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Hydrogenated titanium dioxide (H-Ti0,) has drawn much research attention in the photocatalysis society since it has significantly improved
solar absorption and enhanced photocatalytic activity. Nevertheless, the key factor that leads to the enhanced photocatalytic performance of H-
TiO, is still debatable. To clarify this issue, the structural properties of H-TiO, and its effects on photogenerated charges are investigated.
Mesoporous H-TiO, was subjected to different hydrogenation temperatures rate under the flow of purified H, gas and its photocatalytic
activities are evaluated by reactive black 5 photodegradation. The H-TiO, pretreated at different temperatures seems to have a detrimental
effect on photocatalytic activity as compared with that of untreated H-TiO,. Further investigations reveal that H-TiO, treated at high
temperature can cause the formation of less photoactive rutile phase and agglomeration that leads to the inhibition of their photocatalytic

activity.

1. Introduction: Titanium dioxide (TiO,) is an interesting photo-
active material which is capable of providing useful photocatalytic
applications such as the degrading of organic pollutants [1]. Since
the discovery of TiO, roles in photoelectrochemical splitting of
water made by Fujishima and Honda [2], Frank and Bard [3, 4]
have reported that TiO, is capable to reduce CN™ in water which
marked the first usage of TiO, as a remedy for environmental pollu-
tants. These exciting breakthroughs in the past have driven the re-
search directions toward TiO, with the hope to exploit solar energy
for treating environmental contaminants. In particular, TiO, has
been the best known and most widely used photocatalytic material
owing to its photo-stability, environmentally friendly and cost effect-
iveness [S]. The potential of TiO, applications have been limited by
several main factors which includes a wide bandgap about 3.2 eV
which is confined to the photoactivation of TiO, within the range
of wavelength which is shorter than 400 nm. This is usually asso-
ciated with the usage of ultraviolet (UV) light irradiation only and
the rapid recombination rate of photogenerated electron—hole pairs
that are useful in creating radicals for decomposing organic contami-
nants. To circumvent the limitations posed by TiO,, tremendous
efforts have been exerted to improve the effectiveness of TiO,
such as doping TiO, with cations (Fe, Cu, Cr, V, Mn, Ni, Co and
Zn) [6-13] or anions (N, F, Cl, S and P) [14-19] and incorporating
the defects into TiO, crystals [20]. The cation doping seems to be
an effective technique to enhance the photocatalytic activity.
Among the techniques of tailoring the bandgap of TiO,, reduced
TiO, prepared via hydrogen treatment has gained wide attention.
Chen et al. [21] reported that they have successfully synthesised
unique black anatase TiO, nanoparticles through hydrogenation
under 20 bar of hydrogen pressure at 200°C for 5 days. These
black TiO,s have shown an improved optical absorption from UV
light up to near infrared zone with a narrowed bandgap of 1.0 eV.
These hydrogenated TiO, (H-TiO,) which are usually exhibited
in grey or black colour have shown excellent photocatalytic activity
performance in the degradation of organic pollutants [22]. On the
basis of scientific literature dealing with H-TiO, [21-27], it is
inferred that there exists crucial uncertainties about the resulting
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photocatalytic activity. Some researchers claim that the photo-
catalytic of H-TiO, samples are better than that of pristine TiO,
(P-TiO,) [28-30]. In contrast, some studies [24, 31, 32] have
shown that hydrogenation not only failed to improve the efficiency
of TiO, but also caused a drop in the activity depending on the
degree of hydrogenation. For example, Yu ef al. [26] conducted
some studies on the hydrogenation on white anatase TiO, powder
by flowing 50 ml/min of H, at atmospheric pressure for 0.5-1 h
at the temperature range of 500—700°C and found out that hydro-
genation can effectively improve the photocatalytic efficiency of
TiO,. On the other hand, Leshuk ez al. [24] conducted a study on
hydrogenated TiO, under 20 bar H, for 24 h at various temperatures
(250, 350 and 450°C) and found that the hydrogenation has an
inhibitory effect on the photocatalytic activity of TiO, where the
poor performance might be attributed to the formation of bulk
defects at high temperature of hydrogenation treatment. Hence,
the annealing temperature during hydrogenation treatment plays a
crucial role in photocatalytic activity of H-TiO,.

