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Abstract: Protonated titanate nanotubes (HTiNts) were synthesized using the hydrothermal method,
followed by proton exchange with acid. Gold nanoparticles decorated titanate nanotubes (AuHTiNts) were
obtained by the reduction of AuCl,” under vigorous stirring with an aqueous solution of HTiNts containing
1 wt% of ascorbic acid. To investigate the surface structural chemistry of the titanate and AuHTiNts,
the following characterization methods were used: scanning and transmission electron microscopy, X-ray
diffraction, UV-Vis diffuse reflectance spectroscopy, Raman spectroscopy and X-ray photo-electron
spectroscopy. The mean internal and external diameters for titanate nanotubes were found to be 5.46 +0.08
nm and 8.42 £ 0.03 nm, respectively, whereas the mean diameter of gold nanoparticles was measured to be
9.68 nm = 0.03 nm. The as-synthesized AuHTiNts was used as photocatalyst in hydrogen production from
glycerol as a sacrificial agent. The enhancement in the production of hydrogen, using the heterogeneous
AuHTiNts catalysts, can be attributed to the intrinsic catalytic potential of gold as well as its interactions
with titanate nanostructure.
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INTRODUCTION

After Fujishima and Honda (1972) reported the
water oxidation with TiO, as the photo-catalyst
for the first time in 1972, generating hydrogen and
oxygen, many studies have been developed with
different electrolytes (De la Piscina and Homs
2008) and photoelectrodes (Valdes et al. 2012)
to increase the hydrogen production (Ahmad et
al. 2015). However, the H, production from the
water splitting is too low to meet the industrial
demand (Crabtree et al. 2004). On the other
hand, the photocatalytic process of organics with
semiconductors has proved to be an efficient and
attractive method to produce hydrogen with the aid
of solar energy through a clean, sustainable and
renewable route (Estahbanati et al. 2017). Glycerol,
a by-product of the biodiesel production (McNutt
and Yang 2017), has a great potential as a starting
material for sustainable hydrogen production
(Bowker et al. 2009).

Titanium oxide is one of the most used
photocatalysts owing to their exceptional electronic
and optical properties, high oxidation power,
low-toxicity, chemical stability, abundance and
low cost of synthesis (Fang et al. 2017). Titanate
nanotubes (TiNts) have mesoporous morphology
and high specific surface area (Ge et al. 2016),
with photocatalytic properties similar to TiO,
(Guimaraes et al. 2017), which is even better for
photocatalysis and therefore, has received much
attention in recent years (Abdullah and Kamarudin
2017, Ge et al. 2017). Still, the usage of TiNts,
as well as TiO, as efficient photocatyst is limited
due to their high band gap (3.4 ¢V) which restricts
their capability to capture light beyond the UV
region (Liu et al. 2014). To overcome this barrier,
many studies has been focused on the synthesis
of suitable hetero-nanostructures based on TiNT
and TiO, nanotubes as substrates which can be
decorated with different active catalysts leading to
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photocatalytic applications (Kukovecz et al. 2016,
Yang et al. 2015).

Catalytic hydrogen production from
photoreforming of glycerol-water mixture using
titanate and related nanostructures had been a great
area of interest although its mechanistic insights
are yet to be fully understood. Upon irradiation of
photons, having higher energy than the band gap of
titanate or related nanostructure, the electrons (¢
are excited from valence band to conduction band,
leaving behind holes (h"). These photogenerated e/
h" pair react with available oxi-reducible species,
such as surface bond water molecules or dissolved
oxygen molecules which further react following
many possible oxi-reduction routes, evolving
different reactive oxygen species (ROS), such as
0, ,'0,, H,0, and OH’ etc (Jedsukontorn et al.
2018). These ROS react with glycerol molecules
in many possible ways leading to its complete
oxidation to CO, via generation of many organic
intermediates with general formulae etc CHO,
suchas glyceraldehyde (C,H,0,), dihydroxyacetone
(C,H,0,), glycolaldehyde (C,H,0,), acetaldehyde
(C,H,0), formaldehyde (CH,O) and formic acid
(CH,0,) in the liquid phase (Sanwald et al. 2016).
Careful study with D,O showed that both H,O and
glycerol molecule takes part in the generation of the
H, (Fujita et al. 2016) and the total oxi-reduction
reaction can be written as (Daskalaki et al. 2009):
C,H,0, +3H,0 —2%, 3CO, + 7H,

