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Abstract

We report the fabrication of a novel titania membrane of the dual-pore system that is
strategically designed and prepared by a two-step replication process and sol—gel reaction. The
primary nanoporous channel structure is fabricated by the cage-like PMMA template (CPT)
obtained from the nanoporous alumina membrane and the secondary mesoporous structure is
formed by the sol—gel reaction of the lyotropic precursor solution within the CPT. Furthermore
the mesoporous titania membrane (MTM) frame consists of the titania nanoparticles of

10-12 nm in diameter. Morphology and structural properties of the MTM are investigated by
field emission scanning electron microscopy, high resolution transmission electron microscopy,
x-ray diffraction and Brunauer—-Emmett—Teller surface area. The photocatalytic activity and the
solar energy properties of the MTM are characterized by UV-vis spectrophotometer,
spectrofluorometer and photoinduced /—V measurement. The photocatalytic test indicates that
the MTM has higher efficiency than the commercial P25 with a good recyclability due to its
large-scale membrane style and the preliminary result on the solar cell application shows a solar
energy conversion efficiency of 3.35% for the dye-sensitized solar cell utilizing the MTM.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

During the last decade, nanostructured titania materials have
attracted much attention for important applications such as
environmental purification, solar energy conversion, hydrogen
production, photoconduction and molecular sensing due to
their unique photophysical properties induced by the quantum
size and the surface effect [1-5]. Among these applications, the
photocatalytic degradation of organic pollutants and the dye-
sensitized solar cell have become one of the most interesting

4 Author to whom any correspondence should be addressed.

0957-4484/11/275309+07$33.00

fields [6-9]. To obtain the maximum efficiency for these
applications, various nanostructured titania materials have also
been fabricated in the direction of the reduced particle size
and the increased surface area. In this regard, mesoporous
titania has been a very interesting material due to its pore
size tunability and the high specific surface area [10, 11].
Furthermore, the immobilization of titania composites as a
film is more favored than the suspended powder type since the
immobilization provides the recovery and the recycled usage.

Many research groups have reported the preparation
of mesoporous titania nanopowders by the sol-gel method

© 2011 IOP Publishing Ltd  Printed in the UK & the USA
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through the surfactant-templated self-polymerization of tita-
nia [12, 13]. However, the powder type of titania has a
problem in its retrieval. Generally the recycled usage is
a very important factor in the industrial application. For
this purpose, the fixing process of the mesoporous titania
powders on the proper substrate is further needed by using the
bonding chemicals [14-16]. But the bonding chemical buries
most of the titania nanoparticles, leading to the decreased
efficiency of photocatalytic activity. Therefore, in order to
solve this problem, the highly ordered titania nanotube array
film [17] and the titania nanotemplate [ 18] have been fabricated
by anodizing methods with titanium foil. However, with
respect to the specific surface area, the nanostructured titania
materials still have a smaller area than the mesoporous titania
nanopowders.

In this study, we report on the fabrication of the
mesoporous titania membrane (MTM) that has well-ordered
dual-pore arrays to maximize the specific surface area
and maintain the surface quantum effect of nanoparticles.
The photocatalytic activity and the dye-sensitized solar cell
performance are evaluated to demonstrate the application
potentials. The detailed structure of the MTM includes well-
ordered pore arrays of the straight nanopore channels and the
mesoporous walls between the nanopore channels that consist
of the aggregated form of titania nanoparticles. The aggregated
structure induces the mesoporosity that provides the large
specific surface area.

2. Experimental details

2.1. Chemicals

High purity aluminum plate (Aldrich, 99.999%, 0.5 mm
thick), phosphoric acid (Aldrich, 85%), copper(Il) chloride
dihydrate (Aldrich, >99.999%), hydrogen chloride (Aldrich,
299.7%), methyl methacrylate (MMA) (Aldrich, 99%),
benzoyl peroxide (Sigma, ~70%), sodium hydroxide (Aldrich,
>98%), Pluronic F127 (BASF, EO;osPO70EO;¢) and titanium
(IV) isopropoxide (Acros Organics, 98 + %) were used without
further purification.

