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Introduction

TiO; nanotubes (TNTs) have been receiving extensive interest due to that they have nanostructure, large specific surface area,
good electron/proton conductivity, high aspect ratio, and ion exchange [1,2] and applied for many fields, including
photocatalysis [3], lithium batteries [4,5], gas sensors [6], dye-sensitized solar cells [7], and waste water purification [8].
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However, the main drawbacks of pure TNTs photocatalyst, narrow light-response range and rapid recombination of
photoinduced electron/hole pairs which result in low efficiency in the utilization of solar energy. To overcome the drawbacks,
numerous strategies have been adopted to improve the photocatalytic performance of TNTSs, including noble metal loading
(Pt, Ag) [9,10], non-metal element doping (C, N) [11,12], and coupling with semi-conductors (CdS, CuO, Cd0.5Zn0.5S)
[2,13-15].

Recently, the significant improvements in TNTs photocatalytic performance has been demonstrated by incorporating novel
carbonaceous nanomaterials, such as carbon nanotubes (CNTs) [16,17] and fullerenes [18], to form carbon-TiO,
nanocomposite photocatalysts. In particular, GR, as a newly discovered two-dimensional (2-D) carbonaceous material,
possesses outstanding mechanical, thermal, optical, and electrical properties, and many researchers have been demonstrated
that the combination of graphene and TiO, shows an enhancement of photocatalytic activity for use in photocatalytic water
splitting [19-27] as well as photodegradation of pollutants [22,28-32]. Dang et al. [33] demonstrated that a TNTS/GR
photocatalyst was prepared by alkaline-hydrothermal method that had a larger photocatalytic H, evolution, two times higher
than that of pure TNTs. Enhanced electroto-catalytic activity of Pt nanoparticles dispersed on the GR/TiO, had already
reported [34]. Chen et al. [35] reported the applicationin photo-degradation of methyl orange (MO) overAu/RGO-TiO,
nanotube arrays, which showed a highly efficient photocatalytic activity associated with broad absorption in the visible light
region. Sim et al. [36] demonstrated that the successful depositions of Pt and RGO onto the surface of TNTs contributed to
the significant improved photocatalytic activity in the reduction of CO, compared with TNTs and Pt-TNTSs.

Herein, we developed a simple one-step chemical reduction process to prepare Pt NPs and RGO co-modified TiO2 NTs. In
which, graphene oxide is mixed with Pt and resulting solution by microwave followed by mixing of TiO, NTs. In this
process, chemical reduction of graphene oxide into graphene and attachment of noble metal nanoparticles and TNTs are
observed in ethylene glycol solution. The photocatalytic activity of Pt/RGO-TiO, NTs hybrid material was tested by MB as a
model contaminant under simulated solar light irradiation was investigated. This result gives a potential development towards

graphene based efficient photo catalyst that employed UV/Visible light as an energy source.

Experimental

Preparation of graphene

Graphite expanded powder was used to synthesize graphite oxide through modified Hummers method [37]. 10 g of graphite
expanded powder was mixed with conc. H,SO, (230 ml) at 0°C with vigorous magnetic stirring. In the next step 30 g of
KMnQO, was slowly added to the flask and the temperature was kept below 20°C. The resulting mixture was stirred at 35°C
for 30 min with stirring, and it was then added to 450 ml using de-ionized (DI) water. After adding water into the container
was sealed and keeps at 98°C with vigorous stirring for 40 min followed by the addition of 140 ml DI and 30 ml 30% HO..
The mixture was then washed several times with 5% HCI solution to eliminate residual metal ions. The solutions were

filtered and then the obtained GO was diluted to DI water under ultrasonicated for 30 min to form GO suspension.

Preparation of RGO/TNTs
25 ml GO suspension (2 mg/ml) and TNTs were dispersed in ethylene glycol (EG) solution (30 ml) under ultrasonicated for

10 min at weight ratios of RGO to TNTs of 10%. The obtained suspension was transferred into reaction flask and refluxed at
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110°C for 24 h. The resulting products were filtered and washed several times with distilled water and then dried at 50°C

under vacuum for 12 h to achieve RGO/TNTSs.

