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Sonochemical/hydration–dehydration synthesis of
Pt–TiO2 NPs/decorated carbon nanotubes with
enhanced photocatalytic hydrogen production
activity

Firas H. Abdulrazzak,a Falah H. Hussein,b Ayad F. Alkaim,*c,d Irina Ivanova,d

Alexei V. Emelinee and Detlef W. Bahnemannd,e

Modified Pt–TiO2 NPs/decorated carbon nanotubes were synthesized utilizing sonochemical/hydration–

dehydration techniques. Pt was loaded on TiO2 by a photodeposition method keeping in mind the end

goal to achieve electron–hole pair separation and promote the surface reaction. The morphological and

basic properties of Pt–TiO2/fCNTs were investigated by field emission scanning electron microscopy

(FESEM), high resolution transmission electron microscopy (HRTEM), powder X-ray diffraction (XRD),

UV–vis diffuse reflectance spectroscopy (DRS), photoluminescence (PL) and Raman spectroscopy. The

selected area electron diffraction (SAED) patterns of Pt–TiO2/fCNTs were obtained utilizing TEM-based

energy dispersive X-ray spectroscopy (EDXS) analysis. It was found that the TiO2 nanoparticles were uni-

formly distributed on the fCNTs, and the Pt particles were decorated on the surface of TiO2/fCNTs. The

photocatalytic hydrogen production activity of the Pt(0.5%)–TiO2/fCNTs(0.5%) nanoparticle composites was

investigated using a sacrificial agent methanol solution. Pt-loaded TiO2 demonstrated a hydrogen evolution

rate around 20 times that of TiO2/fCNTs(0.5%) (fSWCNTs, fMWCNTs). When compared with platinized TiO2

in methanol, which was utilized as a control material, Pt–TiO2/fCNTs demonstrated an almost 2-fold

increment in hydrogen generation.

1. Introduction

Photocatalytic water splitting for hydrogen production through
semiconductor photocatalysts and light irradiation has
attracted a great deal of attention as it is a promising tech-
nique to solve the energy crisis in future. Photocatalytic water
splitting1 and photocatalytic reforming of biomass2,3 are two
promising strategies for maintainable generation of H2. The
second strategy, specifically, joins synchronous H2 generation
and biomass oxidation.4–7 The major advantage is that H2 can
be productively delivered by photocatalytic degradation of
organic compounds present in aqueous media under mild
conditions, with simultaneous treatment of industrial wastes

or by-products.8 The photocatalytic process turns out to be sig-
nificantly more attractive if solar energy can be utilized as the
light source, being at an applicable angle particularly in
countries with high insolation levels.

TiO2 stands out amongst the most encouraging impetuses
due to its simple accessibility, long-term stability and non-tox-
icity.9 Nonetheless, charge recombination as a rule prompts a
low quantum productivity of TiO2. To determine this issue,
numerous methodologies have been proposed to improve the
photoactivity of TiO2, such as loading with noble metal10 or
investigating CNTs as a coupling material with TiO2.

11 In a
variety of scientific fields, carbon nanotubes (CNTs) have war-
ranted huge consideration due to their unique structural,
chemical, thermal, and electrical properties12 and are used in
our nanoparticle framework design.

Several recent studies have investigated the utility of coup-
ling TiO2 to carbon materials, such as carbon nanotubes
(CNTs), as an effective way to prevent the aggregation of oxide
particles, leading to increased rates of photocatalytic oxidation
of pollutants, or to decrease the rate of electron–hole
recombination13–15 by acting as sinks for photogenerated elec-
trons in TiO2,

16,17 due to the favourable energetics of their
electronic band structures, and they have been demonstrated
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to have a helpful impact on the photocatalytic activity of H2

production, by actuating synergies between the metal oxide
and the carbon phase.8,18–20 For example, multi-walled carbon
nanotubes (MWCNTs)9,21–23 and single-walled carbon nano-
tubes (SWCNTs)11,24 have been investigated to couple with
TiO2, and the subsequent photoactivities are without a doubt
moved forward.

