,
Pt/graphene, Pt/TNT, TNT-MWCNT samples show diminished PL
intensity indicating reduced charge recombination compared to
TNT alone. This reduction increases for all Pt containing samples
but more reduction was noticed in the samples containing MWCNT.
This reflects that the structure of “dyade”-like is important for
recombination reduction. On the base of our experimental data,
it is proposed that the synergistic dyade structure of TNT/MWCNT
provides access to optically active charge transfer transition. Under
vis light irradiation, electrons (e−) are excited from the valence

band (VB) to the conduction band (CB) of TNT, creating a change
vacancy, or a hole (h+), in the CB. In the absence of MWCNT, most
of these charges quickly recombine with no variation in chem-
istry. Typically, only few electrons (<1%) and holes are trapped and
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Fig. 9. Repeated cycles up to 5 times illustrating the degradation of MB  dye
after 170 min  over the Pt/TNT/MWCNT photo-catalyst under vis light irradiation.
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eaction conditions: [MB] = 20 ppm, V = 0.35 L, [catalyst] = 1.5 g L ,  visible lamp
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articipate in photocatalytic reactions, resulting in low reactivity.
ccordingly, the synergistic effect caused by the chemical bond for-
ation between d-orbital (CB) of TNT and � orbital of MWCNT

ssists the transfer of excited electrons allowing charge separation
nd hindered recombination. The longer lived holes, on the other
and, are the ones responsible for the higher activity of the men-
ioned hybrid photocatalyst that has been substantiated with Pt
anoparticles.

To explore the advantage of the Pt/TNT/MWCNT catalyst and
ts applicability, reuse cycles of newly catalyst were tested for
he degradation of MB  dye (Fig. 9). Experiments were performed
here the catalyst Pt/TNT/MWCNT was recovered and reused by

eeping all other parameters constant. The results revealed that
t/TNT/MWCNT shows a very good activity for five catalytic runs
ith a very small loss in the MB degradation. The conversion yield

f Pt/TNT/MWCNT after 750 min  was still as high as 93% even after
he fifth run. It can be conclude that the Pt/TNT/MWCNT photocat-
lyst possesses reasonable stability and it may  be reusable for at
east 5 runs, showing a good potential for practical applications.

. Conclusions

The results presented confirm the potential of the
t/TNT/MWCNT composite for the degradation of MB  dye as
ompared with those of TNT, Pt/TNT and Pt/graphene photo-
atalysts. The former exhibits excellent photocatalytic activity
100% degradation, vis irradiations) based on the adsorption effect
romoted by MWCNT and electron trap achieved by Pt metal. The
arked decrease in pore volume of Pt/TNT/MWCNT proposes that
he interaction took place on the surface and also commits the
nclusion of MWCNT in TNT as verified via the noticed increase in
ore radius, TEM-EDX as well as IR investigations. This strong cou-
ling between TNT and MWCNT gives advanced hybrid material of

[
[
[

s A: General 475 (2014) 90–97 97

superior photocatalytic activity to other TNT and graphene based
materials in the degradation of MB.

This work also elaborates a new method of synthesizing
nanospindle brookite TNT that presented appreciable photoactivity
under vis light upon loading with Pt nanoparticles.

Appendix A. Supplementary data

Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/j.apcata.
2014.01.030.
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