Whereas the half reaction can be written as
Anode: C,HO, + 14h" + 3H,O —3CO, + 14H"

377873

Cathode: 14H™ + 146 —— 7H,

The noble metals, e.g. Au, Pt and Pd have
been reported as efficient dopants for activation
in visible light, thus improving the performance
of the photocatalysts (Bamwenda et al. 1995,
Jakob et al. 2003, John et al. 1983, Sakthivel et
al. 2004). The Fermi levels of these noble metals
are smaller than those of semiconductors, such
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as TiO, and TiNts, which results in an effective
transfer of photogenerated electrons from the
semiconductor conduction band to the metal
particles (Etacheri et al. 2015). This electron
capture process significantly reduces the electron-
hole recombination rate, giving rise to more
efficient photocatalytic reactions. Among other
advantages, gold nanoparticles (AuNPs) allow the
photosensitization of the heterostructure due to
the possibility of the surface plasmonic resonance
effect (SPR) (Cushing et al. 2015, Primo et al.
2011). Also it reduces the energy required to
promote the formation of the electron-hole pairs
(Ingram et al. 2011, Primo et al. 2011, Rouby et al.
2017). In addition, Pusztai et al. reported that the
band gaps of pure titanate nanowires (3.10 eV) and
nanotubes (3.07 eV) reduce to 2,84 eV at 1% and
2,74 eV at 2,5% Au doping respectively (Pusztai et
al. 2014).

Murdoch et al. reported that AuNPs in the
range of 3-30 nm on the surface of TiO, are very
active in the production of hydrogen from ethanol
(Murdoch et al. 2011). Similar improvement
in photocatalytic properties had been observed
in the cases of ZnO crystals (Wang et al. 2016),
heterogeneous Au-BiVO nanostructures (Cao et al.
2011) and TiNts (Dosado et al. 2015) upon AuNPs
decoration on the surface of these nanostructures.
The surface plasmon resonance effect (SPR) allows
direct electron transport directly from the metal to
the conducting band of the semiconductor (Primo
et al. 2011, Rouby et al. 2017) and improve the
photocatalytic activity (Murdoch et al. 2011).

Well-dispersed AuNPs have been used to
decorate TiNts in order to increase the efficiency
of photocatalytic reactions in general and
photocatalytic H, production, in particular. The
reasons for this synergetic effect observed are:
the strong absorption ability of AuNPs, owing
to the SPR effect that improves the visible light
response, and the fast electron transfer from
TiNts to AuNPs, which traps the photogenerated
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electrons and prevent their recombination with
holes (Yang et al. 2015). Renhong Li et al. reported
that redistribution of surface charge between
AuNPs and protonated titanate nanotubes (HTiNts)
leads to a high catalytic activity for photocatalytic
hydrogen generation from the dehydrogenation of
formic acid without any additive (Li et al. 2016). In
the attempt of developing more efficient catalysts
for water splitting reactions the use of organic
capping ligands for AuNPs synthesis lowers the
catalyst effectiveness because a part of this organic
reagent remains at the interface of the metal and
the nanotubes, leading to a poor Schottky barrier
between Au and TiNts (Li et al. 2012). Therefore,
it is of extreme necessity to develop direct
nanoparticle decoration methods without organic
moiety on to the hosting nanomaterial surface.

Herein we report an organic capping-agent
free method of AuNPs decoration on to the
surface of TiNTs after proton exchange to generate
gold nanoparticle decorated protonated TiNts
(AuHTiNts) which has been used as a photocatalyst
for photogeneration of H, using glycerol as a
sacrificial agent. By AuNPs decoration, we have
been able to overcome the problem of large band
gap of TiNts, a central issue that restricts the
optical response in only UV range and thereby
lowers the photocatalytic performance of these
semiconductors and had been able to extend the
application of this material in the wider visible
range.

