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HIGHLIGHTS

e High surface area TiO, cubic cages
were obtained by using NaF cubes as
the template.

e TiO, formed on the {110} and {111}
planes of a NaF cubes not on the
{100} plane.

e Cage-like porous TiO, exhibited
much greater photo-catalytic
effectiveness.
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ABSTRACT

Micro-sized TiO, cage consisted of anatase nanoparticles on the edges of each cube, was synthesized
using TTIP as the reagent and NaF submicrometer sized cubes as the template. When a salt of cube was
adopted as the template, the reactants prefer to grow on the active sites, edges and corners of the cube,
after removing the NaF template, the skeleton of the cube remain as the cage-shaped materials. The
hierarchical structures with nano-sized anatase particles and micro scaled cage architecture markedly
enlarge the surface area and enhance the light harvesting by light scattering of TiO, frame, resulting in
great photo-catalytic performance, which leads to the photo-degradation of methylene blue by 40%
higher than that was achieved by crushed nanoparticles.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Additionally, its non-toxicity, high chemical stability, ease of syn-
thesis and, in particular, its superior characteristics towards the

TiO, has attracted considerable research attention owing to its
extensive use in photo-catalysts [1—6], Li ion batteries [7,8],
dye-sensitized solar cells (DSSC) [9—12], and bioassays [13].
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nanometer-scale have made TiO increasingly important. Owing to
the listed properties, researchers in environmental science favor
TiO,, especially for the photo-degradation of organic pollutants, also
known as photocatalysts. Despite these advantages, the performance
of the TiO;, photocatalysts is strongly affected by its structure, het-
erogeneous interface, size and exposed faces in solution [14—16]. In
recent years, the hierarchical mesoporous structure of TiO, has been
extensively studied in DSSC and photocatalysis applications and
showed significantly improved performance [17—21]. Hierarchical
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Table 1

The post-treatment conditions, structure characterization and photo-degradation rate constant for all samples.

Sample Post-treatment parameters
HCl treatment Anneal (temp. time) Composition Structure Morphology Grain size® (nm) k (min~1)

PC — — Na, F, Ti, O Mixed phases Cage

AC 8h — Ti, O Anatase Cage 4.0 0.003
AC550 8h 450°C, 2 h Ti, O Anatase Cage 13.8 0.039

550°C,2h

ANP550 - 550°C,4 h Ti, O Anatase Particle 241 0.019

5 nm” - - Ti, O Anatase Particle 0.012
RDH* — — Ti, O Anatase Particle 0.024

¢ Data from XRD.
b Nano-sized TiO,.
€ Micro-sized TiO,.

structure takes the advantage of macron architecture, such as hollow
spherical or channel-like structures, and high surface area frame
structures to improve the light harvest and reaction activity. When
light enters one of these unique architectures, it would be trapped by
reflection and scattering, increasing the interaction between the
light and the TiO; [22,23]. Moreover, the porous frame of hierarchical
structure possesses of the high surface area enhanced reaction ac-
tivity. There are several types of hierarchical structure materials, such
as nanotube arrays, urchin-like materials, mesoporous spheres and
hollow spheres, have been reported and studied widely [17,18,22,23].
Among these hierarchical structures, mesoporous spheres and hol-
low spheres attracted the most attentions in the fields of power
generation and environment. Caruso et al. prepared an electrode
using TiO, mesoporous spheres synthesized by the hydrothermal
method for DSSC application [11]. Scattering between the particles
markedly elongates the travel path of light in the electrode,
increasing the light utilization, which leads to significantly improved
the performance of DSSC. Furthermore, Yang et al. prepared uniform
TiO; hollow spheres by a self-templating method and systematically
studied the factors affecting photocatalytic activities [14]. However,
to the best of the authors’ knowledge, cubic mesoporous cages have
been seldom reported so far despite that many kinds of hierarchical
structures have been investigated in detail.

Herein, mesoporous cage-like particles with high surface area
were prepared by a template method, in which titanium oxide
selectively grew on the cubic NaF submicro template. The corners
and edges of NaF cubes, with high surface energy, act as preferential
nucleating site for TiO, nanoparticles growing on to yield the hi-
erarchical TiO, cubic cages. Moreover, the hierarchical cage TiO;
was used as a highly efficient photocatalyst.

2. Experimental section
2.1. Preparation of nanocages

All chemicals in this work were purchased from the Aldrich
Company and used directly without any pretreatment. The proce-
dure for synthesizing anatase nanocages was described as follows.
Firstly, a solution containing well-dispersed NaF seeds was prepared
by mixing NaF water solution (0.5 M, 6 mL) with ethanol (24 mL).
Secondly, a precursor solution containing titanium source was
prepared by mixing titanium isopropoxide (0.3 mL) and valeric acid
(1.2 mL)in ethanol (50 mL) solution, and followed by a reflux at 85 °C
for 6 h. After the reflux, the NaF seed solution was added into the
precursor solution and kept reflux for a further 3 h to initiate hy-
drolysis and condensation reaction. The powder, which has a cage-
like shape, was collected by a centrifuge and washed by DI water
several times to remove NaF seeds. The sample of pristine cages then
dried at 50 °C and named PC in convenience. Pristine cage was
further treated with HCI solution (pH 3) for 8 h to removed impurity

phase and the residual was washed by DI water until the solution
was neutral. After HCl treatment, pure anatase phase cages were
obtained and denoted as AC. The AC sample was annealed at 450 °C
for 2 h followed by annealing of 550 °C for 2 h in order to improve
crystallinity. The final product was marked as AC550. In order to
elucidate the effect of cage shape on photocatalytic test, TiO;
nanoparticles were also prepared by annealing at 550 °C for 4 h
without acid treatment, which was marked as ANP. Table 1 lists the
conditions for all samples and morphologies of all final products.