The accessible library of nanostructured catalysts has like-
wise proven that the combination of three nanomaterials rep-
resents a powerful strategy to increase more profoundly the
various processes taking place during photocatalysis and, even-
tually, to increase the efficiency of energy conversion
processes.25–29 Interestingly, with simple composites, ternary
hybrid composites offer the key advantage of intimate inter-
faces, namely facilitation of charge/energy transfer, which
causes an increased lifetime of charge carriers through spatial
separation of photoexcited electron–hole pairs.30

In the present work, Pt–TiO2 NPs/decorated carbon nano-
tube (fMWCNTs, fSWCNTs) nanocomposite materials are syn-
thesized using a new method by a sonochemical/hydration–
dehydration process, and are deliberately investigated by field
emission scanning electron microscopy (FESEM), high resolu-
tion transmission electron microscopy (HRTEM), energy dis-
persive X-ray spectroscopy (EDXS), X-ray diffraction (XRD), UV–
vis diffuse reflectance spectroscopy (DRS), photoluminescence
(PL), and Raman spectroscopy. The Pt–TiO2/fCNTs (fMWCNTs,
fSWCNTs) composite materials were investigated by measuring
the photocatalytic production of H2 from biomass-containing
aqueous solutions, namely from methanol either by Pt–TiO2/
fCNTs nanocomposites, or by testing the in situ injection addition
of Pt to the binary composite TiO2/fCNTs during the reaction of
methanol dehydrogenation as a comparative study.

2. Experimental
2.1 Materials

The MWCNTs and SWCNTs used in this study were purchased
from ALDRICH. According to the product specifications, the
two compounds were fabricated by chemical vapor deposition
(CVD). The SWCNTs consist of more than 90% carbon and are
77% SWCNTs, with a diameter of 0.7–1.1 nm, while the
MWCNTs are 95% carbon nanotubes with a mode diameter of
4.5 nm. The metal salt precursor, namely dihydrogen hexa-
chloro palatinate (IV) hexahydrate (H2PtCl6·6H2O), was sup-
plied by Alfa Aesar. Nitric acid (65 wt% HNO3) and sulfuric
acid (37 wt% H2SO4) were obtained from Fluka and Sigma-
Aldrich, respectively.

2.2. Functionalization of carbon nanotubes

0.2 g of CNTs (MWCNTs, SWCNTs) was placed in a 500 mL
conical flask equipped with a condenser, and 150 mL of
HNO3 : H2SO4 (1 : 2) with a concentration of 10 mol L−1 was
added. The mixture was activated under magnetic stirring and
sonicated for 2 h at 30 °C, and then this solution was heated
to 70 °C for 8 h without stirring. Then the recovered CNTs

were washed several times with distilled water up to neutral
pH, and then dried at 383 K overnight. This oxidative treat-
ment is very important to help remove amorphous carbon and
metallic impurities from the as-produced CNTs,31 and further-
more to increase the atomic oxygen concentration and the dis-
tribution of hydroxyl, carbonyl and carboxylic acid groups.32

2.3. Preparation of Pt–TiO2/fCNTs composites

The TiO2 used to prepare the Pt–TiO2/fCNTs composites has
been produced in our laboratory through a hydrothermal
method.10

Pt/TiO2 was prepared by the photodeposition method as
follows: 1 g of TiO2 nanoparticles photocatalyst was suspended
by stirring in 100 mL aqueous solution containing the desired
concentration of H2PtCl6 to obtain a 0.5 wt% Pt-loaded TiO2

photocatalyst. The resulting solution was irradiated with UV(A)
light employing a Philips Fluorescence Hg lamp (illumination
intensity: 1.0 mW cm−2) for 2 h under an Ar atmosphere.
Afterwards, 1 mL methanol was injected into the solution fol-
lowed by further illumination for 10 h. The obtained powder
was separated by centrifugation, washed with water, and dried
at 100 °C for 12 h.33 The composites of Pt–TiO2/fCNTs were
prepared firstly by sonicating the solution followed by simple
evaporation and drying (hydration/dehydration method)
adapted from procedures described in the literature.16,34 First,
approximately 50 mg fCNTs was dispersed in water in a
100 mL beaker and sonicated for 60 min, and the fCNTs
content was fixed at 0.5 wt%. Pt/TiO2 nanoparticles were
added to the suspension while stirring, and the suspension
containing fCNTs (fSWCNTs, fMWCNTs) and Pt/TiO2 nano-
particles was heated to 80 °C until complete evaporation of
water, and the resulting composites were dried overnight in an
oven at 100 °C to avoid any physicochemical change of the
fCNTs (fSWCNTs, fMWCNTs) that occurs at higher tempera-
tures in the presence of oxygen.