EXPERIMENTAL PROCEDURES

TiO,-Anatase (= 99.8 %), HAuCl,-3H,0 (99 %)
and glycerol (> 99%) were purchased from Sigma-
Aldrich and used without further purification. HCI
(36.5-38 wt.%) and NaOH (98 %) were purchased
from Dinamica, ethylene glycol and ascorbic acid
were purchased from Vetec, and also were used
without further purification. All solutions were
prepared using deionized water.
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TITANATE NANOTUBES PREPARATION

Titanate nanotubes were prepared using commercial
TiO, (anatase) (purity 99.8%). Typically, 3.0 g of
TiO, were mixed in 90 mL of a 10 mol L' NaOH
solution, stirred for 30 minutes in a magnetic
stirrer to obtain a homogeneous dispersion, then
transferred to a Teflon reactor and taken to a
microwave oven (Panasonic - 2.45 MHz, maximum
power of 700 W) and heated at 150 © C for 4 h.
After cooling the system to room temperature, a
portion of the resulting white solid was washed
with deionized water to pH 10 in order to generate
Sodium titanate nanotubes (NaTiNts) and the other
part with 0.1 mol L aqueous HCI solution to pH
6 to generate proton exchanged titanate nanotubes
(HTiNts). Both the samples were vacuum dried for
12 h (Ferreira et al. 2006).

SYNTHESIS OF AU NANOPARTICLES SUPPORTED
ON TITANATE NANOTUBES

To generated AuHTiNts, HTiNts were added to
an aqueous solution (60 mL) containing 1 wt% of
ascorbic acid (AA) under vigorous stirring. Then,
150uL of a 1 % AuCl4'(aq)
this mixture was heated to 110 °C and kept on

solution was added and

stirring for 2 h.

CHARACTERIZATIONS

Raman spectroscopy experiments were performed
in a confocal Raman spectrometer, Bruker Senterra,
with objective lenses of 50x and 785 nm laser
excitation source. The low laser power density
was used to prevent the sample from overheating.
A spectral resolution of 3 cm™ was used and the
interval used was 80-1050 cm™.

The powder X-ray diffraction (XRD) patterns
were obtained with a Shimadzu XRD6000
diffractometer using Cu Ka radiation (A = 1.5406
A) operating at 30 mA and 40 kV. A sweep rate of
2 ° min" was used and the range of 20 was 5-70
degrees.
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The transmission electron microscopy (TEM)
images were obtained using a JEOL -JEM-2010F
microscope operating at 200 keV. The samples
were prepared by dropping an aqueous suspension
of powdered sample on to a holey carbon-coated
copper grid (300 mesh, SPI supplies) and letting
the water evaporate at ambient temperature, during
24 h. Catalyst compositional were acquired by
XEDS spectrum imaging (XEDS-SI), Thermo-
Noran XEDS.

The scanning electron micrographs (SEM)
were collected using a field emission scanning
electron microscope, FEI Quanta FEG250. The
elemental analysis by X-ray energy dispersion
spectroscopy (EDX) was performed using a EDX
probe EDAX Apollo X, attached to FESEM. The
powdered samples were adhered on to a carbon
tape and placed on to the SEM sample holder.

The X-ray photoelectron spectra (XPS)
were obtained with a Scienta Omicron ESCA+
spectrometer system equipped with an EA
125 hemispherical analyzer and an Xm 1000
monochromatic X-ray source (Al Ka, 1486.7 eV).
The X-ray source was used with a power of 280
W as the spectrometer worked in a constant-pass
energy mode of 50 eV. A Scienta Omicron CN10
charge neutralizer with a beam energy of 1.6 eV
charge was used to compensate the charge effect
while the spectra were obtained. For corrections of
peak shifts due to the remaining charge effect, the
binding energies of all spectra were scaled with use
of the main peak of C 1s at 284.8 eV as a reference.
Wide-scan spectra, for peak identification, were
recorded with a step of 0.5 eV, and high-resolution
spectra for core levels were obtained with the step
0f0.03 eV. All the X-ray photoelectron spectra were
analyzed with the software program CasaXPS§,
where the background in high-resolution spectra
is computed by the Shirley method. Peak fitting of
core levels was done with an asymmetric Gaussian-
Lorentzian product function for the peak shape.
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The UV-Vis diffuse reflectance spectra were
obtained by a UV-Vis spectrophotometer (Agilent,
Cary 300) equipped with an accessory for diffuse
reflectance sampling using BaSO, as reference
material. 2 g of BaSO, and 50 mg of titanate
material were mixed well and pressed in the form
of pellets.

