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Mesoporous-assembled TiO, nanocrystals with very high photocatalytic H, production
activity were synthesized through a medified sol-gel process with the aid of urea as
mesopore-directing agent, heat-treated under various calcination temperatures, and
assessed for their photocatalytic H; production activity via water splitting reaction. The
resulting mesoporous-assembled TiO, nanocrystals were systematically characterized by
N, adsorption—desorption analysis, surface area and pore size distribution analyses, X-ray
diffraction (XRD), scanning electron microscopy (SEM), and transmission electron

Keywords: microscopy (TEM). The experimental results showed that the photocatalytic H, production
TiO, activity of the synthesized mesoporous-assembled TiO; nanocrystal calcined at 500 °C,
Urea which possessed very narrow pore size distribution, was extraordinarily higher than that
Sol-gel of the commercially available P-25 TiO; and ST-01 TiO,; powders.

Photocatalysis Copyright © 2011, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

Hydrogen production reserved.

1. Introduction [12], and precipitation [13], were developed for the synthesis

of nanocrystalline TiO, particles as advanced materials.

Nanostructured titanium dioxide (TiO;), or titania, has been
proven to be a promising functionalized material for a broad
range of applications, particularly as the most effective
photocatalyst for environmental purification [1-3] and for H;
production via the photocatalytic water splitting process
[4-9], because of its non-toxicity, inexpensiveness, and
fascinating physicochemical properties. Up to now, nano-
crystalline TiO, particles with a mesoporous structural
network have been widely studied. Various processes, such
as sol-gel [10], solvothermal [11], chemical vapor deposition

Among these processes, sol-gel is an efficient route for the
synthesis of nanocrystalline mesoporous-structured TiO,
that has been verified to be a promising photocatalyst for H,
production via the photocatalytic water splitting reaction, as
aforementioned. The combustion of H, can generate a huge
amount of energy with water, or water vapor, as the only
harmless by-product [14—16]. Since the generated H; does not
involve CO; emission, it has been strongly believed to be
a sustainable energy carrier in the near future for several
applications, such as environmentally friendly automobiles
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and airplanes, domestic heating, and stationary power
generation [17].

Urea is a major nitrogeneous end-product of human
metabolism and product of petrochemical industry. It also
plays a significant role in the marine nitrogen cycle, e.g. as
sources both of excretion by many marine species [18] and of
bacterial decomposition of nitrogeneous materials [19,20]. At
present, the amount of produced urea tends to considerably
increase because its production and consumption rates are
being continuously increased, especially in petrochemical
industry and in agricultural sector. It can be applied as agri-
cultural fertilizer, cattle-feed supplement, and as a primary
reactant for polymer synthesis [21]; however, currently there
seems to have a surplus quantity of urea produced, and its
further value-added use is thus inevitably required. Herein,
the application of urea as a mesopore-directing agent in
synthesizing nanocrystalline mesoporous-structured TiO,
was the main focus. Although there have been several reports
employing other conventional mesopore-directing agents,
such as di-block copolymer (e.g. AT-18, AT-25, AT-50) [22], tri-
block copolymer (e.g. P-123) [23], and ionic surfactant (e.g.
CTAB) [24], for mesoporous-structured TiO, synthesis, the use
of urea for such purpose offers some superior advantages to
those agents, particularly the better economical viewpoint
due to its less expensiveness and the requirement of less
severe heat-treatment conditions when removing it from
a mesoporous framework due to its smaller molecular
structure.

In this work, the synthesis of mesoporous-assembled TiO,
nanocrystals with highly enhanced photocatalytic H;
production activity using a modified sol-gel process with the
aid of urea was underlined. The purpose of this work was to
investigate the influences of using urea as an efficient sol-
inducing and mesopore-directing agent and calcination
temperature on the characteristics of the synthesized meso-
porous-assembled TiO, nanocrystals. The obtained meso-
porous-assembled TiO; nanocrystals were subsequently
applied for H, production via the photocatalytic water split-
ting reaction using methanol as a hole scavenger, as
compared to commercially available TiO, powders.

2 Experimental
2.1.  Materials

Tetraisopropyl orthotitanate (TIPT, Ti(OCH(CHs);)s) was
supplied from Tokyo Chemical Industry Co., Ltd. Acetylace-
tone (ACA, CH3;COCH,COCH;) was supplied from Nacalai
Tesque, Inc. Urea (NH,CONH;) was supplied from Wako Pure
Chemical Industries, Ltd. All chemicals were analytical grade
and used without further treatment. The TIPT was used as
a titanium precursor. The ACA was used as a modifying agent
to balance the hydrolysis and condensation rates of the tita-
nium precursor, The urea was used as both sol-inducing agent
and mesopore-directing agent. Commercially available TiO,
powders, i.e. P-25 TiO, (supplied from Degussa, Nippon Aerosil
Co., Ltd.) and ST-01 TiO, (supplied from Ishihara Co., Ltd.),
were employed for comparative photocatalytic H; production
activity testing.