2.4 Photocatalytic activity for H2 production

The photocatalytic hydrogen production runs were carried out
in an experimental setup comprising of a gas supply, a mass
flow controller, and a 100 cm3 double-jacket quartz glass
photoreactor connected to a quadrupole mass spectrometer
(QMS) for gas analysis (Hiden HPR-20) as schematically shown
in Fig. 1.35 The system is continuously purged with Ar as the
carrier gas, whereby the Ar flow is controlled by a mass flow
controller (MFC). In a standard run, 0.05 g of Pt(0.5%)/TiO2,
TiO2/fSWCNTs(0.5%), TiO2/fMWCNTs(0.5%), Pt(0.5%)–TiO2/
fSWNTs(0.5%) and Pt(0.5%)–TiO2/fMWCNTs(0.5%) was suspended
in 60 mL of an aqueous methanol solution (5 mM) by soni-
cation. The suspension was transferred into the photoreactor
and purged with Ar for 30 min to evacuate disintegrated O2.
After that, the reactor was connected to the mass flow control-
ler and to the Q/C capillary sampling inlet of the QMS through
metal flanges and adapters. To remove the air in the head-
space of the reactor, an Ar gas stream was consistently flown
through the reactor before irradiation, until no traces of mole-
cular oxygen or nitrogen could be distinguished by the QMS.
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The Ar gas flow rate through the reactor was kept constant at
10 cm3 min−1 during the photocatalytic tests. The inlet flow
rate/gas consumption by the QMS is 1 cm3 min−1 and the
excess gas is directed towards the exhaust. The sampling rate
of the QMS is in the millisecond time range, thus allowing fast
tracking of the reaction. After stabilization of the system back-
ground, the reactor was irradiated from the outside utilizing
collimated UV light of a strong 365 nm LED (Thorlabs/USA).
For quantitative analysis of H2, the QMS was calibrated
employing standard diluted H2, in Ar (Linde Gas, Germany).

2.5. Analytical instruments

The morphological analysis of TiO2, TiO2/fSWCNTs(0.5%), TiO2/
fMWCNTs(0.5%), Pt(0.5%)/TiO2, Pt(0.5%)–TiO2/fSWCNTs(0.5%),
and Pt(0.5%)–TiO2/fMWCNTs(0.5%) was done using different
techniques.

Powder X-ray diffraction (XRD) was performed in a Bruker
AXS D4 Endeavour diffractometer using a reflection geometry
with fixed divergence slits, Cu Kα1,2 radiation, and a nickel
filter. Three thousand data points were collected with a step
width of 0.02° per step in the 2θ range from 20 to 80°. To
determine the particle size, and element type, field emission
scanning electron microscopy (FESEM) measurements were
carried out on a JEOL JSM-6700F field emission instrument
using a secondary electron detector (SE) at an accelerating
voltage of 2 kV, and HRTEM and energy dispersive X-ray spec-
troscopy (EDXS) were performed at 200 kV with an ultrahigh
resolution pole piece (CS = 0.5 mm), which provides a point
resolution better than 0.19 nm. Raman spectra of the samples
were recorded in the 45–2300 cm−1 spectral region at ambient
temperature using a SENTERRA Raman spectrometer (Bruker)
with a resolution of 1 cm−1 (the excitation laser wavelength
was 532 nm. Data were collected using an 1800 grating in the
Raman shift range from 0 to 2300 cm−1, and the laser beam
power was 20 mW).

Photoluminescence (PL) spectroscopy of the synthesized
composites was done at room temperature on a Hitachi F2500
spectrofluorometer using a Xe lamp with an excitation wave-
length of 355 nm.