In spite of the existence of the seemingly contradictory results,
research in the field of photocatalytic activity of H-TiO, is still
interesting and valuable. Despite the fact that hydrogenation is
capable of tuning the absorption of TiO, into visible (vis) light
as well as infrared region depending on the hydrogenation level,
there is a lack of study on H-TiO, under artificial sunlight irradia-
tions after treated at different elevated hydrogenation temperatures.
Most of the studies that were reported earlier have been conducted
by selectively hydrogenating TiO, and then carried out their photo-
catalytic activity in the presence of UV or vis light radiation.
Moreover, the influence of thermal hydrogenation in mesoporous
TiO, and its photocatalytic has not been investigated. Hence, the
aim of this Letter is to investigate the effect of annealing tempera-
ture on the photocatalytic behaviour of mesoporous H-TiO, under
artificial solar light (UV-vis). In addition, the impact of hydro-
genation on various properties such as crystallography structure,
particle size, surface area, pore size, pore volume, morphology
and charge carriers recombination rate and bandgap of H-TiO,
was also evaluated.
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2. Materials and methods

2.1. Material and synthesis: Ti (IV) tetra-isopropoxide (TTIP)
(97%) and Pluronic® F127 were purchased from Sigma-Aldrich,
hydrochloric acid (HCl) (37%, analytical grade) was supplied by
Merck and ethanol (96%) provided by Fisher Scientific were used
without further purification. In a typical procedure [21], a precursor
of acidic aqueous solution was prepared by dissolving an organic
template, Pluronic F127 in a mixture of ethanol and deionised
water followed by addition of HCI. Afterwards, TTIP as the Ti
precursor was added dropwise into the acidic mixture of precursor
under stirring. The molar ratios of TTIP/F127/HCI/H,O/ethanol
were set at 1:0.005:0.5:15:40. The resultant transparent solution
was kept under stirring for 24 h at 45°C. After that, the precipitates
were washed with deionised water and ethanol prior drying in oven
at 85°C for 24 h. The dried TiO, powders were then calcined in
tubular furnace at 500°C for 6 h with a ramping rate of 0.5°C/min.
Then, these TiO, powders were treated separately under a purified
H, gas flow of 10 ml/min at atmospheric pressure at elevated
temperature ranging from 300 to 700°C and denoted as H-TiO,.

2.2. Characterisation: The crystallography structure of the
synthesised H-TiO, samples were analysed by employing Bruker
D8 advanced diffractometer operated at 40 kV and 30 mA with
Cu Ka radiation (4=0.15406 nm) for phase identification through
a scanning range from 26=10° to 80° at a step size of 0.02° 5.
The bandgap energy for each H-TiO, sample was determined by
the Kubelka—Munk function from the measurement of its optical
absorption in the range of 200-800 nm by using a Varian Cary
100 diffuse reflectance UV—vis spectrophotometer (DR—-UV—vis).
Both Raman and photoluminescence spectra for H-TiO, were
obtained by using a Renishaw inVia Raman microscope with
a laser (514 nm, 5 mW) focused onto a microsised spot (1 um). A
high-resolution transmission electron microscopy (HRTEM)
analysis were carried out by using a JEOL JEM-2100F electron
microscope at an acceleration voltage of 200kV to observe
the effect of thermal hydrogenation on the morphologies and
microstructures of the H-TiO, images. The HRTEM samples
were prepared by sonication of the powders in ethanol for 15 min
and subsequently the dispersion was dropped onto carbon copper
grids. A nitrogen absorption—desorption isotherm measurement
was conducted on a Micromeritics TriStar II 3020 surface area
and porosity analyser at 77 K. Before each measurement, H-TiO,
sample was degassed at 300°C for 4 h. The specific surface area
of H-TiO, was determined by using Brunauer—Emmett—Teller
(BET) theory and Barrett—Joyner—Halenda (BJH) method and was
used to measure pore size distributions and pore volumes of the
samples.