CATALYSIS

Photo-assisted hydrogen generation experiments
were carried out in a calibrated 35-mL gas-
enclosed photochemical double quartz reactor in
which water circulates as an infrared filter and
controls the solution temperature (25° C) under
continuous magnetic stirring. AuHTiNts (7,5 mg)
were dispersed in 15 mL of H,O:Glycerol (5% wt%
Glycerol) solution and introduced into the reactor.
Prior to the irradiation, the system was de-aerated
using Ar-vacuum cycles for about 10 min to reduce
the oxygen content.

The system was illuminated by a 600 W solar
simulator (Newport, Power solar) and a 450W Xe
lamp (Ushio) at one sun intensity. The light intensity
incident on the cell was measured with a calibrated
Si photodiode. The evolution of H, production was
monitored by collecting 500 uL aliquots of the gas,
in duplicates, at intervals of 0.5 h (Sample Lock
Syring, Hamilton). The amount of accumulated H,
produced in the headspace of sealed quartz reactor
was measured using an Agilent gas chromatography
equipment with a TCD detector and HP-PLOT/Q
30 M, HPMOLESIEVE 30 M columns. For rate
determination, data were taken at regular intervals
from 30 min to 210 min.

Hydrogen evolution was observed under one
sun condition as a function of time. The experiment
was performed in a 5-cycle sequence without
replacing the glycerol solution (Figure 8). In the
first cycle, (named cycle-1 in the Fig 8) after 1h
light exposure, irradiation was intentionally
interrupted for a period of 1h. This procedure was
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repeated twice to observe in the sample behavior
in the dark. In the other four, much longer cycles
(named cycle-2, 3, 4 and 5 in the Fig 8), the sample
was irradiated for 5 hours and the H, evolution was
measured constantly in each 30 minutes. After 5
hours, the irradiation was stopped and the reactor
was left closed in a darkroom for 18 h. After each
cycle, the system was fully evacuated, purged
repeatedly and the irradiation was restarted for a
new cycle.

RESULTS AND DISCUSSION

The Raman spectra of NaTiNts, HTiNts and
AuHTiNts are illustrated in Fig. la. According to
previous studies (Ferreira et al. 2006, Marques et
al. 2015), the vibrational modes centered at around
164 and 195 cm™ are attributed to the lattice modes
(Na'-O-Ti); modes centered at 275, 448 and 662
and 700 cm™ correspond to Ti-O-Ti stretching from
the edge-sharing TiO, octahedron and the mode at
906 cm' represent the stretching of unshared Ti-O
bonds in the units of distorted TiO, of NaTiNts
(Viana et al. 2011). In the HTiNts spectrum, it
was observed that the highest (906 cm™) and the
lowest (145 and 195 cm™) energy modes have their
wave numbers and intensities widely affected by
the proton ion. The most affected band is the one
related to Ti-O bond whose oxygen is not shared
among the TiO, units, the mode around 906 cm’
', which disappears after the protonation reaction
(Vianaetal.2011). Comparing the Raman spectra of
AuTiNts with those of HTiNts, it was observed that
they have the same Raman spectral characteristics
of intermediary energy, indicating that the TiO,
octahedron network of TiNts did not suffer major
changes after Au decoration. In addition, one
of the important aspects to be highlighted is the
emergence of new bands centered at 142, 393,
515 and 639 cm™, which can be related to Eg, Blg,
A, and E, modes of anatase phase respectively.
This phase transformation from TiNT to anatase
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may be attributed to the similar topochemical
reaction reported in the earlier literature where
transitions of titanate nanostructures to TiO,
(anatase) nanoparticles had been observed in acidic
aqueous dispersions at temperatures close to room
temperature (Zhu et al. 2005).