Preparation of TNTs and TNTs arrays

TNTs were prepared via an alkaline hydrothermal. The details of its preparation were reported in our previous study [38].
Otherwise, Titania nanotubes arrays (TNTs arrays) were prepared by electrochemical anodization in glycerol, NH,F-
containing electrolyte. Prior to experiment, Ti foil with dimension 20 x 20 x 0.3 (mm) was polished by hand with various
abrasive papers and then degreased and washed with DI water. The surface of Ti was reactivated for anodization process by
dipping the Ti foil in a mixture of diluted solution of NH,F and HNO; within 5 seconds, followed by washing with DO water.
The electrochemical anodization was carried out in a two-electrode cell using a DC power source, where the Ti foil was used
as the anode and a thin stainless-steel foil as the cathode. The anodization was performed at bias voltage of 25 V during 8 h at
room temperature (298 K) in an electrolyte containing NH+F (0.32%), sodium acetate (0.07 M) and water (15%) dissolved in
glycerol. The pH of electrolyte was controlled at 5 by adding the diluted H,SO, solution. After the period of anodization, the
Ti foil was immediately washed with a large amount of DI water, then drying at 120°C for 12 h and finally annealing at
500°C for 4 h in air.

Preparation of Pt/TNTs and Pt/TNTs arrays

In the typical synthesis of Pt-RGO/TNTSs, 25 ml GO suspension (2 mg/ml) and 10.25 ml H2PtCls (10 mmol) and 0.2 g TNTs
were dispersed in ethylene glycol (EG) solution (30 ml) under ultrasonicated for 10 min. The obtained suspension was
transferred into reaction flask and refluxed at 11°C for 24 h. The resulting products were filtered and washed several times
with distilled water and then dried at 50°C under vacuum for 12 h. The weight ratios of GO to TNTs were taken as 5%, 10%,
and 20% the obtained samples were labeled as PGT-05, PGT-10, and PGT-20 respectively.

The synthesis of Pt-RGO/TNTs arrays was performed using the same procedure for producing the Pt/TNTs arrays as
described in paragraph 2.4. In this case, the mixture containing 25 ml GO suspension (2 mg/ml) and 10.25 ml H,PtCls (10
mmol) and 30 ml ethylene glycol (EG) was ultrasonicated for attaining a uniform suspension before being used for 5-time
sequential impregnation-reduction process on the surface of TNTs arrays. A sample of RGC/TNTs array was also

synthesized for reference by adopting the procedure above described but using 10.25 ml of H,O instead of H,PtClg solution.

Characterization

The morphologies of the TNTs based samples were investigated by transmission electronic microscopy (TEM) using a Leica
LEO 906 E instrument operating at 120 kV. A field emission scanning electron microscope (FESEM) with model JSM 7600F
(JEOL) was used to characterize the morphology of the TNTs arrays based materials (TNTs array, Pt/TNTs array and Pt-
RGC/TNTs array). The surface composition of the synthezied samples were analyzed by the Energy Dispersive X-Ray
(Model X-Max-50 Oxford Instruments). X-ray diffraction (XRD) was determined over the 26 range 10°-80° (D8
ADVANCE, Bruker, Germany) using copper radiation CuKal(A=0.16A°) as the X-ray source. UV-vis diffuse reflectance
spectra (DRS) were obtained on a Cary 300 Conc UV-visible spectrophotometer. Photoluminescence (PL) spectra were
measured at room temperature on a fluorescence spectrophotometer (iHR550, Jobin-Yvon, French) at an excitation

wavelength of 355 nm. Raman spectroscopy was performed in a wave number range of 80 cm™ -2500 cm™ using a LabRam
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HR with the excitation wavelength at 532 nm. The surface properties of prepared samples were characterized by X-ray
photoelectron spectroscopy (XPS) by using a Perkin-Elmer PHI 1600 ESCA system with a monochromatic Mg Ka source

and a charge neutralizer.

Experiment of photocatalytic test

Photocatalytic activity of Pt-RGO/TNTs was tested by using Methyl Blue as an organic dye. In each test 0.2 g of catalytic
sample was taken in 100 ml solution of MB (10 mg I'1). The solution was stirred on a magnetic stirrer at room temperature
for several minutes moderately and kept in the dark for 2 h to assure absorption/desorption equilibrium of the dye on the
catalyst. After two hours, the solution was exposed to solar lamp (OSRAM 250 W) as light source which was kept at 20 cm
above the solution. Samples were collected after 120 min and centrifuged at 3500 rpm for 10 min instantly to remove the
solid material from the solution for further analysis. The MB concentration was obtained from linear calibration line
representing the absorbance of the 663-nm absorption band versus MB concentration by mean of an UV-vis

spectrophotometer.

