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The  steam  treatment  of  hexagonally  ordered  uniformly  mesoporous  (h-UM)  amorphous  TiO2 at  120 ◦C for
1 h leads  to  highly  crystalline  h-UM anatase.  This  process  is feasible  for  the  large  scale  (>50  g) preparation.
The  surface  area-normalized  photocatalytic  activities  of  h-UM  anatase  for water  reduction  and  methylene
blue and  4-chlorophenol  decompositions  are  remarkably  superior  to those  of  wormhole-like  randomly
mesoporous  anatase  and  anatase  nanoparticles,  demonstrating  an  important  reason  to  prepare  anatase  in
UM  forms.  Due  to the extended  crystalline  interconnection,  the  band  gap  energy  h-UM  anatase  decreases
eywords:
team treatment
arge scale hexagonally ordered uniformly
esoporous anatase

hotocatalytic water reduction
-Chlorophenol and methylene blue

by  0.22  eV  with  respect  to that of  25  nm  anatase  nanoparticle.
©  2014  Elsevier  B.V.  All  rights  reserved.
ecompositions

. Introduction

Anatase, the most important polymorph of TiO2, is one of the
ost important crystalline metal oxides which are currently widely

sed in industry and in academia for various purposes, in par-
icular as photocatalysts. Anatase has usually been produced in
hree different forms, individual nanoparticles (NPs), randomly

esoporous (RM) anatase [1–7], and uniformly mesoporous (UM)
natase [8–34] (Fig. 1). The RM form is also called as wormhole-like
andomly mesoporous (w-RM) anatase to emphasize the ran-
omness of its pore systems [1–7]. The UM form can be further
lassified into hexagonally ordered uniformly mesoporous (h-UM)
8–13,16–26,28–34] and cubically ordered uniformly mesoporous
c-UM) [8–14,25–31] forms (Fig. 1). Recently, single crystalline ran-
omly porous anatase has also been produced [35,36] but this is not

 common form of anatase which is not covered in this work.
The NP form is the most frequently prepared form and the proce-

ures to prepare it are well documented. w-RM anatase has usually
een prepared by sintering the random aggregates of anatase NPs.

ompared to those for NP and w-RM anatase, the preparation of UM
natase is much more difficult and the procedures are more com-
lex. So far, three types of methods have been developed, which

∗ Corresponding author. Tel.: +82 10 4041 6799; fax: +82 2 706 4269.
E-mail address: yoonkb@sogang.ac.kr (K.B. Yoon).

ttp://dx.doi.org/10.1016/j.cattod.2014.07.045
920-5861/© 2014 Elsevier B.V. All rights reserved.
are, soft template [8–25], hard template [8–13,25–31] and the com-
bined assembly of soft and hard (CASH) template [8–13,32–34]
methods. However, these methods have suffered the following
drawbacks.

The critical drawback of the soft template method is that the
crystallinities of the obtained UM anatase materials are poor, aris-
ing from the limitation of its crystallization temperature to ∼400 ◦C,
which is much lower than 550 ◦C, the minimum temperature
required for the crystallization of the amorphous precursor to the
crystalline anatase. Otherwise, thus if the crystallization tempera-
ture is increased higher than ∼400 ◦C in the soft template method,
the UM structure collapses. In the case of the hard template method
the critical drawbacks are the very long and tedious procedures for
the preparation of hard templates, the cumbersome removal of the
hard templates which often involves the use of hydrofluoric acid,
and the intrinsic difficulty to completely fill the pores of the hard
template.

The CASH method is the most promising method to prepare
UM anatase. Nevertheless, its drawback is that the crystallization
temperatures (550–800 ◦C) [1,32–34] are too high from the energy
saving and scale-up points of view. In this respect, the very low
temperature (40 ◦C) method to prepare h-UM anatase films on sub-

strates developed by Nilsson, Palmquivist, and the co-worker [24] is
quite impressive. Unfortunately, however, this method is limited to
the preparation of thin h-UM anatase films of h-UM anatase on sub-
strates but not for the preparation of bulk h-UM anatase. Thus, there

dx.doi.org/10.1016/j.cattod.2014.07.045
http://www.sciencedirect.com/science/journal/09205861
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Fig. 1. Schematic illustrations of the t

ave been no mild temperature methods to prepare bulk h-UM
natase in large quantities. In this context, it is also worthwhile to
ote that in the case of w-RM anatase, there are several low temper-
ture methods [2–5] including the one which yields w-RM anatase
t room temperature, although it requires three months-long reac-
ion periods [3]. Therefore, low temperature facile methods which
re suitable for the production of UM anatase in large quantities
ave to be developed so that they can be more widely used for
arious research and applications.