2.3. Photocatalytic activity: The photocatalytic activity of H-TiO,
samples was studied by measuring the degradation of reactive
black 5 (RB5) under artificial sunlight irradiation. A 30 mg of
H-TiO, powder was dispersed in 100 ml of 10 mg/l of RB5 dye.
Prior to light irradiation, the suspension was stirred for 30 min in
the dark to achieve adsorption—desorption equilibrium with the
photocatalyst. A 150 W xenon arc lamp (200-2500 nm, Newport)
surrounded by a circulating water jacket for cooling purpose
was used as the light source to represent one sun. After the light
source was turned on, at given intervals, about 5 ml of samples
was taken out and filtered by using a disposable syringe filter
to remove the photocatalyst particles. Then, the photocatalytic
activity for each H-TiO, samples can be determined from the
RBS5 photodegradation efficiency by measuring the remaining
concentration of RB5 through the analysis of UV—vis absorbance
from a spectrophotometer at the wavelength of 597 nm.
The percentage of removal is calculated by using simple
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equation as below:

Y%removal efficiency = 100 x (COC_ c) )]
0

where Cy is the initial concentration of dye solution and C is the
concentration of the dye solution after photoirradiation.

The kinetics of the disappearance of RB5 was also considered.
Generally, the disappearance of dye follows a pseudo-first-order
kinetics and several studies proved to have the same pattern
[33-35]. Henceforth, the colour degradation of RB5 for this re-
search was fitted to a pseudo-first-order kinetic model with
respect to the dye’s concentration, that is

1n<C£0) =—kt @)

where C (mg/l) is the dye concentration at z, Cy (mg/1) is the initial
dye concentration, ¢ (min) is the reaction time and & (min™") is the
pseudo-first-order rate constant.

3. Results and discussion

3.1. Crystallinity and morphology: The changes of crystal
structures for H-TiO, during the thermal hydrogenation process
were determined by X-ray diffraction (XRD) spectra (Fig. 1.).
The results indicated that H-TiO, underwent a significant
phase change from dominant anatase to rutile with the increment
of hydrogenation temperature as compared with the synthesised
P-TiO, which demonstrated a major anatase phase coexisting
with a small amount of rutile phase. The characteristic diffraction
peaks of anatase phase TiO, were detected at 260=25.3°, 37.9°,
48.1°, 54.0°, 55.2° and 62.8° which correspond to (101), (004),
(200), (105), (211) and (204) crystal surface. This implies that
the observed diffractions that are attributable to anatase TiO,
are in good accordance with those in the standard JCPDS Card
No. 21-1272 [36]. It is observed that the hydrogenation
temperature can affect the ratio of anatase and rutile phase. As
the hydrogenation temperature increases from 300 to 700°C, the
crystallinity of dominant anatase peak at (101) has decreased
while the rutile becomes the sole phase in H-TiO,. The anatase
phase was completely transformed into rutile phase at 700°C
under hydrogenation. This is expected by many researchers
[1, 37] that anatase tends to transform into rutile when
temperature is more than 500°C. Several diffraction peaks for
rutile TiO, at 26 values of 27.58°, 36.30°, 41.30°, 54.42°, 62.86°
and 65.66° are assigned to (110), (101), (111), (211), (002) and
(211) planes (JCPDS Card No. 21-1276) are observed in H-TiO,,
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Fig. 1 XRD spectra of
a P-TiO,

b 300°C H-TiO,

¢ 500°C H-TiO,

d 700°C H-TiO,
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Table 1 Textural properties of pristine TiO, and H-TiO, at various hydrogenation temperatures