The X-ray diffraction patterns (XRD) provided
information about the crystalline structure and the
interlamellar distances of NaTiNts and HTiNts,
as well can characterize the crystalline nature of
decorated AuNPs. The X-ray diffraction data
(Fig. 1b) indicate that the crystalline structure
and tubular morphology of HTiNts (Dzubiella
2010) were preserved after being decorated with
AuNPs. The slight changes in the diffractogram
profiles of NaTiNts to HTiNts are in accordance
with those reported in the literature (Ferreira et al.
2006). It highlights four typical broad diffraction
peaks of NaTiNts: i) around 10° (20), referring to
the interlamellar distance (Marques et al. 2017);
i1) 24° (20), referring to the diagonal plans formed
by ion-lamella (Morgado et al. 2011); (iii) 28°
(29), referring to the diagonal plans formed by
lamellar sodium-interaction (Morgado et al. 2006);
and (iv) 48° (20), referring to the plans formed
by the TiO, network (Bavykin et al. 2006, Chen
et al. 2002). These peaks are consistent with the
crystallographic information file reported for
the phase Na,Ti,0,-nH,0 (JCPDS #. 13-3129),
indexed to the planes (200), (110), (211) and
(020), respectively (Ferreira et al. 2006). In the
diffractogram profile of HTiNts, it was observed
that the intensity of the peak centered at 20 = 28
° decreases compared to the peak located in the
same region of the NaTiNts sample, suggesting the
exchange of Na' ions with H' ions (Morgado et al.
2006), corroborating with the Raman results. The
reduction and AuNPs decoration processes on the
surface of HTiNts affected the intensity of some
crystalline planes of nanotubes, but the overall
tubular structure was preserved for the AuHTiNts.
The XRD peak at around 10°, corresponding to the
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plane (200), related to the interlamellar distance, as
well the diagonals planes of the nanotubes structure,
represented by the peaks between 20° and 40°,
exhibited changes in the intensity reflecting the
insertion of H and Au" ions from the Au” exchange
reaction in an acid medium, leading to AuNPs
decoration. The insertion of Au” with the removal of
H" and Na', remaining after the protonation process,
resulted in the distortion of these crystalline planes,
reducing the intensity of the peaks at 10° and 28°
(20) along with a peak dislocation at 10° (26) to
lower values, thereby suggesting the increase of the
interlamellar distance through the insertion of Au”
ions between the lamellas of the nanotubes (Viana
etal. 2011).

The AuNPs formation was confirmed by
indexing the peaks at 38° and 44° with the
crystallographic data from the Card JCPDS n°
65-2870, pertinent to the Bragg (111) and (200)
reflection pattern for a cubic face-centered phase
(CFC) of Au. The average size of the AuNPs was
estimated applying the Scherrer equation on full-
width at the half maxima of the most of intense
reflection (111), which was calculated to be around
9.9 nm of size. Also a diffraction peak at 25°
was observed which was indexed as (101) plane
reflection of the TiO, anatase phase (JCPDS Card.
n°® 21-1272), confirming, the presence of some
anatase phase, suggesting occurrence of some
TiNT-anatase phase transformation due to the
topochemical reaction in the acidic medium, also
observed by Zhu et al (2005), corroborating with
the findings of Raman spectroscopy.

The TEM images for HTiNts and AuHTiNts
were obtained with the purpose to confirm the
nanomorphology and to measure the average
value of the outer (<d_>) and inner diameter
(<d, >) of the nanotubes, as well as the interplanar
distance and diameter of AuNPs (Fig. 2). The
TEM images of HTiNts confirms the retention of
tubular morphology with an open-ended, rolled-
up structure (Fig. 2a, b), very characteristic of
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(a) + Anatase
AuHTiNts
lig — HTiNts
NaTiNts
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Figure 1 - (a) Raman spectra of NaTiNts, HTiNts and AuHTiNts, (b) XRD pattern of NaTiNts, HTiNts and AuHTiNts.

the titanate nanotubes in general with a non-
homogeneous distribution of the length and width
(Tang et al. 2013, Vempati et al. 2015). The inner
and outer diameter of nanotubes were measured
from the images (Fig. 2¢, d) and the average for the
external diameter distribution (<d_>) and that for
the inner diameter distribution (<d, >) were found to
be 8.42 £ 0.03 nm and 5.46 + 0.08 nm, respectively.
The interplanar distance was measured for HTiNts
to be 0.69 nm. Both the average inner and outer
diameters as well as the interplanar distance are in
good agreement with those reported in the literature
(Ferreira et al. 2006).