2.2. Preparation of the MTM

The highly ordered nanoporous alumina membrane (nPAM)
was utilized as a template. The nPAM was prepared by a two-
step anodizing method with an aluminum plate (99.999%) [19].
The aluminum was anodized at a constant voltage of 180 V
in 0.3 M phosphoric acid as an electrolyte at 0°C for 12 h.
After the anodization, the remaining aluminum substrate was
removed by using a mixture solution of 0.2 M CuCl, and 6.0 M
HCI. The barrier layer was then selectively removed by placing
the nPAM in a 5.0 wt% phosphoric acid solution at 30 °C for
2 h. The obtained free-standing nPAM was rinsed with acetone
and distilled water.

The nPAM with pore channels was inserted into the
MMA monomer with 5.0 wt% benzoyl peroxide which was
an initiator for polymerization. Then, the solution with the
nPAM was polymerized by UV irradiation. For the removal of
the nPAM included within the polymerized sample, the nPAM

inside the polymer was exposed to 3.0 M sodium hydroxide
aqueous solution for 48 h by the four-side open cutting. The
cage-like PMMA template (CPT) was then fabricated to have
a unique inverse pattern of the nPAM [20].

The CPT was dipped into lyotropic precursor solution
in a vacuum condition and was rapidly stirred.  The
lyotropic precursor solution consisted of amphiphilic triblock
copolymer (Pluronic F127; EO;0cPO70EO;ps) and titanium
(IV) isopropoxide of a titanium precursor in an acidic ethanol
solution. The lyotropic precursor solution within the CPT was
then allowed to be gellated at 60 °C for 12 h. Finally, the CPT
was removed by chloroform solvent. The remaining product
was calcinated at 450 °C for 12 h as the last process of the
MTM fabrication.

2.3. Characterization of the MTM

The fabricated nPAM, CPT and MTM samples were
characterized by using a field emission scanning electron
microscope (FE-SEM, Hitachi, SU-70). High resolution
transmission electron microscopy (HR-TEM, JEOL JEM-
2100F) was also applied to determine the mesopore size,
the particle size and the detailed structure of the MTM.
The crystal phase of the MTM was investigated with x-
ray diffractometry (XRD, PANalytical, X’ Pert Pro MPD)
working on CuKo radiation. The Brunauer—-Emmett—Teller
(BET) specific surface area of the MTM was determined
by nitrogen adsorption measurement (Micromeritics ASAP-
2010). Absorption and emission spectra were obtained with
a diffuse reflectance UV-vis spectrophotometer (Jasco V-550)
equipped with an integrating sphere (Jasco ISV-469), UV-vis
spectrophotometer (Hitachi, U-2800) and spectrofluorometer
(Hitachi, F-4500).

2.4. Photocatalytic degradation experiment

Photocatalytic decomposition of the rhodamine B (RhB)
molecules in water solution was carried out in a 50 ml glass
vessel with stirring. The reactor solutions were separately
prepared by adding each 2.5 mg of the MTM and P25
(commercial Degussa TiO, particle) into two 20 ml of
aqueous RhB solutions with the initial concentrations of 5.0 x
107% M. The MTM was immersed and fixed in the solution.
Also P25 was suspended in the RhB solution with stirring.
Before irradiation with UV light, the mixture solutions were
magnetically stirred in the dark condition for 60 min to
achieve an equilibrium state. UV light of 40 mW cm™2 was
supplied by an Xe lamp (150 W, Abet Technologies, USA)
equipped with a wide band reflection mirror that reflects the
UV light in the wavelength range of 275-350 nm. During the
photodecomposition experiment, the fluorescence spectrum of
the remaining RhB molecules was measured to monitor the
degree of photodissociation every 30 min.

2.5. Photovoltaic measurement

The dye-sensitized solar cell was fabricated as follows. The
F-doped SnO, (FTO) conducting glass substrate (TECS,
Pilkington, 8 €2/square, glass thickness of 2.3 mm) was
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Figure 1. Schematic diagram for the fabrication process of the MTM. The round pictures represent the prepared materials.

ultrasonically pre-cleaned in ethanol. The fabricated MTM
was then positioned on the FTO glass and dried in air at
ambient temperature for 5 min. For the preparation with P25,
a viscous paste was prepared as follows. A 0.2 g portion
of ethyl cellulose, 0.05 g of lauric acid and 5 g of terpineol
were added to an ethanol suspension containing 2.0 g of P25,
and the solvent was then evaporated by a rotary evaporator at
room temperature to obtain a viscous paste. The prepared P25
paste was coated on the bare FTO glass with the doctor blade
method. The coated films were baked at 150 °C for 30 min.