2.2.  Synthesis procedure

The mesoporous-assembled TiO; nanocrystals were synthe-
sized via a modified sol-gel process with the aid of urea. In
typical synthetic steps, a pre-determined amount of the ACA
was first introduced into the TIPT with the TIPT-to-ACA molar
ratio of 1:1. The mixture was then gently shaken until it was
homogenized. Afterward, a 0.4 M urea aqueous solution was
added to the ACA-modified TIPT mixture, where the TIPT-to-
urea molar ratio was adjusted to a desired value of 4:1. The
finally mixed solution was left on a magnetic stirrer and kept
continuously stirring at 40 °C to accordingly obtain a trans-
parent yellow sol solution. Then, the sol-gel transition was
accomplished by placing the sol-containing solution into an
oven kept at 80 °C for a week. Subsequently, the gel formed
was dried overnight at 80 °C under atmospheric pressure to
eliminate the solvent. The dried gel was calcined at various
temperatures (i.e. 450, 500, and 550 °C) for 4 h to remove the
urea molecules and to consequently produce the desired TiO,
photocatalysts.

It should be noticed that the urea aqueous solution
importantly behaves as a sol-inducing agent because the
transparent yellow sol could not be obtained when using only
pure water (without dissolved 0.4 M urea) as a hydrolyzing
agent. In the absence of urea, the yellow precipitates formed
immediately when blending the ACA-modified TIPT mixture
with pure water, and such precipitates could no longer
dissolve in the solution to obtain the sol even after stirring at
40 °C for several days.

2.3.  Characterization techniques

The N, adsorption—desorption isotherms of the investigated
photocatalysts were obtained by using a surface area analyzer
(BEL Japan, BELSORP-18 Plus) operated at the liquid N,
temperature of =196 °C. The Brunauer—Emmett—Teller (BET)
approach was used to calculate specific surface area of the
photocatalysts by using adsorption data over the relative
pressure range of 0.05-0.35. The Barrett—Joyner—Halenda
(BJH) approach was employed to determine pore size distri-
bution and mean mesopore diameter by using desorption data
of the isotherms. Each photocatalyst sample was degassed at
200 °C for 2 h to eliminate the moisture and volatile species
adsorbed on its surface before the analysis. The crystalline
phase present in the photocatalysts was investigated by using
X-ray diffraction (XRD) technique. A rotating anode XRD
system (Rigaku, PMG-A2) generating monochromated Cu Ka
radiation with a continuous scanning mode at the rate of 2°/
min was used to acquire XRD patterns under operating
conditions of 35 kV and 15 mA. The photocatalyst morphology
and particle size were investigated by using a scanning elec-
tron microscope (SEM, JEOL, JSM-6500FE) and a transmission
electron microscope (TEM, JEOL, JEM-200CX) under operating
voltages of 15 kV and 200 kV, respectively.

2.4.  Photocatalytic H, production activity testing
Photocatalytic H, production via the water splitting reaction

was carried out in a closed gas system. A controlled amount
(0.2 g) of each individual photocatalyst was suspended in
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Fig. 1 — N, adsorption—desorption isotherms and pore size distributions of the synthesized mesoporous-assembled TiO,
nanocrystal photocatalysts calcined at various temperatures: (a) 450 °C, (b) 500 °C, and (c) 550 °C.

a methanol aqueous solution (200 ml distilled water and 20 ml
methanol) by magnetically stirring within an inner-irradiation
Pyrex glass photoreactor. A 300 W high-pressure Hg lamp
(WACOM Electric Co., Ltd.) was employed as the light source
for UV irradiation. Before starting the photocatalytic reaction,

the mixture was thoroughly purged by using Ar gas bubbling
for 30 min in a dark environment. To avoid the temperature
rise of the mixture during the photocatalytic reaction, cooling
water was circulated through a Pyrex glass cylindrical jacket
located around the light source to control the reaction
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temperature at ~25—27 °C. The produced gaseous H; accu-
mulated in the photoreactor headspace was intermittently
collected and analyzed by an on-line gas chromatograph
(Shimadzu, GC-8A Molecular sieve 5A, Ar gas) equipped with
a thermal conductivity detector (TCD).