The AuNPs formation and interaction on the
HTiNts surface resulted in the anchoring of the gold
nanoparticles on to the surface of the nanotubes
(Fig. 3a, b and d). The distribution of the AuNPs
average size (<d, >) was determined from the
TEM images (Fig. 3a) and found to be 9.68 + 0.03
nm (Fig. 2c), agreeing with the value obtained by
XRD measurements, as shown above. The AuNPs
morphology and size obtained in the present study
are in good agreement with the results presented
in the literature (Li et al. 2016). AuHTiNts were
subjected to X-ray energy dispersive spectroscopy
by TEM (EDS-TEM). The measurement was
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performed at the indicated region (indicated as “1”
in Fig. 3d) between two AuNPs particles (Fig. 3d)
to confirm the elemental composition to be pure Au
(Fig. 3e), the signal of Cu coming from the TEM
grid.

The elemental composition of NaTiNts,
HTiNts and AuHTiNts samples was investigated
by EDS. The atomic ratio of Na/Ti was found
to be 0.71 and 0.05 for NaTiNts and HTiNts,
respectively. The amount of Na" ions in NaTiNts
is in accordance with the chemical formula Na,
HTi,0,nH,0 (0 < x <2) (Ferreira et al. 20006,
Marques et al. 2017). After washing with HCI, the
sodium content decreased drastically (about 90%)
in the HTiNts (Morgado et al. 2006), suggesting
that ion exchange by H' to Na’ has occurred
successfully. Also the presence of Au has been
verified in the AuHTiNts sample, a more detailed
study of the chemical environment was performed
by X-ray photoelectron spectroscopy (XPS), Fig. 4.

The electronic structure and the surface
composition of titanate nanotubes (NaTiNts,
HTiNts and AuHTiNts) were studied by XPS. The
maximum energy for C 1s (284.8 eV) was used as
a reference of binding energy. The detailed spectra
of all the TiNT nanotubes are shown in Fig. 4. The
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Figure 3 - TEM images of AuHTiNts (a, b and d) and distribution of diameter of AuNPs (¢) and X-ray spectroscopy of energy
dispersion (e).

Ti 2p signals for NaTiNts, HTiNts and AuHTiNts a separation energy of 5.7 eV. The spectral lines of
were shown in Fig. 4a. The spectral doublet line of ~ Ti 2p, , and Ti 2p, , are very similar to the reported
Ti 2p for the NaTiNts was characterized by binding ~ values (Kim et al. 2007, Potari et al. 2013). Ti
energy of 457.8 eV (2p,,) with FWHM of 2.05 eV 2p double-stranded spectral lines for the HTiNts
and 464.3 ¢V (2p,,) with FWHM of 2.60 ¢V with ~ and AuTiNts present similar results, showing the
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Figure 4 - High resolution XPS spectra of (a) Ti 2p, (b) O 1s signals for NaTiNts, HTiNts and AuHTiNts and (c¢) Au 4f signals for

the AuHTiNts samples.

presence of Ti*" (Deng et al. 2009, Kiss et al. 2014).
The O 1s spectra for all the TiNts were shown
in Fig. 4b. The O 1s spectra of NaTiNts can be
deconvoluted in sub-peaks centered at 531.6, 530.3
and 529.1 ¢V, which can be assigned to the H,0,
"OH and Ti-O, respectively (Fig. 5). Similar results
were reported by Kim et al. where they discovered
that the O 1s peak is formed of Ti-O in TiO, and
OH in Ti-OH (Kim et al. 2007).

The gold chemical environment in AuHTiNts
was also investigated by XPS. The Au 4f spectra
of AuHTiNts are displayed in Fig. 4c. The metallic
4f,, and 4f,, Au lines were observed at 84.1 and
87.8 eV, respectively, showing characteristic
shoulders at higher energies due to the presence of
Au’ (Fig. 4¢) (Kiss et al. 2012, Pusztai et al. 2014).
The emergence of shoulder peaks at 4f, ) (85.4 eV)
and 4f.