The MTM and P25 with the FTO glasses were sintered
at 500°C for 30 min at a heating rate of 5°C min~—'. The
thicknesses of the annealed MTM and P25 were estimated
to be 20 um by an Alpha-step 1Q surface profiler (KLA
Tencor). For the dye adsorption, the annealed MTM and P25
with the FTO glass electrodes were immersed in the 0.5 mM
dye solution of N719 dye (cis-di(thiocyanato)- N, NO-bis(2,20-
bipyridyl-4-carboxylate-40-tetrabutyl ammonium carboxylate)
Ru(II), Dyesol). The adsorption condition with the N719 dye
solution was the same as the previous works reported [21, 22].
The Pt counter electrode was prepared as a film type by thermal
reduction at 400°C for 20 min with the 7 mM H,PtClg 2-
propanol solution. The dye-adsorbed MTM and P25 electrodes
and the Pt counter electrode were sealed to be a sandwich type
by using 60 um-thick surlyn (Dupont 1702). The electrolyte
solution in this system consisted of 0.7 M 1-butyl-3-methyl
imidazolium iodide (PMII), 0.03 M I, 0.05 M guanidinium
thiocyanate (GuSCN) and 0.5 M 4-tert-butylpyridine in a
mixture solution of acetonitrile and valeronitrile (v/v 85:15).
The active areas of the dye-adsorbed MTM film and the P25
film were estimated to be the same as 0.5 cm? by an image
analysis program equipped with a digital microscope camera
(Moticam 1000).

Photocurrent-voltage (/-V) measurements were per-
formed using a Keithley model 2400 source measure unit. A
class-A solar simulator (Newport) equipped with a 150 W Xe
lamp was used as a light source, and the light intensity was
adjusted with an NREL-calibrated Si solar cell with a KG-1
filter to approximate 1 sun light intensity. The photocurrent—
voltage measurement of the dye-sensitized solar cells was
performed with an aperture mask to prevent extra light coming

through the lateral space according to a method proposed
elsewhere [23].

3. Results and discussion

As illustrated in figure 1, the MTM was prepared by a two-step
replication process. The CPT that had nanopillar arrays was
firstly prepared by UV polymerization. Then, the mesoporous
titania nanostructure with the membrane morphology was
fabricated by introducing the TiO, sol—gel solution within the
prepared CPT.

FE-SEM images of the fabricated nPAM are shown in
figures 2(a) and (b). The pore diameter of the nPAM
nanochannel is 250-300 nm at the applied voltage of 180 V
in the H3POy electrolyte solution. Thickness of the fabricated
nPAM is 60 um. Figures 1(c) and (d) present FE-SEM images
of the CPT prepared from the nPAM. The diameter of the
nanowires and the thickness of the CPT are about 250 nm and
60 pum, respectively. It resembles the inverse structure of the
utilized nPAM.

As shown in figures 3(a)—(d), the fabricated MTM has an
ordered dual-pore structure. The primary nanoporous channel
structure obtained from the duplication of the nPAM provides
the porous membrane morphology with a nanochannel pore
diameter of ~300 nm (figures 3(a) and (b)). The interpore
distance of the MTM is estimated to be 400-500 nm. These
columnar nanochannels provide efficient diffusion pathway
for the adsorption of the photocatalytic reactants and the dye
molecules. Figures 3(c) and (d) reveal that the wall between
the nanochannels has the secondary mesoporous structure
formed by the sol-gel reaction of the lyotropic precursors.
Also, the high magnification TEM image of the mesoporous
wall indicates that the TiO, nanoparticles of about 10 nm
in diameter form a mesoporous wall structure due to the
controlled aggregation by the sol-gel reaction. This secondary
mesoporous structure further maximizes the specific surface
area of the MTM. Therefore, such dual-pore structure of the
MTM improves the efficiencies of the photocatalytic activity
and the DSSC compared with the powder packed form of P25.
The HR-TEM image in the inset of figure 3(d) presents the
single-crystalline nature of the nanocrystal which constructs
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Figure 2. FE-SEM images of (a) top surface view of the nPAM, (b) cross-sectional view of the nPAM, (c) low magnification view of the CPT
after removing the nPAM and (d) high magnification view of (c).