Strangely, however, despite the aforementioned great efforts
hat have been made for the preparation of UM anatase, the reports
hat clearly describe the advantages of UM anatase over those of
P and w-RM anatase during the photocatalytic reactions are rare

25,27–29]. Even in such reports that deal with the advantages,
t is not clear whether the superior photocatalytic activities of UM
natase come from their higher surface areas or from their intrinsic
roperties. In this respect, the genuine advantages or the intrinsic
hotocatalytic properties of UM anatase have to be elucidated so
hat it can be more extensively applied in various photocatalytic
eactions.

We now report a novel low temperature method to prepare bulk
M anatase in large quantities and the genuine advantage of the
M anatase during photocatalytic reactions with respect to those
f RM anatase and individual powder.

. Experimental

.1. Materials

Titanium isopropoxide [>98%, Ti(OCH(CH3)2)4, TIP] was  pur-
hased from Acros. Pluronic P123, methylene blue (MB),
-cholorophenol and anatase nano-powder (NP, <25 nm)  were pur-
hased from Aldrich. P25 was purchased from Degussa and ST-01
rom Ishihara Sangyo Kaisha, Ltd. Absolute ethanol, hydrochloric
cid (HCl) and sulfuric acid (H2SO4) were purchased from Samchun.
he reagents were used as received without further purification.

.2. Synthesis procedure

The amorphous h-UM TiO2 with the mesoporous walls lined
ith amorphous carbon was prepared according to the reported
rocedure [33]. The wall-lined h-UM TiO2 was  steam treated by
lacing them in an autoclave containing 0.5 mL  of water and placing

t in an oven preheated at 120 ◦C for 1 h. The h-UM anatase whose
esopore walls were lined with carbon was calcined at 300 ◦C for
 h under oxygen or at 450 ◦C under air for 5 h to produce highly
rystalline mesoporous anatase. For the synthesis of w-RM TiO2, the
urfactant-containing dry powder was calcined without annealing
nd steam treatment.
ommonly prepared forms of anatase.

2.3. Measurements of photocatalytic activities

Hydrogen production experiments were performed in an air-
tight continuous flow stainless reactor connected with an online
GC system (Young Lin, YL-6000) equipped with a flame ioniza-
tion detector (FID), pulsed discharged detector (PDD). Typically,
0.1 g of an anatase sample was taken in a vial into which 20 mL
of water and 4 mL  of methanol was added. This vial was put into
the above reactor and flushed with Ar (99.9999%) with the flow rate
of 6 mL/min for variable periods of time in the dark until the rem-
nant air in the reactor disappeared. Then the sample was  irradiated
under the continuous flow of Ar with a standard AM-1.5 solar sim-
ulated light (HAL-302 Asahi) with the power of 72 mW cm−2. The
intensity of the light was  adjusted using a one-sun checker (CS-20,
Asahi Spectra Co., Ltd.). The area of irradiation was 6 cm2. The gen-
erated hydrogen gas was measured on-line equipped with a pulsed
discharge detector (PDD) with Carboxen (Supelco) column and the
amounts was reported in terms of nanomole (nmol) per unit area
(1 cm2) per h (nmol cm−2 h−1).

The photocatalytic degradations of methylene blue and 4-
cholorophenol were carried out using a 200 W low pressure Hg
lamp (Oriel CA-9015). Each catalyst (0.05 g) was introduced into an
aliquot (50 mL)  of a methylene blue solution (10 ppm, mg/L). Prior
to irradiation, the heterogeneous solution was kept in the dark for
1 h with stirring to equilibrate the adsorption and desorption. The
optical absorbance change of methylene blue solution was moni-
tored at 660 nm and 4-cholorophenol was monitored at 225 nm.