The photo-electrochemical (PEC) experiments was conducted in a two-electrode configuration under illumination of solar
lamp (OSRAM 250 W) with the prepared samples as working electrode and stainless steel as counter electrode. The
electrolyte was NaOH 0.1 M solution. The PEC test was investigated by applying a bias of open-circuit voltage (0-1V) from
a DC power supply. The photocurrent was measured by Digital multimeter (FLUKE 15B) connected in line between the
external source and the TNTSs array anode under illumination of 40000 lux equal to 6 mWcm. The values of light current
were taken when the system became stable. The dark current was measured in the same condition without illumination for
reference. These experiments were performed not only for evaluating photo-electrochemical properties of TNTs arrays based

material but also for studying their capacity of water photo-electrolyzing to produce hydrogen.

Results and Discussion

Characterization

The diffraction patterns of the studied samples are shown in FIG. 1. The sharp diffraction peak at 25.3° corresponds to (1 0 1)
crystal plane of anatase TiO2 (JCPDS no. 21-1272) is well observed for all TNTs based photocatalysts [39]. Specific peaks of
Pt are observed for Pt-TNTs and Pt-RGO/TNTSs at 40°, 46.2° and 67.4°. A diffraction peak recorded at 10. 10 are attributed
to GO. After the reduction of GO, the peak of RGO at around 25° is not shown in the PGT-10 samples, which may be due to
the disappearance of the layer-stacking regularity of RGO after intercalation by TNTs. Compared with the XRD spectra of
unmodified TNTs, there is no obvious difference of TNTs phase in different samples indicates that the crystalline structure of
TiO2 NTs was not influenced by the reduction of RGO and Pt NPs.
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FIG. 1. X-ray diffraction patterns of GO, TNTs, Pt/TNTs, and Pt/RGO/TNTSs.

FIG. 2 shows the characterized results of the microscopic structures and morphology of the pure TNT, Pt-TNTs, RGO/TNTSs,
and Pt-RGO/TiO, NTs nanocomposites. As shown in FIG. 2a, a 1-D tubular morphology with diameters of ca. 10 nm and
lengths of ca. 100 nm-150 nm can be clearly observed. FIG. 2b shows the TEM image of Pt-TNTs and FIG. 2c shows the
TEM image of Pt-TNTs anchored onto the GR sheets with the surface of TNTs uniformly with Pt NPs. It is also diagnosed
that the morphology of the TNTs remains unchanged after the encapsulation of the impurities. As showed in FIG. 2d, there
was no appreciable present of GR sheet in PGT-05. A higher weight ratio of GO (20%) to TNTs in PGT-20, GO was not well
dispersed and FIG. 2e shows that the RGO sheet was made the clusters and not uniformly covered TNTs and Pt NPs. The

presence of the specific elements in the composite like Pt, C, O and Ti is confirmed by obtained EDX spectrum.
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FIG. 2. TEM images of the as-prepared (a) pure TNT, (b) Pt/TNTSs, (¢c) PGT-10, (d) PGT-05, and (e) PGT-20.
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The microscopic structures and morphologies of pure TNTs array, Pt/TNTs array, RGC/TNTs arrays and Pt-RGC/TNTs
array were characterized by FESEM images that are collected in the FIG. 3. The FESEM images show that the diameters of
TNT obtained by anodization process were located within the range of 80 nm-120 nm as presented in the FIG. 3a of pure
TNTs array. FIG. 3b demonstrates that the Pt nanoparticles with the size of 5 nm-10 nm have been formed, well dispersed
and anchored on the surface of TNTSs arrays. Likewise, FIG. 3c validates the good dispersion of RGC film on the TNTSs array
both inside and outside of nanotubes of titania. Last but not least, the FESEM image of Pt-RGC/TNTSs arrays as showed in
FIG. 3c evident that the RGC film and Pt nanoparticles have been homogenously deposited on the surface of TNTSs array.
Likewise, FIG. 3c validates the good dispersion of RGC film on the TNTs array both inside and outside of nanotubes of
titania. Last but not least, the FESEM image of Pt-RGC/TNTs arrays as showed in FIG. 3c evident that the RGC film and Pt
nanoparticles have been homogenously deposited on the surface of TNTSs array.

FIG. 3. FESEM images of the as-prepares (a) pure TNTs array, (b) PUTNTSs array, (c) RGO//TNTs array and (d) Pt-
RGO//TNTs

The elemental analysis of the composite was carried out by acquiring EDX spectra as shown in FIG. 4. The EDX result
shows that the Pt/RGO co-modified TNTs and TNTSs arrays contain the elements of C, O, Pt, and Ti. The contents ratio of C
and Pt are about 48.5/0.95 (atom/atom).
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FIG. 4. EDX pattern of the Pt-RGO/TiO2 NTs.