Catalyst Anatase Rutile
Lattice Unit cell Crystallite Ratio Lattice Unit cell  Crystallite Ratio BET Cumulative ~ Average
parameters volume,  size®, nm X% % parameters volume,  size®, nm R, %  surface volume?, pore
E— A3 A3 area®, cm’/g width,
a:b,A C, A a:b,A c, A mz/g nm
pristine TiO, 3.784 9.493 13597 21.6 63.0 4586 2959 6224 34.4 37.0 73.9 0.147 59.1
300°C H-TiO, 3780 9.491 135.62 28.9 63.0 4582 2957 62.08 46.3 77.9 16.7 0.120 24.3
500°C H-TiO, 3776 9.482 135.19 26.4 22.1 4581 2956 62.03 51.3 81.2 14.4 0.116 24.7
700°C H-TiO, — — — — 18.8 4580 2.955 62.00 61.1 100.0 4.75 0.042 37.7

Crystallite sizes were estimated by using Scherrer’s formula.
®Crystal phase ratios were calculated by using Spurr’s equation.
“Surface area determined by BET.

94Pore volume was calculated based on BJH.

“Average pore width was based on BJH.

whereas the characteristic peak of brookite (26=30.8°) are not
detected in all of the samples [38].

The lattice parameters (a, ¢) of the tetragonal unit cell for H-TiO,
are determined by using the relationship of a=b=2Xdy4 and
c=4 xdy for anatase phase through the selection of XRD peaks
at crystal plane (004) and (200), whereas the faces of (200)
and (002) are chosen for the rutile structure, where a=5b=2 x dyp4
and ¢=2xdpo applied. The ecrystallite size, crystal phase
ratio and lattice parameters of H-TiO, samples are shown in
Table 1. From Table 1, the unit cell volume and lattice parameters
(a and ¢) for both anatase and rutile generally decrease with the
increase of hydrogenation temperature. This result is in concord-
ance with the previous study [39, 40], in which the unit cell
volume of TiO, will contract after hydrogenation. It has been
reported that hydrogenation of TiO, at high temperature increased
the crystallite size, where thermal treatment can induce the TiO,
grain growth [27].

The morphology and structural changes of the H-TiO, samples
were characterised by HRTEM. Figs. 2a—d show the HRTEM
images of pristine TiO, and H-TiO, with a difference in the
degree of hydrogenation temperature. As seen from Fig. 2a, pristine
TiO, demonstrated a framework of highly crystalline TiO, with
clear lattice fringe and a spacing of 0.35 nm between the (101)
planes of anatase phase. However, after hydrogenation, a disordered
layer can be observed at the edge of H-TiO, lattice, where the
blurred images indicated the distortion of TiO, structure which
can be attributed to the effect of hydrogenation treatment [41].
At 300°C of hydrogenation temperature, a disordered layer
(0.8-2.2 nm) was formed on the surface of TiO, (Fig. 2b).
A further increment of the hydrogenation temperature, the thickness
of the disordered layer was increased to 1.9-2.7 and 2.1-4.3 nm at
500 and 700°C, respectively. The interplanar spacing of 0.32 nm
corresponding to the (110) crystal planes of rutile TiO, was
observed in the H-TiO, samples, which are the dominant crystal
phase as shown by the crystal phase ratio calculation from XRD.

To further investigate the structural changes of TiO, after sub-
jected to different degrees of thermal hydrogenation treatment,
Raman spectroscopy is sensitive in detecting the disordered
phase. As shown in Fig. 3, P-TiO, exhibited four typical anatase
Raman bands at 144 cm™ (Ep), 397cm™' (Byg), 516cem™
(A1g+B,g) and 637 cm™" (E,) [42] while the characteristic bands
of rutile at 446 cm™' (Eg) and 609 em™' (A1g) [43] appeared
from 300°C H-TiO, and became dominant at a higher hydrogen-
ation temperature. These results are in concordance with the XRD
data, where the H-TiO, undergoes phase changes due to the in-
crease of hydrogenation temperature and these can be seen from
the weakening of anatase Raman peaks with the increasing of
rutile Raman peaks. It can also be observed that the Raman peaks
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Fig. 2 HRTEM images of

a P-TiO, and H-TiO, heated at different temperatures
b 300°C

¢ 500°C

d 700°C

for H-TiO, had slightly blue shifted from 144 (TiO,) to
146 cm™' (H-TiO,) as the hydrogenation temperature increased
from 300 to 700°C. This phenomenon had concurred with several
studies [26, 44], in which the blue shifted of Raman peaks were
the characteristics of the existence of the disordered phase and
the cause of the shift is due to the presence of defects such as
oxygen vacancies. These results are consistent with the observation
of distorted lattice fringe in HRTEM images of H-TiO,.