2.4. Instrumentation

Small-angle X-ray (SAX) and wide angle X-ray (WAX) diffraction
patterns of the samples were recorded on a Rigaku D/MAX-2500/pc
diffractometer, using Cu-K� radiation (200 kV, 40 mA for WAX
and 250 kV, 50 mA for SAX). N2 sorption isotherms were mea-
sured at 77 K on a BELSORP-max. Prior to measurements, the
samples were degassed under vacuum at 200 ◦C for 6 h. The
Brunauer–Emmett–Teller (BET) method was  used to calculate the
surface areas. The pore size distributions were obtained using the
BJH method. Elemental analyses were performed on a Thermo Sci-
entific Elemental Analyzer (Flash EA 1112 series). TEM images were
recorded on a JEOL 2011 microscope operated at 200 kV. Diffuse-
reflectance UV–vis spectra of the samples were recorded on a
Varian Cary 5000 UV–vis–NIR spectrophotometer equipped with
an integrating sphere. Barium sulfate was  used as the reference. The
diffuse reflectance spectra were converted into the Kubelka–Munk
(K-M) formalism. The UV–vis absorption spectra of the methylene
blue and 4-cholorophenol solutions were recorded on a diode array

UV–vis Spectroscopy Scinco S-3100. The analyses of the hydro-
gen generated from water was performed on a gas chromatograph
(GC, Young Lin, YL-6000) equipped with a flame ionization detec-
tor (FID) fitted with DB-624 column (Agilent), a pulsed discharged



230 Md.K. Hossain et al. / Catalysis Today 243 (2015) 228–234

F  of am
T on of 

s d afte

d
i

3

3

t
e
u
a
w
t
p
(
t
(
T
(
W
(
p
p
d
t
p
c
i
w
a
p
2
c

ig. 2. SAX and WAX  diffraction patterns and TEM images at various magnifications
iO2 obtained by EISA at 120 ◦C for 1 h before carbonization (f–j), after carbonizati
team  treatment of the carbonized amorphous h-UM TiO2 at 120 ◦C for 1 h (p–t), an

etector (PDD) fitted with Carboxen column (Supelco), and a cap-
llary injector.

. Results and discussion

.1. Synthesis and characterization

Using TIP as the Ti source, Pluronic P123 as the mesopore direc-
ing agent, the mixture of HCl and H2SO4, as the acid source, and
thanol as the solvent we prepared h-UM anatase. The routinely
sed scale was 12 g based on the weight of the obtained h-UM
natase. The ‘evaporation-induced self-assembly’ (EISA) [18,37]
as carried out at 40 ◦C for 24 h. The small angle X-ray (SAX) diffrac-

ion pattern of the amorphous h-UM TiO2 showed two diffraction
eaks at 2� = 0.70 and 0.95◦ (d = 12.6 and 9.3 nm,  respectively)
Fig. 2a), demonstrating the presence of mesopores. However,
he wide angle X-ray (WAX) diffraction pattern showed no peaks
Fig. 2b) confirming that the produced h-UM TiO2 is amorphous.
he transmission electron microscope (TEM) images of h-UM TiO2
Fig. 2c–e) also confirmed that it is mesoporous but not crystalline.

hen amorphous h-UM TiO2 was steam treated at 120 ◦C for 1 h
step 1, Fig. 3), without prior carbonization of the organic tem-
late, w-RM anatase with the component crystal sizes of ∼5 nm was
roduced. The SAX diffraction pattern showed the absence of the
iffraction peaks (Fig. 2f). However, the broad shoulder indicated
he presence of random mesoporosity. The broad WAX  diffraction
atterns showed that the newly produced material is very small
rystalline anatase nanoparticles (Fig. 2g). The corresponding TEM
mages (Fig. 2h–j) clearly showed that the material is w-RM anatase

ith the component crystal sizes of ∼5 nm.  The obtained w-RM

natase still contained some aggregated surfactant, which disap-
eared upon calcining at 300 ◦C for 5 h under the O2 flow (step
, Fig. 3). The grain size still remained unchanged even after the
alcination step.
orphous h-UM TiO2 after EISA (a–e), after steam treatment of the amorphous h-UM
the amorphous h-UM TiO2 obtained by EISA at 300 ◦C under N2 for 1 h (k–o), after
r calcination at 300 ◦C for 5 h under flow of O2 (u–y), respectively.