Raman spectroscopic measurement was used to characterize the ordered and disordered crystal structures of carbon based
materials. As shown in FIG. 5, D band and G band were all observed in the Raman spectra of GO, RGO, and Pt-RGO/TNTs.
The Raman spectrum of GO shows two characteristic peaks, namely, the D band at 1355 cm™ and the G band at 1600 cm.
The D band is assigned to edge or in-plane sp3 defects and disordered carbon, whereas the G band arises from the in-plane
vibration of ordered sp2-bonded carbon atoms. The ID/IG peak intensity ratio is calculated to characterize the level of defect
in RGO. When GO is reduced to RGO, an increment in the intensity ratio of the D and G bands (ID/IG) was observed for the
GO, RGO and Pt-RGO/TNTSs, suggesting that increased defects were brought by the reduction of graphene oxide, indicating
the partial restoration of sp2-hybridized network due to the removal of oxygenated functional groups that increase the defect

level and also confirms the partial reduction of GO into RGO during the chemical reduction process.
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FIG. 5. Raman spectra of TNTs, Pt-TNTs, RGO/TNTSs, Pt-RGO/TNTs andTNTSs. The inset is the D-and G-bands of
GO, RGO and Pt-RGO/TNTSs.

The UV-visible diffuse reflectance spectra that endorse the visible light responsiveness characters of the photocatalysts are
shown on FIG. 6. The pure TNTs exhibits a good absorption band moderately around 380 nm (UV region) owing to the

charge transfer from O, p valence band to Ti 3d conduction band corresponding to the band gap energy of 3.2 eV in the
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ultraviolet region. Compared with the unmodified TNTs, all the modified TNTs displayed enhanced absorption in the UV -
visible region and significantly red-shifted absorption edges which are attributed to the form of Ti** ions and oxygen
vacancies in metal or carbon-doped TiO, materials [35]. The Pt NPs-doped TNTs is clearly observed at around 450 nm.
This notable behavior leads to the absorption edge of Pt-TNTS shifts toward the visible spectrum. In the nanocomposites, a
gradual redshift to longer wavelengths is observed for the Pt-RGO/TNTs with increasing RGO mass ratio. In the Pt-
RGO/TNTSs, the dark appearance of carbon species from RGO contributes for the reduction of light reflection and thus,
boons the absorption of visible spectrum [36].
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FIG. 6. UV-visible absorption spectra of as-prepared samples.

To investigate the efficient separation of charge carriers in the nanocomposites, photoluminescence (PL) spectroscopy was
carried out to reveal the migration, transfer, and recombination processes of photoinduced electron/hole pairs. FIG. 7 shows
the PL emission spectra of as-prepared at an excitation wavelength of 355 nm. The lowest recombination of the electron-hole
pair is achieved by PGT-10 where it shows the lowest emission intensity among all. As shown in FIG. 7, the PL intensity
decreased successively in the order of unmodified TNTs, Pt/TNTs, RGO/TNTs and PGT-10, implying that the photoinduced
electrons transferred from TNTSs to Pt or RGO, and the Pt and RGO as co-modifiers showed an enhanced ability in capturing
photoinduced electrons compared to either Pt or RGO alone. Among the photocatalysts, PGT-10 was presented as the highest
absorption in the UV-visible region. This significant boost in photocurrent demonstrates the higher efficiency of the charge

separation occurred in the ternary composite. Naturally, it will reflect a beneficial result in the photocatalytic performance.



www.tsijournals.com | July-2017

12000

10000 -

Intensity (a.u.)

8
8

3
8

8
8

2000

TNTs

RGO/TNTs

Pt/TNTs

PGT-10

380 430 480 530 580 630 680

Wavelength (nm)

FIG. 7. Photoluminescence spectra of TNTs, RGO/TNTs, Pt—-TNTs and Pt/RGO/TNTSs.

Photocatalytic properties of Pt-RGO/TNTs
Methyl blue was selected as a modal pollutant to evaluate the photocatalytic effect of Pt/RGO/TNTs under the simulated

solar light. The TNTs was used as reference sample. As shown in FIG. 8, under the same conditions, the removal efficiency

of MB by using unmodified TNTs was 1.75 mg MB/g TiO, indicating the limited photocatalytic activity of TNTs due to its

poor visible-light response and low absorptivity. The removal efficiency of Pt/ TNTs and RGO/TNTs were up to 2.16 and
2.62, respectively. A higher degradation efiiciency of Pt/TNTs than RGO/TNTs is mainly attributed to the higher

photoinduced charge separation in Pt/TNTs that is evidenced by the lower recombination of the electron-hole pair in Pt/TNTSs

than in RGO/TNTs (FIG. 7). Among the photocatalysts, PGT-10 was presented as the best efficiency of 2.99 mg MB.g™*

TiO,, almost 1.7 times that over unmodified TNTSs.
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FIG. 8. MB photodegradation efficiencies by photocatalytic degradation.