The bandgap energy of the catalysts was measured using
diffuse reflectance spectroscopy (DRS). The reflectance spectra
of the samples within the 200–700 nm wavelength range were
recorded with a UV–vis spectrophotometer (Varian Cary 100)
equipped with a Labsphere integrating sphere diffuse reflec-
tance accessory and using BaSO4 as the reference material.
UV–vis spectra were performed in the diffuse reflectance mode
(R) and transformed to the Kubelka–Munk function F(R) to
separate the extent of light absorption from scattering.
Furthermore the bandgap values were obtained from the plot
of the modified Kubelka–Munk function (F(R)E)1/2) versus the
energy of the absorbed light E:36

FðRÞE1=2 ¼ ð1 � RÞ2
2R

� hv
� �1=2

The Brunauer–Emmett–Teller (BET) surface area of the pre-
pared nanocomposites was analysed by nitrogen adsorption
using a Micromeritics ASAP 2020 nitrogen adsorption appar-
atus (USA). All measurements for the surface area were
repeated three times and the average of these measurements
was calculated.

3. Results and discussion
3.1 Catalyst characterization

XRD was used to characterize the difference of phase struc-
tures and average crystallite sizes of the samples Fig. 2 shows
comparison of XRD patterns of fCNTs (fSWCNTs, fMWCNTs),
TiO2/fCNTs(0.5%) (fSWCNTs, fMWCNTs), Pt/TiO2, and Pt(0.5%)/
TiO2/fCNTs(0.5%) (fSWCNTs, fMWCNTs) composites. Also,
Fig. 2 shows XRD patterns of Pt–TiO2/fCNTs composite that
has diffraction peaks of TiO2 and Pt/TiO2. The peak at 2θ value
of 25 is broad indicating (0 0 2) phase of fCNTs and (1 0 1)
phase of TiO2 have overlapped. Otherwise, no apparent peaks
for fCNTs or Pt are observed because of its lower loading
content and weak crystallization37 However, the existence of

Fig. 1 Continuous flow experimental setup for photocatalytic hydrogen
production measurements.

Fig. 2 X-ray diffraction of (a) pure TiO2, (b) pure CNTs (fMWCNTs),
(c) Pt/TiO2, (d) TiO2/fMWCNTs, (e) TiO2/fSWCNTs, (f ) Pt–TiO2/fSWCNTs,
and (g) Pt–TiO2/fMWCNTs.
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fCNTs can be clearly identified by Raman analysis as discussed
later.

There are diffraction peaks corresponding to fCNTs; the
two peaks at 26.5° and 43.5° can be attributed to reflection
from C(0 0 2) and C(1 0 0) facets.38,39 The phases of the syn-
thesized TiO2 anatase structure are well known. These features
are observed in the XRD spectra for the Pt–TiO2 and Pt–TiO2/
fCNTs (fSWCNTs, fMWCNTs) nanoparticle composites. In
addition, the peaks corresponding to the Pt component have
not been observed; moreover as shown in Fig. 2, the peaks
related to fCNTs are absent from the XRD patterns caused by
the overlap of the (0 0 2) peak of fCNTs and (1 0 1) phase of
TiO2 as well, because of the amorphous structure of the
impregnated fibers and because of the fact that the intense
graphite peaks (0 0 2) overlap with the TiO2 anatase (0 0 1)
reflections, which thus obscure the graphite peaks because the
amount of TiO2 that is present in the material is much larger
than the amount of fCNTs.40 The crystal sizes of all samples
also can be estimated using the Scherrer equation. Taking the

peak of the (101) planes into account, the average crystalline
sizes of the samples are illustrated in Table 1.

The nano-surface structures of the Pt–TiO2/fCNTs
(MWCNTs) nanoparticle composites were characterized by
FESEM and HRTEM-based EDXS analysis. As shown in
Fig. 3(a) and (b) with images of different magnifications,
fCNTs (fMWCNTs) were coated with well-dispersed Pt/TiO2

nanoparticles, and their distribution was uniform. The dis-
persion of small particles is optimal for surface catalysis as this
can provide more reactive sites for the reactants than aggregated
particles.29 HRTEM was used to further examine the surface
structure of the Pt–TiO2/fMWCNTs nanoparticle composites as
shown in Fig. 3(c) and (d). The images confirm that the surface
of the fCNTs has been uniformly decorated with Pt/TiO2 par-
ticles of size ∼10–20 nm. Also, the Pt–TiO2/fCNTs nanoparticle
composites were found to be covered with aciniform structures
of Pt–TiO2, as shown in Fig. 3(c) and (d).