2. Results and discussion
3.1.  Photocatalyst characterizations

The N, adsorption—desorption isotherms and pore size
distributions of the synthesized TiO, nanocrystals calcined at
various temperatures are shown in Fig. 1. All the samples
clearly display the type IV-IUPAC adsorption—desorption
isotherms with H2-type hysteresis loop. This observation
implies the presence of well-developed mesoporous-assem-
bled framework of the TiO, nanocrystals, which can be typi-
cally ascribed to the occurrence of capillary condensation of
N, molecules inside the mesopores [25]. The pore size distri-
butions of all the samples are also extremely narrow between
3 and 5 nm, indicating very uniform pore dimension of the
synthesized mesoporous-assembled TiO; nanocrystals.
Hence, the urea was proven to be a promising mesopore-
directing agent for the synthesis of mesoporous-assembled
TiO; nanocrystals. The textural properties, i.e. specific surface
area, mean mesopore diameter, and total pore volume, of the
synthesized mesoporous-assembled TiO; nanocrystals
calcined at various temperatures and the commercially
available TiO, powders are summarized in Table 1. It can be
seen that the synthesized TiO; nanocrystals possessed the
specific surface area in the range of 26.9—104.7 m? g~*, mean
mesopore diameter in the range of 3.99—4.37 nm, and total
pore volume in the range of 0.065-0.164 cm® g! The
decreases in specific surface area and total pore volume with
respect to the increase in calcination temperature may
possibly result from the combined mesopore wall collapse and
pore coalescence during the calcination step under a more
severe temperature [26].

Fig. 2a shows the XRD patterns of the synthesized meso-
porous-assembled TiO; nanocrystals calcined at various
temperatures. The patterns exhibit the diffraction character-
istic of the anatase TiO, phase due to the diffraction peaks at 20
of about 25.2¢,37.9°,47.8%,53.8°, and 55.0°, corresponding to the
(101), (004}, (200), (105), and (211) crystalline planes (JCPDS Card
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Fig. 2 — (a) XRD patterns and (b) crystallite sizes of the
synthesized mesoporous-assembled TiO; nanocrystal
photocatalysts calcined at various temperatures.

No. 21-1272) [27], respectively. With increasing the calcination
temperature, all the diffraction peaks became sharper and
more intense, indicating the progress of crystallization of the
TiO, nanocrystals. The crystallite sizes of the synthesized TiO,
samples estimated from the Debye—Scherrer equation [28],
using the XRD line broadening of (101) diffraction peak, are

temperatures and the commermal 'noz powders

Table 1 — Physicochemical properties of the synthesized mesoporous-assembled TiO, nanocrystals calcined at various

ST-01 TiO;

1040 (A)

a Sreethawong et al. [26].

b N, adsorption—desorption isotherms corresponds to [UPAC type 1 pattem

o A = Anatase, R Rutlle
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reported in Table 1 and plotted as a function of calcination
temperature in Fig. 2b. It was found that the TiO, crystallite
sizes were approximately 10.4, 11.6, and 19.6 nm for the
samples calcined at 450, 500, and 550 °C, respectively. The
increase in the TiO, crystallite size clearly substantiates the
growth of the TiO, nanocrystals upon the calcination at
a higher temperature.

Fig. 3 illustrates the exemplified SEM and high resolution
TEM images of the synthesized mesoporous-assembled TiO,
nanocrystal calcined at 500 °C, which possessed a maximum
photocatalytic H, production activity, as described later
(Section 3.2). The SEM image clearly reveals the formation of
TiO, clusters owing to the three-dimensional disordered
assembly of several TiO, nanoparticles with quite uniform
particle size (Fig. 3a). Each TiO, cluster size was in the range of
approximately 2050 nm. The assembly of a multitude of
clusters is considered to be a reasonable cause of the existence
of inter-cluster voids, which therefore resulted in the
observed mesoporous-assembled structure of the synthesized
TiO; nanocrystals. The particle size of the TiO, nanoparticles
that assembled to form clusters was in the uniform and
narrow range of approximately 10—15 nm, as can be clearly
seen from the high resolution TEM image (Fig. 3b).

Fig. 3 — (a) SEM and (b) high resolution TEM images of the
synthesized mesoporous-assembled TiO, nanocrystal
photocatalyst calcined at 500 °C.