3.2. Optical properties and surface area: The optical absorbance of
P-TiO, and H-TiO, samples were determined by DR-UV-vis
spectroscopy. Fig. 4 shows the UV-vis spectra of P-TiO, and
H-TiO, prepared at various hydrogenation temperatures. It can be
observed that hydrogenation of TiO, increased the absorption of
the vis light and in the infrared region but it only has little effect
on the light absorption ability in the UV range as compared with
the P-TiO,. The bandgap of the entire hydrogenated sample from
300 to 700°C was similar at 2.96-2.97 eV. This demonstrated
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Fig. 3 Raman spectra of
a P-T102

b 300°C H-TiO,

¢ 500°C H-TiO,

d 700°C H-TiO,
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Fig. 4 UV—vis absorption spectra of P-TiO, and H-TiO, at different
temperatures

Note: The parenthesis indicate the bandgap calculated by Kubelka—Munk
function

that the hydrogenation did not have much effect on the bandgap. As
the hydrogenation temperature increased from 300 to 700°C, the vis
light and infrared absorption efficiencies increased. This indicated
that more electron—hole pairs can be generated under vis light
irradiation leading to the enhancement of photocatalytic activity.
The strong vis light and infrared absorption can be attributed to
the formation of more oxygen vacancies associated with Ti** ions
in the higher hydrogenation temperature [29]. However, the
crystal phase of TiO, tended to change at high hydrogenation
temperature as shown in XRD and Raman spectra, thus the
destruction of crystallite structure is imminent.

The synthesised P-TiO, powder changed from its original white
to slightly yellowish colour at the early stage (300°C) of hydrogen-
ation temperature. With the higher hydrogenation thermal treat-
ments (>500°C), the colouration of the H-TiO, samples started to
become bluish and gradually changed into grey as shown in
Fig. 5. The hydrogenation temperature has impact on the colour
changes of TiO,. They are due to the reduction of P-TiO, and the
formation of Ti*" ions by electron trapping at the Ti*" centres,
where the colour of the H-TiO, samples can indicate the amount
of Ti*" ions up to a certain extent [45]. The darker colour of
H-TiO, can be obtained by further increasing the hydrogenation
temperature, and thus indicating that the Ti*" ions can be controlled
by modifying the hydrogenation temperature.
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Pristine-TiO, H-Ti0,-300°C
H-Ti0,-500° H-Ti0,-700°C

Fig. 5 Photograph of H-TiO, samples prepared with a H, gas flow at tem-
peratures of 300-700°C. Gradual changes in colour from white to grey to a
different degree are observed, depending on annealing temperatures

Fig. 6 shows the N, adsorption—desorption isotherm curves of the
P-TiO, and H-TiO, after hydrogenation at 300, 500 and 700°C. It
can be seen that most of the samples follow the type IV isotherm
which indicated the presence of mesopores (2-50 nm).
Observation indicates that the hysteresis loops shifted from
0.5-0.8 p/p° to a higher relative pressure range (p/p°=1) and the
areas of the hysteresis loops decreased with the increase of hydro-
genation temperature. This concurred with other study [46] that
hydrogenation at high temperature can lead to the decrease of
pore volume and an increase of average pore size of H-TiO,. The
hysteresis loops of 700°C H-TiO, which are hard to observe indi-
cated some pore collapse during high temperature of hydrogenation.
It can be seen that hydrogenation temperature plays a significant
role in affecting the pore size distribution and effective surface
area for TiO,. The Sggr and cumulative pore volume with
average pore size of P-TiO, and H-TiO, are presented in Table 1.
The pore size distribution curve (as shown at the inset of Fig. 6)
slowly shifts to the macropore region and the pore volume decrease
as well after subjected to different degrees of hydrogenation tem-
perature. In general, large surface area will give a better
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Fig. 6 Nitrogen adsorption—desorption isotherms and pore size distribution
(inset) of