Figure 3. (a), (b) Low and high magnification FE-SEM images of the surface pore array, (c), (d) low and high magnification TEM images of
the broken pieces of MTM. (e), (f) Low and high magnification FE-SEM images of the P25. Inset in (d) represents the HR-TEM image of a
single TiO, nanoparticle of the tube wall.
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Figure 4. XRD patterns of (a) MTM and (b) P25.

the MTM. The distance between two neighboring planes is
approximately 3.52 A that is consistent with that of the (101)
planes in the anatase structure of TiO,. Figures 3(e) and (f)
show FE-SEM images of P25. As shown in the figures, the
P25 particles have irregular spherical shapes with a diameter
range of 20-50 nm. These irregular spherical particles are piled
together to form the packed structure. Compared with the dual-
pore systems of MTM, this packed structure does not provide
efficient channels for adsorption of the photocatalytic reactants
and the dye molecules due to the random small pores among
the P25 particles.

Figure 4 presents the XRD patterns of the MTM and P25.
The XRD peaks of the MTM are relatively broader than the
peaks of P25, which is ascribed to the smaller nanoparticle
size of 10 nm compared with that of P25. However, the peak
broadness of the MTM is still considered to be narrow due to
the good crystalline phase. The strong Bragg reflection peaks
(20 = 25.3°, 37.9°, 48.0°, 54.0° and 55.2°) are marked by
the Miller indices ((101), (004), (200), (105) and (211)) from
the diffraction data of anatase TiO, (JCPDS card no. 21-1272),
which are the characteristic peaks of the anatase phase of the
MTM. The crystalline size of the nanoparticles composing
MTM is estimated by Scherrer’s formula with the largest XRD
peak at 260 = 25.3° [24, 25]. The estimated particle diameter
is 12 nm, which is in good agreement with the crystalline size
suggested from the TEM result. On the other hand, P25 is a
TiO, composite that has a two-phase mixture of the anatase
(70% in mass fraction) and rutile (30% in mass fraction) as
reported in [26, 27].

The nitrogen gas adsorption—desorption isotherm data of
figure 5 shows a unique hysteresis pattern that confirms the
mesoporosity of the MTM. The BET specific surface area of
the MTM is estimated to be 109.45 m?> g~!, which is twice as
large as that of P25 (Sger = 49.3 m?> g~!) [25]. As mentioned
above, the mesoporous framework is ascribed to this large
SBET-

The absorption spectra in figure 6 are obtained by applying
the Kubelka—Munk function to the diffuse reflectance spectra.
P25 shows the onset of its bandgap absorption at 395 nm
that corresponds to 3.14 eV. The MTM exhibits characteristic

Volume adsorbed (cm*(STP)/g)
=
o

0 - T - T T T T T
0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure (P/P)

Figure 5. Nitrogen gas adsorption—desorption isotherm of the MTM.
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Figure 6. UV-vis diffuse reflectance absorption spectra of P25 and
MTM.

absorption onset near the bulk bandgap (387 nm, 3.20 eV) of
anatase titania.

The photocatalytic efficiency of the MTM is evaluated
by the decomposition of RhB molecules under UV light
irradiation in the wavelength range of 275-350 nm as shown
in figure 7. The decomposition rates of RhB molecules in
aqueous solution are monitored under the same experimental
conditions for the MTM and P25 with 2.5 mg of each sample.
The blank experiment without catalyst resulted in that RhB
was not significantly decomposed only by the irradiation.
Figure 7(b) indicates that the MTM has higher photocatalytic
activity than P25 and the decomposition per cent of RhB
is almost 100% at 120 min under the given conditions.
The higher photocatalytic activity of the MTM is due to its
characteristic morphology. As previously mentioned, P25
consists of 70% anatase phase and 30% rutile phase while
the fabricated MTM only has the anatase phase. With respect
to the different electro-hole recombination rates depending on
the bandgap property, the anatase phase of titania is known
to have higher photocatalytic activity than the rutile [28-30].
In addition, the surface quantum effect offers more active
sites, upon irradiation by light, to the water molecules for the
redox reaction that generates reactive oxygen species including
the hydroxyl radicals which oxidize the RhB molecules [31].