The HRTEM images (Fig. 3(c) and (d)) of Pt–TiO2/fMWCNTs
show that some of the Pt/TiO2 nanoparticles deposit on the
fMWCNTs, and it is clear when Fig. 3(c) is magnified as shown
in Fig. 3(d), because its surface contains an abundance of
oxygen-containing groups, which is beneficial for preferential
heterogeneous nucleation and growth of nanoparticles. The
chemical composition of the sample Pt–TiO2/fMWCNTs was
determined by energy dispersive X-ray spectroscopy (EDXS).
The EDXS spectrum (Fig. 4) confirms that the sample consists
of C, O, Ti and Pt elements, as expected.

Fig. 5 summarizes the Raman spectra of the Pt–TiO2/fCNTs
(fMWCNTs, fSWCNTs) composites. The characteristic Raman
modes of the anatase TiO2 phase were readily detected at
150 cm−1 (Eg), 395.1 cm−1 (B1g), 512.5 cm−1 (A1g + B1g), and
636.7 cm−1 (Eg) due to anatase as well as the very low intensity

Table 1 Physicochemical properties of the synthesized ternary
nanocomposites

Material label
Surface
area/m2 g−1

Crystal
size/nm

Bandgap/
eV

fMWCNTs 286.4 7.64 —
fSWCNTs 570.2 6.52 —
TiO2 113.1 11.44 3.11
Pt/fMWCNTs 92.77 9.71 —
Pt/fSWCNTs 105.34 8.42 —
Pt/TiO2 107.41 12.72 2.85
Pt–TiO2/fMWCNTs 111.45 13.61 2.73
Pt–TiO2/fSWCNTs 118.23 14.32 2.61

Fig. 3 FESEM images of Pt(0.5%)/TiO2–fMWCNTs(0.5%) (a and b); HRTEM images of Pt(0.5%)–TiO2/fMWCNTs(0.5%) (c and d).
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235 cm−1 (A1g) band ascribed to rutile.25,41 As for the fCNTs
(fSWCNTs, fMWCNTs), two typical Raman bands are observed
(Fig. 5(g) and (h)); one at 1582 cm−1, which is indicative of the
G band (Raman-allowed E2g mode) characterizing the crystal-
line nature of the fCNTs, together with a band at 1332 cm−1 (D
band, assigned to the A1g phonon mode) originating from the
disordered sp2 carbon42,43

On the other hand, TiO2 causes an increase in the atomic
disorder in the TiO2/fCNTs system through the creation of

defects, as depicted in the inset of Fig. 5. This effect could be
attributed to the ultrasonic treatment during the synthesis
and the interaction between acid-treated fCNTs and TiO2 or
by the effect of TiO2/fCNTs platinized by the photodeposition
process.44

No significant change in the position and widths of these
bands is noted. Instead, the D/G intensity ratio undergoes a
slight increase with respect to the value measured in TiO2/
fCNTs or Pt(0.5%)–TiO2/fCNTs(0.5%) as is clear in Fig. 5, while
the relative intensity of the Raman TiO2 modes changes with
varying the CNTs or Pt loading.

As previously pointed out,45,46 Raman analysis demon-
strates that the addition of TiO2 or Pt/TiO2 to the fCNTs
leads to an enhancement of the D/G integrated intensity
ratio, i.e. of the structural disorder of the graphitic network.
Comparing the spectra of TiO2/fCNTs and Pt(0.5%)–TiO2/
fCNTs(0.5%) (Fig. 5(d)–(f )), a further slight increase can be
noted in all the samples, caused by the anchoring of the
TiO2 NPs on oxygenated groups introduced during fCNTs
surface functionalization.47

Photoluminescence is a powerful tool to probe the electron–
hole pair formation and their recombination at surfaces.48,49

The PL measurements were carried out with pure TiO2, Pt/TiO2

and with loading and unloading Pt on the TiO2/fCNTs
(fSWCNTs, fMWCNTs) composites, as shown in Fig. 6.
A maximum peak around 400 nm is observed, which is due to the
bandgap transition of TiO2. The small peaks in the wavelength
region of 450–475 nm are assigned to excitonic PL resulting
from surface defects/vacancies.49 The PL spectra can be attributed

Fig. 4 Energy dispersive X-ray spectroscopy (EDXS) of Pt–TiO2/fMWCNTs.