The carbonization of the P123 aggregates was carried out at
300 ◦C for 1 h under the flow of N2 (step 3, Fig. 3) according to
a literature procedure [33]. After this step, the SAX diffraction
peak shifted to a higher angle (2�  = 0.77◦, d = 11.0 nm,  Fig. 2k). The
absence of diffraction peaks in WAX  (Fig. 2l) and the corresponding
TEM images (Fig. 2m–o) confirmed that this material is amorphous
h-UM TiO2.

After steam treatment at 120 ◦C for 1 h (step 4, Fig. 3), the
SAX diffraction peak further shifted to a higher angle 2� = 0.84◦

(d = 10.1 nm)  (Fig. 2p). The WAX  diffraction pattern showed the
characteristic 11 peaks of the crystalline anatase (Fig. 2q). The
TEM images (Fig. 2r–t) also confirmed the presence of hexagonally
ordered mesopores and the characteristic lattice fringes of anatase.
Thus, the steam treatment at 120 ◦C for 1 h not only induces the
transformation of amorphous TiO2 into pure crystalline anatase
nanocrystals but also interconnection of them into stable h-UM
anatase, which otherwise requires heating at the temperatures
between 550 and 800 ◦C.

After removal of the wall-lining carbon in the h-UM anatase by
calcination at 300 ◦C for 5 h under the flow of O2 (step 5, Fig. 3), the
SAX diffraction pattern showed two peaks at d = 11.5 and 9.5 nm,
respectively (Fig. 2u), and the intensities of the WAX  diffraction
peaks further increased (Fig. 2v) indicating the crystallinity of
anatase has improved. The TEM images (Fig. 2w–y) further showed
more vivid anatase lattice fringes. The sizes of the anatase grains in
the h-UM anatase were 5–7 nm.  The intensities of the SAX and WAX
peaks remained the same even when the crystalline mesoporous
anatase was heated at 650 ◦C for 2 h under the N2 atmosphere,
indicating its high thermal stability under the inert atmosphere.
However, the intensity of the SAX peak decreased a bit and the

WAX  peaks became sharper upon heating at 550 ◦C for 2 h under
the oxygen atmosphere, indicating that h-UM anatase is thermally
less stable in the presence of molecular oxygen. The elemental anal-
ysis of h-UM anatase showed the absence of C and N. However it
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Fig. 3. Schematic illustration of the low-temperatu

ontained a small amount of S (1.2%), which is likely to be arising
rom the unwashed H2SO4.

The type IV N2 adsorption–desorption isotherms of the w-RM
nd h-UM confirmed their mesoporous natures (Fig. 4, left). The
verage pore sizes were 3–7 nm (Fig. 4, right). The surface areas
f amorphous h-UM TiO2 with surfactant aggregates (Fig. 3a), w-
M anatase with no surfactant aggregates (Fig. 3c), amorphous
-UM TiO2 with carbon lining (Fig. 3d), h-UM anatase with car-
on lining (Fig. 3e), and h-UM anatase (Fig. 3f) were 261, 173, 225,
85, and 169 m2 g−1, respectively. The corresponding pore volumes
ere 0.37, 0.17, 0.30, 0.28, and 0.26 cm3 g−1, respectively. The aver-

ge pore diameters are 5.1, 4.6, 5.4, 6.0, and 6.2 nm,  respectively.
hus, we have successfully developed a novel, large scale method
o crystallize the amorphous precursor to h-UM anatase under a

ild (steam treatment at 120 ◦C) condition.
We  found that the above procedure is also suitable for the prepa-

ation of h-UM anatase in a 50 g scale. The schematic illustration of
his novel procedure is shown in (Fig. 3). Thus, our ‘low-temperature
team method’ has many advantages over the conventional ‘high-
emperature dry method’.