a P-TiO, and H-TiO, after hydrogenation at

b 300°C

¢ 500°C

d 700°C for 12 h
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Fig. 7 Rate of photocatalytic degradation of RBS under artificial sunlight
a Photodegradation of RB5 by H-TiO, as a function of irradiation time

b Kinetics of RBS removal by H-TiO, with different hydrogenation
temperatures against time

photocatalytic activity. In this Letter, high heating temperature
during hydrogenation of TiO, has greatly reduced the surface
area [47, 48]. The average pore size is connected with the TiO,
crystallite size, where the increase of crystallite size will lead to
the increase of average pore size [49, 50]. This is in good agreement
with the XRD analysis, where both the crystallite size and average
pore size for rutile phase of H-TiO, increase with the rising of hy-
drogenation temperature.

3.3. Photocatalytic degradation of RBS5: Photocatalytic degradation
of RBS was carried out by utilising H-TiO, under artificial solar
light. In this work, we have studied the effect of hydrogenation tem-
perature in affecting the photocatalytic activity of H-TiO,. Fig. 7a
shows the photodegradation efficiency of P-TiO, and H-TiO,
increased with time under artificial sunlight illumination. As com-
pared to the P-TiO,, high temperature of hydrogenation onto TiO,
has caused detrimental effect on the photocatalytic activity of
TiO,. It was observed that P-TiO, managed to completely photo-
degrade RBS at 60 min and gives the highest rate constant. Fig. 7b
indicated that all samples follow pseudo-first-order kinetics, in
which the rate constant k values of RB5 decreased in the order of
P-TiO, (0.115 min~")>300°C H-TiO, (0.0305 min~")>500°C
H-TiO, (0.0267 min~")>700°C H-TiO, (0.00425 min~") with
R*>0.98.

With the increase of hydrogenation temperature, the photocata-
Iytic activity of H-TiO, decreased gradually. It is notable that
P-TiO, managed to achieve 93% of RBS5 photocatalytic degrad-
ation, while the H-TiO, samples exhibit a weaker photocatalytic ac-
tivity. This can be attributed to the decrease of specific surface area
of H-TiO, due to agglomeration on high temperature of hydro-
genation treatment which is in concordance with the BET surface
area. A low surface area will contain less active sites that hindered
the photoreactivity [51]. Several studies has also concurred that hy-
drogenation of TiO, will lead to the decrease of specific surface area
[24, 27]. Besides that, XRD and Raman spectra have also shown
that at high temperature of hydrogenation treatment, it will lead
to the formation of rutile phase. Therefore, this will also cause
the loss of photocatalytic activity. This is because it is well
known that rutile has a direct bandgap, in which the photo-excited
electrons recombine directly with holes, thus decreasing the photo-
generated electron—hole pairs lifetime [52]. Hence, the overall
photocatalytic activity of H-TiO, decreases with the increase of
hydrogenation temperature. This result is in concordance with the
previous literatures, where hydrogenation of TiO, can be counter-
productive in improving the photocatalytic activity of TiO, [24, 31].

4. Conclusions: A series of H-TiO, hydrogenated at different
temperatures were successfully synthesised. Their photocatalytic
degradation of RB5 was evaluated under artificial sunlight
irradiation. It was notable that P-TiO, has the best photocatalytic
activity compared with H-TiO, pretreated at different
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temperatures. Although UV—vis absorption spectra indicates that
H-TiO, samples have broad absorption ranges from UV to near
infrared zone, the photocatalytic activity decreases due to the
lower surface area and formation of rutile phase. The presence of
less photoactive rutile phase and extremely low specific surface
area of H-TiO, has significantly inhibited the performance of
photocatalytic degradation of RB5, where the less active site are
available for the substrate to be absorbed on the surface of the
photocatalyst, where the photodegradation of it can be occurred.
Thus, the overall photocatalytic performance of H-TiO, at high
hydrogenation temperature has dropped.
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