Fig. 5 Typical Raman spectra of (a) TiO2, (b) TiO2/fSWCNTs, (c) TiO2/
fMWCNTs, (d) Pt/TiO2, (e) Pt(0.5%)–TiO2/fSWCNTs(0.5%), (f ) Pt(0.5%)–TiO2/
fMWCNTs(0.5%), (g) fSWCNTs, and (h) fMWCNTs nanocomposites.
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to the recombination process of the electron–hole pair at the
surface.50 An overall reduction in PL intensity was observed
with either fCNTs (fMWCNTs, fSWCNTs) or Pt photodeposited
on the TiO2 surface. Furthermore a higher reduction was
detected in the presence of both fCNTs (fSWCNTs, fSWCNTs)
and Pt on the TiO2 surface as shown in Fig. 6. Therefore,
Pt–TiO2/fCNTs has a lower recombination rate of electron–hole
pairs compared with that of Pt/TiO2 or TiO2/fCNTs.

The decrease in PL intensity for the composite Pt–TiO2/
fCNTs indicates transfer of photogenerated electrons from
TiO2 to fCNTs and Pt, thus reducing the recombination prob-
ability and lowering the PL intensity.51 This may be one reason
why the Pt–TiO2/fCNTs showed a higher photoactivity of hydro-
gen evolution than Pt/TiO2 or TiO2/fCNTs (fMWCNTs,
fSWCNTs) did.52 Also the reduction is greater in the fSWCNTs
composites than in the fMWCNTs composite, which is consist-
ent with the evidence of better attachment for the Pt–TiO2/
fSWCNTs composite than for the Pt–TiO2/fMWCNTs compo-
site. As expected, no luminescence was observed in the range
of 400–650 nm for the fCNTs (fSWCNTs, fMWCNTs).16

In order to elucidate the optical response and to determine
the bandgaps of the nanocomposite samples, UV–visible
diffuse reflectance spectroscopy (UV–vis DRS) was carried out.
The bandgap energy (Eg) of these samples was estimated from
the plot of the square root of the Kubelka–Munk function
versus photon energy as shown in Fig. 7. The characteristic
spectrum of the fundamental absorption edge at 370 nm (with
a 3.1 eV band edge) was clearly observed. The Pt–TiO2/fCNTs
nanocomposite displayed stronger absorption than TiO2/CNTs
did, and the band edge of Pt–TiO2/fCNTs is 2.73 and 2.61 eV
respectively, and the results are illustrated in Table 1. It is
suggested that the surface electric charge of the nano-
composite increases due to the fCNTs introduction, which
may lead to modifications of the procedure of electron–hole
pair formation during visible light irradiation.53 Also the

Pt–TiO2/fCNTs photocatalysts probably exhibit surface plasmon
resonance (SPR) due to the presence of Pt particles,54 or
ascribed to low-energy transitions between the valence band of
TiO2 and localized energy levels introduced to the bandgap by
deposited metal clusters.33

The surface area for pristine and modified TiO2 was
measured using the Brunauer–Emmett–Teller method and the
results are listed in Table 1. The results show that the Pt–TiO2/
fCNTs framework has a larger specific surface area than that
of Pt/fCNTs. Since there is more surface area with TiO2, it is
expected that Pt shows a superior dispersion on the TiO2/
fCNTs support, leaving more area exposed for the surface reac-
tion to take place.44

3.2. Photocatalytic hydrogen production

The activities of the composites with 0.5% fCNTs (fSWCNTs,
fMWCNTs) loading on Pt/TiO2 were tested in the photo-
catalytic evolution of hydrogen from aqueous methanol solu-
tions. Blank experiments showed no appreciable H2 evolution
in the absence of either irradiation light or photocatalysts of
Pt–TiO2/fCNTs, and also no activity was observed over pure
fCNTs or TiO2 in the presence of light, which may be attribu-
ted to the presence of overpotential in the production of H2 on
the TiO2 surface and the fast backward recombination of
hydrogen and oxygen into water, making TiO2 less active in
photocatalytic water splitting due to the high recombination
between CB electrons and VB holes in pure TiO2.