3.2, Photocatalytic H, production activity

The photocatalytic H, production activity of the synthesized
mesoporous-assembled TiO, nanocrystals calcined at various
temperatures was evaluated using the water splitting reaction
with the methanol hole scavenger as compared to the
commercially available P-25 TiO, and ST-01 TiO, powders,
which possess non-mesoporous-assembled characteristic
[29]. It should be initially reported from control experiments
that there was no detectable H, gas produced in the absence of
either UV light irradiation or suspended photocatalyst, so this
points out that both of them are necessary for the water
splitting reaction to photocatalytically produce H,. Fig. 4
shows the H, production rate of the synthesized meso-
porous-assembled TiO, nanocrystal photocatalysts as a func-
tion of calcination temperature. It can be clearly seen that the
H; production rate remarkably increased from 3327 to
409.2 ymol h™" with increasing calcination temperature from
450 to 500 °C; nevertheless, it negatively decreased to
249.4 umol h™" with further increasing calcination tempera-
ture to 550 °C. These indicate a critical influence of the calci-
nation temperature on the photocatalytic H, production
activity. The observed results can be described by carefully
taking the physicochemical properties of the synthesized TiO,
nanocrystal photocatalysts into account. With initially
increasing calcination temperature from 450 to 500 °C, the
increase in H; production rate is plausibly because of the
lower number of TiO, lattice defects due to the higher TiO,
crystallinity observed from the XRD patterns (Fig. 2a),
although the decrease in surface active sites due to the lower
specific surface area of the synthesized TiO, nanocrystal
photocatalyst was observed (Table 1). This suggests that the
crystallinity of the synthesized TiO, nanocrystal photo-
catalyst exerts a more crucial effect on the photocatalytic H,
production activity than the specific surface area in this
calcination temperature range of 450—500 °C. In contrast, with
further increasing calcination temperature from 500 to 550 °C,
the decrease in H, production rate is plausibly because of the

500

400 4

300+

200 A

100 -

H: production rate/ pmolh™

T

400 450 500 550 600
Calcination temperature / °C
Fig. 4 — Photocatalytic H, production results of the

synthesized mesoporous-assembled TiO, nanocrystal
photocatalysts calcined at various temperatures.
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lower surface active sites due to the large decrease in specific
surface area, although the higher crystallinity was observed.
This implies that the decrease in photocatalytic H, production
activity in this calcination temperature range of 500-550 °C
may be regulated by the specific surface area of the synthe-
sized TiO; nanocrystal photocatalyst more than the crystal-
linity. It can then be concluded that the best synergy between
the specific surface area (i.e. the surface active sites) and the
crystallinity (i.e. the number of lattice defects) is required to
attain the highest photocatalytic H, production activity of the
mesoporous-assembled TiO; nanocrystal photocatalyst.
Therefore, from the overall photocatalytic H, production
activity results, the calcination temperature of 500 °C is
proven as the most appropriate value for synthesizing the
most effective mesoporous-assembled TiO, nanocrystal pho-
tocatalyst in this present work.

In addition, the photocatalytic H, production activity of the
mesoporous-assembled TiO, nanocrystal photocatalyst was
compared with that of the commercially available P-25 TiO,
and ST-01 TiO, powders. The experimental results showed
that the H, production rates of the P-25 TiO, and ST-01 TiO,
powders were only 30.8 and 83.9 pmol h™", respectively, as
compared to 409.2 ymol h™? of the mesoporous-assembled
TiO; nanocrystal photocatalyst calcined at 500 °C. These
comparative results indicate that the H, production activity of
such the synthesized mesoporous-assembled TiO, nano-
crystal photocatalyst is approximately 13 and 5 folds higher
than that of the P-25 TiO, and ST-01 TiO, powders, respec-
tively. This clearly verifies the superior photocatalytic property
of the synthesized TiO, nanocrystal photocatalyst to the
commercially available TiO, powders. The low photocatalytic
activity of the P-25 TiO, is possibly due to its 23% rutile TiO,
content (with 77% anatase TiO, content), which leads to
a lower driving force for water reduction as compared to the
anatase TiO,, due to its lower flat band potential level at very
close to the H'/H; potential level; whereas, the low photo-
catalytic activity of the ST-01 TiO; is possibly due to its large
contents of bulk and surface defects originating from the
imperfect crystallization [26], which leads to a much higher
tendency for undesirable electron/hole recombination. More-
over, very less accessibility of reactant molecules (water
molecules) to reach the surface active sites of these commer-
cial TiO, powders for water reduction to cause the splitting for
H; production stems from their non-mesoporous-assembled
structure, as clearly shown in our previous works [26,30,31).

Hence, in overall, the mesoporous-assembled TiO, nano-
crystal synthesized by the modified sol-gel process with the
aid of urea and calcined at 500 °C is a very highly potential
photocatalyst for H, production from the water splitting
reaction since it provides extremely higher photocatalytic
activity than the commercially available P-25 TiO, and ST-01
TiO, powders,

4, Conclusions

This work demonstrated that by applying urea as both sol-
inducing agent and mesopore-directing agent for a modified
sol-gel process, the mesoporous-assembled TiO, nanocrystals
with high surface area, narrow pore size distribution, small

crystallite size, and high potential to be used as the efficient
photocatalyst for H, production from water splitting reaction
were successfully synthesized. It was found that the synthe-
sized mesoporous-assembled TiO, nanocrystal photocatalyst
calcined at 500 °C exhibited very considerably high photo-
catalytic H, production activity, especially much greater than
the commercially available P-25 TiO, and ST-01 TiO, powders.
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