To address the advantages of UM anatase over RM anatase
nd the individual anatase NPs during photocatalytic reactions
e conducted photocatalytic reactions using five samples: h-UM

natase, w-RM anatase, individual anatase NPs, ST-01 and Degussa
25 NPs. The photocatalytic reactions were water reduction and
ecomposition of methylene blue (MB) and 4-cholorphenol (4-CP),
espectively. As mentioned in the introductory part of this paper,
revious reports on the superior photocatalytic [25,27,29] and elec-
rocatalytic [30] activities of UM anatase did not take the surface
rea into consideration during the evaluation of their catalytic
ctivities. We  therefore compared the surface area-normalized cat-
lytic activities of the five anatase species.

.2. Photocatalytic H2 production

The photocatalytic activities of the five samples for water reduc-

ion were compared under the one sun condition with methanol
s the sacrificial electron donor (Fig. 6a). Because their surface
reas were different (h-UM anatase = 169, w-RM anatase = 173, 25-
m anatase NPs = 55, ST-01 = 300, and Degussa P25 = 55 m2 g−1),
am methods to prepare w-RM and h-UM anatase.

we normalized each H2 yield with respect to the corresponding
surface area. The surface area-normalized H2 yield increases in
the order: h-UM anatase � w-RM anatase > Degussa P25 > 25-nm
anatase > ST-01 NPs (Fig. 5a). The initially produced amounts of H2
were 7.4, 0.36, 0.35, 0.13 and 0.12 nmol h−1 cm−2 m−2. Thus, the
surface area-normalized initial catalytic activity of h-UM anatase is
∼21 times higher than that of w-RM anatase and Degussa P25, ∼56
times higher than that of 25-nm anatase NPs and ∼61 times higher
than that of ST-01 NPs. This result thus shows another important
reason to prepare anatase in a UM form but not a w-RM form. This
result also opens the possibility to use h-UM anatase as novel visi-
ble light-utilizing photocatalysts for various reactions after doping
with various co-catalysts. Although small, the catalytic activity of
w-RM anatase is higher than that of 25-nm anatase, ST-01, and
Degussa P25 NPs.

3.3. Photocatalytic degradation of methylene blue (MB)

The photocatalytic activities of the five samples on the decom-
position of MB  were compared under the UV–visible light
(250–740 nm)  generated from a 200 W low pressure Hg lamp
(Figs. 5b and 6b). The measured surface-area normalized first
order decomposition rates (r/m2) were h-UM anatase = 21.3, 25-
nm anatase NPs = 4.3, w-RM anatase = 2.6, ST-01 = 0.65, and Degussa
P25 = 7.4 with the unit of 10−4 min−1 m−2. The intrinsic photocat-
alytic activity of h-UM anatase is higher than those of anatase NPs,
w-RM anatase, ST-01 and Degussa P25 by 5, 8, 33 and 3 times,
respectively. Thus, w-RM anatase shows the incomparably poorer
photocatalytic activity than that of h-UM, indicating that some
pores of w-RM anatase are too small for the large MB molecule
to enter. This result again demonstrates why anatase should be
prepared in the UM form but not in w-RM or NP form.

3.4. Photocatalytic degradation of 4-cholorophenol (4-CP)

The photocatalytic activities of the five samples on the decom-

position of 4-CP were compared under the same UV-irradiation
condition (Figs. 5c and 6c). In the absence of catalysts, 4-CP does not
decompose at all under the experimental condition. The surface-
area normalized first order decomposition rates (r/m2) were h-UM
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-UM  TiO2 obtained by EISA at 120 ◦C for 1 h before carbonization (b and g), after c
nd  h), after steam treatment of the carbonized amorphous h-UM TiO2 at 120 ◦C for

natase = 13.3, 25-nm anatase NPs = 2.9, w-RM anatase = 1.6, ST-

1 = 0.3, and Degussa P25 = 3.71 in the unit of 10−4 min−1 m−2.
gain, the photocatalytic activity of h-UM anatase is higher than

hose of anatase NPs and w-RM anatase by five and eight times,
espectively.

ig. 5. Comparison of the photocatalytic activities of h-UM anatase, w-RM anatase, 25-nm
ecomposition of MB  (b), and 4-CP (c) and diffuse reflectance UV–vis spectra (d). The ligh
orphous h-UM TiO2 after EISA (a and f), after steam treatment of the amorphous
ization of the amorphous h-UM TiO2 obtained by EISA at 300 ◦C under N2 for 1 h (c

 and i), and after calcination at 300 ◦C for 5 h under flow of O2 (e and j).