Fig. 8 displays the photocatalytic activities for H2 evolution
over Pt/TiO2, TiO2/fSWCNTs, TiO2/fMWCNTs, Pt–TiO2/
fSWCNTs, and Pt–TiO2/fMWCNTs. All the samples were irra-
diated for 3 hours. It can be seen clearly from Fig. 8 that
Pt(0.5%)–TiO2/fCNTs(0.5%) exhibits a significant enhancement in
H2 evolution as compared to TiO2/fCNTs (fSWCNTs,
fMWCNTs) and even Pt/TiO2.

Thus an increase in the photocatalytic performance of Pt–
TiO2/fCNTs is mainly due to photodeposition of Pt nano-
particles. It is well known that the deposition of noble metals

Fig. 6 Photoluminescence (PL) plots of the prepared nanocomposites.

Fig. 7 Plot of transferred Kubelka–Munk function versus energy of the
light absorbed of the prepared nanocomposites.
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usually enhances the separation and prolongs the lifetime of
photogenerated electrons and holes (e−–h+), resulting in the
improved photocatalytic activity.55 This leads to an increase of
photocatalytic hydrogen generation, which is attributed to
atomic Pt and results in an increase of electron sinks, thus
improving the photocatalyst activity with moderate reaction
rates.56

Comparative experiments were used to understand the
effect of the position of Pt on the reaction by (in situ) injection
of Pt into TiO2/fCNTs photocatalysts with the same compo-
sition ratio as that prepared in the photodeposition method.
Fig. 9 shows that in situ injection of Pt ions to TiO2/fSWCNTs
achieved a rate of 254 μmol h−1, which is higher than that for

TiO2/fCNTs (fSWCNTs, fMWCNTs), but lower than that for Pt–
TiO2/fSWCNTs (355 μmol h−1). This demonstrates that the
strong interaction between fCNTs and Pt/TiO2 formed in the
sonochemical/hydration–dehydration and photodeposition
reaction plays a crucial role in the water reduction process.

All of that confirms two facts, the first being that the
addition of fCNTs and Pt simultaneously has an effect that is
greater than that from the addition of each of them individu-
ally. The second fact is that the synergic roles depend on the
nature of distribution and concoctions between Pt with TiO2

and fCNTs with TiO2 to form Pt–TiO2/fCNTs.

3.3. Mechanism for the enhancement of the photocatalytic
activity by Pt–TiO2/fCNTs

It is well known that the light absorption capability of the
photocatalyst and separation of photogenerated e−/h+ pairs are
crucial factors influencing the photoactivity, as well as the for-
mation of a semiconductor–metal junction (Schottky barrier)
where there is a space charge separation region. This Schottky
barrier will result in the metal possessing an excess negative
charge and the semiconductor an excess positive charge.57

Thus, after TiO2 absorbs a photon, the excited electron and
hole need to be separated and transferred to the surface of
TiO2, to react with corresponding water or sacrificial agents.58

The excited e− may migrate into either the metal surface or to
the nano-cylinder of fCNTs causing a reduction in the chance
of recombination of e−/h+. Meanwhile upon light irradiation,
the photogenerated electrons are excited from the valence
band (VB) to the conduction band (CB) leaving positive holes
in the VB. The holes accumulated at the valence band oxidize
methanol to give a methoxide ion (radical species) and a
proton.

The excited electrons migrate to the Pt nanoparticles which
act as electron traps then reduce the protons to produce H2.
The general functions of Pt and fCNTs can be represented in
two probabilities: the first is related to the Pt nanoparticles
that are photodeposited on TiO2 forming a Schottky barrier at
the Pt–TiO2 interface based on the difference between the Pt
work-function (5.7 eV)59 and the electron affinity (χ = 3.8 eV) of
the TiO2 conduction band. The second probability may be due
to the excited electrons transferred from the low electron con-
ductivity of the TiO2 phase to the high electron conductivity of
the carbon phase in the TiO2/CNTs composites.60 Besides, well
mixed TiO2 particles with the fCNTs network create local
potential differences in the TiO2 phase which spread through
the sample, resulting in more effective e−/h+ separation within
the entire sample.61 The work-functions of fCNTs (fSWCNTs,
fMWCNTs) are about 4.8 and 4.3 eV respectively62 when fCNTs
were added, and charge transfer from the TiO2 conduction
band (ECB = 0.5 V versus normal hydrogen electrode (NHE)) to
the SWCNTs conduction band (ECB = 0.3 V versus NHE) is
therefore energetically favourable for all types of CNTs.63