52
have undergone through an ionic exchange process.

(89.4 eV) indicates that Au deposition may

The surface composition for all the samples was
investigated by XPS (Table I), and in the case of
AuHTiNts, the ratio of Au’’Au” was found to be
1.96, which indicates that approximately 66.22%
of Au is in the reduced form (Au’), decorating the
external surfaces of the nanotubes external surface
as AuNPs. The mixed oxidation state of Au found
in this study appeared to be similar to the one
that found in the literature (Kiss et al. 2014). This
phenomenon can be explained as Au is partially
stabilized on the titanate nanotubes in the form of
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Au’ by ionic exchange as well as in the form of
the clusters of Au’. It is likely to occur in titanate
nanotubes because they are well known as good
ion exchanger (Kiss et al. 2012). The higher energy
(85.5 eV) band of Au'indicates that Au™" was
reduced to Au” which participates widely in ion
exchange reaction with titanate nanotubes as Au"
represents a greater binding energy in the XPS in
comparison with the state of the metallic gold (Tsai
et al. 2009).

The UV-Vis diffuse reflectance spectroscopy
were performed on HTiNts and AuHTiNts to obtain
the optical spectra (Fig. 6) as well as the band gap
values (Egap) by extrapolating the straight section of
the paraboloid curve obtained from the [F (Roo)hv]2
versus E | plot. The HTiNts showed E_ equal
to 3.30 eV, agreeing with the values reported by
Ferreira et al. 2013 (Ferreira et al. 2013). However,
when TiNts were decorated with AuNPs there was
a slight decrease of Eto 3.28 eV, corroborating
the results reported by Pusztai et al. (2014). The
effect is related with the insertion of intermediate
levels among the orbitals of the Valence band (O
2p) to the conduction band (Ti 3d) originated from
AuNPs, thus facilitating the charge transport in
the internal structures of the materials (Rouby et
al. 2017). Studies carried out conclude that other
metallic nanoparticles and sulfide, such as silver
(Rodriguez-Gonzalez et al. 2012) cadmium sulfide
(Tang et al. 2013), cobalt (Ferreira et al. 2013) and
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Figure 5 - High resolution XPS spectra of O 1s signals (a) of NaTiNts (b) HiTiNts and (¢) AuHTiNts samples.
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TABLE I
Surface composition of AuHTiNts and the percentage concentration of Au species.

Surface composition % Concentration of Au species

Samples Au® (mol%) Au’ (mol%)
Na 1s Ols Ti 2p Na/Ti Au 4f [4f ,:84.1 eV; [4f ,:85.5eV;
4f_:87.8 ¢V] 4f :89.4 ¢V]
NaTiNts 7.25 79.85 11.48 0.63 - -
HTiNts 0.66 80.90 21.29 0.03 - -
AuHTiNts 0.69 76.91 21.60 0.03 0.80 66.22 33.78

zinc (Vempati et al. 2015) show similar effect when
NaTiNts and HTiNts surface after decoration with
those nanoparticles.

Fig. 7 presents the irradiation results of glycerol
as a sacrificial agent (glycerol/water solution
5% v/v) on HTiNts and AuHTiNts samples. The
photogeneration of H, in the presence of AuHTiNts
was strongly increased in comparison to HTiNts.
The values obtained of H, production was 853
umol g” in 210 min, a value considerably higher
than the value showed using HTiNts, which was
121 pmol g

The Nanoparticles of Au <30 nm, as observed
in this work (Fig. 3), act as photon absorbers in the
visible region of the spectrum as a consequence of
the SPR effect (Fig.6). This phenomenon allows
AuNPs to act as sensitizing agents, injecting hot
electron into the titanate conduction band. On
the other hand, the AuNPs also behave as local
quantum dots concentrators of light, responsible
for increasing the generation of electron-hole pairs
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that are induced by SPR onto semiconductor/liquid
interface (Xinhua et al. 2017). The combination of
these processes decreased the recombination of the
excitons resulting in 600% increase of H, production
observed for AuHTiNts in compared to HTiNts.