The Pt and RGO as co-modifiers achieved a remarkable enhancement in total yield of MB compared to that of TNTSs,

PUTNTs and RGO/TNTSs. The presence of Pt NPs in Pt-TNTs equalized the Fermi level (Ef) of TNTSs to the working function
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of Pt NPs and thus the CB of TNTs became lower, facilitating electrons transfer from Pt NPs to CB of TNTSs. In the junction
between Pt NPs and TNTSs, the occurrence of electron collision further excited the electron movement from VB to CB of
TNTs, leaving holes at VB. The electron-hole pairs recombination time (10 s), is known to be fast. Hence this deficiency
was overcome by depositing RGO sheets onto the surface of Pt/TNTSs to prolong the lifetime of electron-hole pairs. The RGO
is well known for its two-dimensional and planar z-conjugation structure which endows it with excellent electron
conductivity and RGO sheets provided a rapid pathway to trap the electrons from TNTS, leading to enhance the separation of
charge carriers [36].

Photo-electrochemical properties of Pt-RGO/TNTSs arrays

The FIG. 9 shows the current densities on TNTs array, Pt/TNTs array, RGO/TNT array and Pt-RGO/TNT array electrodes
measured in NaOH 0.1M electrolytes under and dark condition. In the dark (without illumination) the values of current
density measured on these four electrodes were nearly the same range of 0.5-1 pA/cm?. When the electrochemical system
was illuminated, the photocurrent densities increased significantly and the illumination effect was different form this sample
to the others. With increasing the applied voltage from 0 to 1 Volt, the photocurrents elevated continuously then tended to
nearly stable states at about 1 Volt. Meaningful that the minimum voltage needed to electrolyze water is 1.23 Volt, the
applied voltage (1 Volt maximum) was used just for diminishing the activation energy of reaction, therefore boosting the
photocurrents and also the water splitting rates. Rationally, the photocurrents increased with the series of TNTs array,
RGO/TNTSs array, Pt/TNTs and Pt-RGO/TNTSs array. This photoactivity tendency of Pt, RGO and Pt-RGO doping has been
also observed on the samples of TNTs based materials when the latters were tested for determining the efficiencies of MB
removal. The best performance of photo-electrochemical property was awarded to Pt-RGO/TNTs array that could be
attributed to the beneficial synergy of the Pt-RGO composite by perfecting the band structure as well as the photoelectron
hole separation and transfer phenomena that were similarly found on the CdS doped TNTs array [40,41]. The photocurrents
measured on the Pt-RGO/TNTSs array was up to 762 pA/cm?, twice more important than photocurrents obtained on pure
TNTs array electrode.
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FIG. 9. The photocurrents on the TNTs array based materials (TNTs array, RGO/TNTs array, Pt/TNTs array, Pt-
RGO/TNTSs array) as anode for photo-splitting water.
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Conclusion

A Pt/RGO co-loaded TNTs hybrid material has been prepared by a simple chemical reduction method. The incorporated Pt
NPs distributed on the surface of TNTs with some wrapped on tube wall. Phase and series of spectroscopic analysis robustly
pronounced the well removal of redundant oxygen-containing functional groups in RGO. The superior electron-hole pair
separation in the resulting sample was reflected from the quenching of PL spectra. Compared with Pt/TNTs, RGO/TNTs, and
unmodified TNTs, the Pt/RGO/TNTSs exhibited obviously enhanced photocatalytic activity in the photodegradation of MB
under the simulated solar light illumination, which can be attributed to increased photoresponse both in the UV and in the
visible region, high electron-hole separation efficiency, and improved absorptivity toward organic pollutant molecules,
resulting from the synergetic effects of RGO and Pt NPs. This simple methodology will be easily used for the design of
highly efficient and stable photocatalyst for environmental treatment applications. Furthermore, the Pt, RGO and Pt-RGO
composite doped TNTs array synthesized by anodization route demonstrated the same tendency of efficiencies of photo
electrochemical properties. This result is very useful for enhancing the photoactivity of TNTs array in water splitter

applications.
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