The above results unambiguously demonstrate that the intrinsic

photocatalytic activity h-UM anatase is much superior to those of
w-RM anatase, 25-nm anatase NPs, ST-01, and Degussa P25. Now
the above results clearly justify why  the large scale economical
methods to synthesize UM anatase should be developed so that it

 sized anatase NPs, ST-01 and Degussa-P25 NPs for H2 production from water (a),
t source for water reduction was a solar simulated light.
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an be more widely used in various fields for various applications.
n that sense, the facile ‘large scale mild-temperature steam method’
ntroduced in this work is a highly valuable addition to the anatase
nd TiO2 chemistry. Since this procedure is simple and requires
nly a mild reaction condition, the production of h-UM anatase is
ighly reliable and the physical properties of the produced h-UM
natase samples are the same regardless of the batch. We  believe
hat c-UM anatase can be prepared similarly in large scales. The
ame methodology could be applied for the production of various
ther crystalline mesoporous metal oxides.
We attribute such remarkably superior catalytic activities of
-UM anatase over those of w-RM anatase to the following five
pecial features which w-RM anatase cannot. Thus, the incor-
orated molecules have uniform diffusion rates within the UM
day 243 (2015) 228–234 233

anatase due to the uniform channel size throughout the material
(uniform diffusion rates). The diffusion rates of the incorporated
molecules are faster in the UM anatase than in the w-RM anatase
because the diffusion rate decreases if the channel size fluctu-
ates (faster diffusion rates). The electronic and optical properties
of the anatase wall and framework are constant arising from the
uniformity of the anatase wall or framework thickness (constant
electronic and optical properties). If a molecule once enters the UM
anatase then all sites within it are accessible to the incorporated
molecule, due to the complete openness of the channels from any
entrance (complete pore openness). The transports of carriers (elec-
trons and holes) along the wall or nanowire are faster in UM anatase
than in w-RM anatase due to the three-dimensional (3D) crystalline
interconnection of the anatase walls and nanowires (faster carrier
transport rates), which is a very important requirement during the
application of anatase for dye-sensitized solar cells and catalysis.

The intensity-normalized diffuse reflectance UV–vis spectra of
the five anatase forms are compared in (Fig. 5d). Interestingly, while
the onset of 25-nm sized anatase NP was 400 nm, that of h-UM
anatase was 430 nm,  despite the fact that the thickness of the h-UM
anatase wall is only ∼5 nm.  This phenomenon seems to be aris-
ing from the crystalline interconnection between the component
nanocrystals. In other words, h-UM anatase is a big polycrystalline
anatase in which mesoporous channels run through. As a result,
although the thickness is only ∼5 nm,  it is in fact a highly extended
three-dimensional structure. Accordingly, the band gap energy
decreases by 0.22 eV than that of 25-nm sized individual anatase
NPs. This phenomenon is expected and is likened to the general
phenomenon that, in a semiconductor, the increase in size leads to
the decrease of the band gap energy. This is a novel addition to the
intrinsic benefits of UM anatase.

4. Conclusions

The steam treatment of hexagonally ordered uniformly meso-
porous (h-UM) amorphous TiO2 at 120 ◦C for 1 h leads to highly
crystalline h-UM anatase. This process is feasible for the large scale
(>50 g) preparation. The surface area-normalized photocatalytic
activities of h-UM anatase for water reduction and MB and 4-CP
decompositions are remarkably superior to those of wormhole-
like randomly mesoporous anatase, 25-nm anatase NPs, ST-01 and
Degussa P25 NPs, demonstrating the important reason why  anatase
should be prepared in UM forms. Due to the extended crystalline
interconnection, the band gap energy of h-UM anatase decreases
by 0.22 eV with respect to that of 25 nm anatase nanoparticle.
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