The stability test of the AuHTiNts samples
has been presented in Fig. 8. The experiment
carried out in cycle 1 shows that the generation
of H, is not ceased immediately after the absence
of light as observed by Jiang et al. (2008). Such
phenomenon is observed due the adsorption of
the photogenerated H, onto outer or inner surface
of the interlayers in nanotubes, which is released
later, during the absence of light. However, in the
presence of light the cycle 1 presented a significantly
lower rate than that observed in the cycles 2, 3 and
4 (Table II). In the subsequent cycles 2, 3 and 4
the hydrogen generation rate stays steady, which
show the excellent stability of the AuHTiNts since
this material does not undergo process of photo-
oxidation of the metal phase.
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Figure 6 - Kubelka-Munk curves versus Photon energy (Ephot = hv) of the (a) HTiNts and (b) AuHTiNts.

TABLE I1
H, evolution for AuHTiNts samples during multiple cycles.

Quantity of H, generated (umol/g)

Rate of H, production (umol/g/h)

Cycle
After Sh Overnight After Sh Overnight
2 966,54 1127,63 193,17 8,95
952,18 1156,36 185,86 11,34
4 1149,18 1125,58 206,43 -1,31
1000 maintained closed in a dark chamber for 18 hours,
=3  AuHTiNts . it was found that more 161.09 pmol of H, was
2’ 8001 . HTiNts . . . . .
£ . produced in dark during this 18 hours, which
E 600 makes the overall rate (5 hours of irradiation + 18
=§ s hours of darkness) changes to of 8.95 pmol/g/h H,
2 400+ evolution.
e
= 200- ' It is worth mentioning that the rate of H,
= * . . . generation during the cycles suggests that the
0 = . - : process of glycerol photo-reform occurs slowly
30 60 90 120 150 180 210 240 compared to the reduction reaction H™ = H,. This

Reaction time /min

Figure 7 - Production of H, from glycerol versus time of
visible light exposure to 1.0% by weight of HTiNts (blue dots)
and AuHTiNts (red dots).

In Table II the amount of H, produced during
the longer cycles as well as the rate of production
are shown. For example, for cycle-2, 966.54 mol
H, was produced during 5 hours of irradiation
with a production rate of 193.17 umol/g/h. After
the irradiation was stopped and the reactor was
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behavior is attributed to the absence of energetic
holes, which are evidenced only in nanoparticles
of Au ~ 2 nm, unlike the hot electrons that are
reported in SPR nanoparticles <30nm (Murdoch
etal. 2011).

wAs expected, the deposition of AuNPs on to
the nanotubes surface can facilitate the electrons
capture, responsible for the reduction reaction
giving rise to molecules of H, (Fujishima et al.
2008, Murdoch et al. 2011). The presence of Au
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Figure 8 - H, evolution by the catalyst AuHTiNts during five
successive cycles.
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Figure 9 - Reflectance spectra for HTiNts (blue line) and

AuHTiNts (red line). The broad band between 470 and 590

nm in AuHTiNts is associated with the Au structure supported
on nanotubes.

particles promoted the emergence of absorption
band in the visible range, with A_ = 525 nm, due
to the SPR effect (Fig. 9), and the AuNPs can
generate the charge dissipation in the nanotubes
band conduction, improving the charge transfer
(Panayotov et al. 2017).

CONCLUSIONS

AuHTiNts has been applied as photocatalysts to
obtain hydrogen production at elevated rate using
glycerol as a sacrificial agent. The photocatalysts
were characterized by Raman spectroscopy,
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presenting typical vibrational modes of titanate
nanotubes, which did not undergo major changes
after AuNPs decoration. Furthermore, presence
of anatase phase was confirmed. From XRD, it
was observed that the crystalline structures and
morphology of the titanate nanotubes were intact
after the AuNPs formation. The TEM images
exhibited homogeneous nanoparticles distribution
on the surface nanotubes with an average size of
9.6 nm. It was found by XPS that gold is stabilized
in/on titanate nanotubes partially in the form of Au”
by ionic exchange and also as clusters of Au’ on
the nanotubes surface. This elevated production
of hydrogen, using the heterogeneous AuHTiNts
catalysts, can be attributed to the intrinsic catalytic
potential of gold and its interactions with titanate
nanotubes.
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