In both cases of the suggested mechanism, the injected
electrons will assist as H2 evolution sites to reduce water mole-
cules. Meanwhile, methanol (donor) is oxidized by donating
the electrons to Pt or fCNTs. As shown in Fig. 9, the fSWCNTs

Fig. 8 Timeline of nanocomposite photocatalytic H2 evolution from
methanol aqueous solution (timeline of photocatalytic H2 evolution
from methanol aqueous solution in the presence of TiO2/fCNTs
(fSWCNTs, fMWCNTs). Experimental conditions: methanol conc. 5 mM,
light intensity 40 mW cm−2, mass of catalyst 50 mg, and irradiation time
3 h.

Fig. 9 Timeline of photocatalytic H2 evolution from methanol aqueous
solution in a comparative in situ study. Experimental conditions: metha-
nol conc. 5 mM, light intensity 40 mW cm−2, mass of catalyst 50 mg,
and irradiation time 3 h.
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have higher activities compared to those of fMWCNTs, and the
same results have been found in previously published work.63

The SWCNTs are more favourable for charge transfer64 as com-
pared to the MWCNTs, which may be due to them acting as
mid-gap bands, causing the possible multi-electron–hole pair
(exciton) generation by absorption of single high energy
photons in the UV region across these multiple low energy
bandgaps.65 Meanwhile for MWCNTs, the origin of the photo-
conductivity is less clear.66 Yao et al.16 reported that the TiO2/
fSWCNTs composite demonstrated a higher photocatalytic
activity than that of the TiO2/fMWCNTs composite under UV
light irradiation. This occurrence is believed to be related to
the higher degree of interphase contact that can be achieved at
the TiO2 surface with the bundles of small individual
SWCNTs.67 Woan et al. reported that a hydrothermally syn-
thesized SWCNT–TiO2 hybrid showed superior enhancement
in the photocatalytic degradation of pirimicarb compared with
that of MWCNTs/TiO2,

19 which is attributed to the higher sep-
aration efficiency of photogenerated carriers that was achieved
because of the high conductivity of SWCNTs.68 All of these
explanations and reasons lead to the ternary mechanism in
Fig. 10, which produces H2 gas in three routes, with the prob-
abilities for Pt in two lines while there is one line for fCNTs.
The practical proof of these results was accrued when an
in situ experiment was done which mostly localized the Pt on
the surfaces of fCNTs, and showed the percent of Pt that was
localized on the surface of TiO2.

4. Conclusions

In summary, a Pt(0.5%)–TiO2/fCNTs(0.5%) ternary hybrid has
been successfully synthesized by a new sonochemical/
hydration–dehydration route. The results show that Pt/TiO2

was more active than the binary composites TiO2/fCNTs.
Among the various nanostructures (Pt–TiO2/fSWCNTs, Pt–
TiO2/fMWCNTs, Pt/TiO2, and TiO2/fCNTs), Pt–TiO2/fSWCNTs
shows the maximum photocatalytic H2 production rate

(355 μmol h−1) due to having the best charge carrier transfer
and separation, caused by a reduction in the recombination
rate of electron–hole pairs compared with the other nano-
composites. Furthermore, the results show that the photo-
catalytic activity of the ternary hybrid catalysts is highly depen-
dent on the type of fCNTs, as investigated in our work, with
the activity of fSWCNTs being higher than that of fMWCNTs
for hydrogen production. Finally the indicator for this behav-
ior was the in situ injection of Pt to the binary composite TiO2/
fSWCNTs(0.5%), which shows a reduction in activity as com-
pared with Pt(0.5%)/TiO2 and Pt–TiO2/SWNTs. Furthermore,
photocatalyst-based flexible fCNTs have advantages for indus-
trial application because of the type-dependence of fCNTs
which gives a cost-effective co-catalyst for photocatalytic H2

production.
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