Nanotechnology 22 (2011) 275309 S-L Oh et al
6
~ 1.0{a) L10 = — MTM
3 = = ---P25
& = E 5 4
o 0.81 L0.8 @ K i _
g g E
3 2 = 44
2 0.6- r0.6 & -
S 5 £
£ Z g
- 0.4 Lo 3 g 37
£ s £
E 0.2 02 g 2-
S S < Sample  Jmyemy) Vo vy S 7(%)
Z 0.0- Loo Z £, !
. R R — 2 MTM 532 084 075 335 \
400 450 500 550 600 650 700 P25 4.72 0.88 073 3.03 ']
Wavelength (nm) 0 T T T T T T T T T
12 0.0 0.2 0.4 0.6 0.8 1.0
- (b) Voltage (V)
101 &5 > s + -+ Figure 8. The photocurrent—voltage characteristic of the
i dye-sensitized solar cell fabricated with the MTM and P25.
= ] \\.
< S
O 0.6 N \\\‘
R addition, the secondary mesoporous structure further enhances
0.44 \\ the adsorption of the dye molecules by maximizing the specific
o e, N surface area of the MTM. Therefore, the MTM with ordered
’ :-‘__ dual-pore structure provides a higher photovoltaic performance
[ 1 N — -, compared with P25 due to better dye adsorption [32, 33].

—
0 20 40 60 80 100 120
Irradiation time (min)

Figure 7. (a) Steady-state absorption (—A—) and fluorescence
(—®@—) spectra of RhB in aqueous solution. (b) Decomposition
ratio of RhB as a function of the irradiation time for the RhB solution
only under the UV light (—A—), the decomposition ratio with P25
under UV light (—m—) and the decomposition ratio with the MTM
under UV light (—®@—). The decomposition ratio was estimated by
the emission intensity of the RhB solution at 577 nm with an
excitation of 550 nm.

Therefore, the MTM shows better photocatalytic activity than
P25 does.

Since MTM has the morphology of the membrane-type
film with a dual-pore structure, its application to a dye-
sensitized solar cell is preliminarily tried. ~As shown in
figure 8, the photovoltaic performance of the MTM DSSC
was compared to that of P25. The open-circuit voltage,
a short-circuit current density, the fill factor and solar
energy conversion efficiency of the reference cell of P25
were estimated as 0.88 V, 4.72 mA cm~2, 0.73 and 3.03%,
respectively. On the other hand, the dye-sensitized solar cell
assembled with the MTM resulted in 0.84 V, 5.32 mA cm™2,
0.75 and 3.35% for the corresponding factors as above. The
MTM cell fabricated in this study clearly indicates better solar
energy conversion efficiency for its DSSC application than the
standard P25 does.

A major factor for this advantage is that the unique
structure of the MTM. The fabricated MTM has the ordered
dual-pore structure. The primary nanoporous channel structure
obtained from the duplication of the nanoporous alumina
membrane provides the porous membrane morphology with
the nanochannel pore diameter of ~300 nm (figures 3(a)
and (b)). These columnar nanochannels provide an efficient
diffusion pathway for the adsorption of the dye molecules. In

Another factor for this better DSSC efficiency is the good
contact amongst the nanoparticles that form the nanochannel
wall of the MTM, as shown in figure 3(d). These
interconnected nanoparticles increase the interface coupling
cross sections that result in the increase of the electron transfer
efficiency throughout the MTM [34, 35].

4. Conclusions

In summary, the MTM with a well-ordered dual-pore array is
synthesized by a two-step replication process. The dual-pore
array consists of mesoporous nanopores (~5 nm) and straight
nanochannels of 300 nm in pore diameter within the membrane
frame. Such a dual-pore pattern of the MTM provides a large
surface area of Sggr = 109.45 m? g~!. The large surface
area and the anatase structure of 100% result in the high
photocatalytic activity compared with P25 and the solar energy
conversion efficiency of 3.35% for the dye-sensitized solar
cell system as a preliminary test. The successful fabrication
demonstration of the large size MTM with a nano-dual-pore
array by a two-step replication method can be further applied
to highly efficient recyclable catalyst, membrane solar cells,
etc.
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