2.2. Characterization

The morphology and composition of the samples were studied
using a JEOL-6500 FE-SEM that was equipped with an EDS (energy
dispersive spectrometer). Transmission electron microscope (TEM)
images were obtained using a JEOL-2010 TEM with an accelerating
voltage of 200 keV. The structure of the samples was identified
using an X-ray diffraction (XRD) meter (Brucker D8-advanced) with
Cu Ko radiation (A = 0.154 nm). The mean crystallite size of anatase
grains was calculated using the Scherrer formula (d = 0.9 A/Bcos 6),
where d, 4, B and 4 are crystallite size, Cu Ko wavelength (0.154 nm),
full width at half maximum intensity (FWHM) of the (10 1) anatase
peak in radians, and Bragg’s diffraction angle, respectively.

2.3. Measurement of photocatalytic activity

The light source was a 150 W Xe bulb from Osram, and the
temperature was maintained at 296 K by a water cooling system.
0.01 g TiO, powder was mixed completely with 70 mL of DI water
and 10 mL of 0.625 mM methylene blue solution, which acted as a
target pollutant. The solution was illuminated from the top while
being stirred using a magnetic stirrer. Samples were extracted
every 5 min, and after they were filtered through a 0.2 um filter, all
of the samples were diluted with 1.5 mL DI water. The target
pollutant concentration was studied using a UV—Vis spectroscope.

3. Results and discussion

A micrometer sized cage-like TiO, which is composed of anatase
nano-sized particles were synthesized by refluxing a mixture of TTIP
and valeric acid in an aqueous solution with NaF cube particles as the
template, followed by heat and acid treatments. The reaction con-
ditions and powder properties are summarized in Table 1. Fig. 1
presents SEM images of 200 nm edge length NaF template and
powders of TiO; cages before and after different post-treatments.
The pristine cage-like product, PC, with about 1 pm edge length
consist of the aggregation of 200 nm sized particles, were obtained
after removal of NaF templates. The energy dispersive X-ray spec-
trum (EDS) in the inset of Fig. 1b indicates the presence of F, Na, Ti
and O in the powders, showing that an insoluble impurity phase
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Fig. 1. SEM images of (a) NaF cubes. (b) Cages before acid treatment (PC). (c) The PC sample after acid treatment (AC). (d) The AC sample after annealing (AC550).

formed during the reaction. According to XRD analysis shown in
Fig. 2, the impurity phase in the PC has a layered structure in lattice
according to a diffraction peak at small 26 angle, 15°, which is usually
featured by metal titanates [24,25]. To obtain pure anatase TiO; cage,
PC was immersed in HCl solution for 8 h to remove the impurity that
contains fluorine and sodium, the yielded powder was designated as
AC. After acid wash, only anatase phase was left in the final product,
which was evidenced by the existing X-ray diffraction peaks in Fig. 2
which could be assigned to TiO; anatase phase according to JCPDF
card (89-4921). At the end of the sample preparation for photo-
catalytic test, two different ways of heat treatments were applied to
improve AC crystallinity. One of the AC samples was annealed at
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Fig. 2. X-ray diffraction patterns (XRD) of porous cubic cages TiO, before and after
different post-treatments.

550 °C directly for 4 h and the other sample was annealed at 450 °C
for 2 h, and then at 550 °C for 2 h, two samples were designated as
ANP550 and AC550, respectively. The XRD patterns of both samples
are also included in Fig. 2 with other samples for comparison. Upon
calcination at 550 °C, the peaks of the annealed powders reveal
better crystallinity for both AC550 and ANP550 than without calci-
nation. Although, calcination improved the crystallinity of TiO,
anatase cages, ramp rate of heat treatment greatly affect the
morphology of final products. The morphology of ANP550 no longer
kept under high ramping rate, turning into particulate shape,
whereas for AC550, the frame was transformed to a worm-like
mesoporous structure while preserving cage shape. Moreover, the
grain sizes, estimated by Scherrer equation, were 4.0, 24.1, and
13.8 nm for AC, ANP550, and AC550, respectively. These observa-
tions reveal that the powder synthesized by TTIP and NaF followed
by acid treatment and annealing is a macro sized cage-like powder
that comprises nano-sized anatase TiO.

TiO; cages before and after annealing were examined by TEM, as
displayed in Fig. 3. The TEM images demonstrate that the internal
space that is defined by the cage’s edges is empty and the larger
particles of the AC powder with a size of approximately 50 nm
shrink to about 10 nm upon heating (AC550). The SAED study of the
annealed powder yields a diffused-ring pattern, suggesting that its
structure is polycrystalline. The ED rings can be indexed to the
(101), (004), (200), and (105) planes of anatase TiOj, that is corre-
sponding to the observation from XRD analysis (Fig. 2). Fig. 3d
shows a HRTEM image of annealed powder. The grains have an
average diameter of 10 nm. Also, the lattice fringes with a spacing of
0.35 nm can be assigned to the (101) planes of anatase TiO, as well.

Herein, a growth pathway of the cubic cages is proposed. As we
know, the morphology of the materials can be tuned by templates
such as surfactants and the preferential growth direction [26—28].
With respect to crystal growth, the morphology of particles is
basically determined by the ratio of the growth rate in the [1 0 0]
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Fig. 3. TEM analysis of porous cubic TiO, cages; (a) before annealing (AC). (b) After annealing (AC550). (c) and (d) SAED pattern and HRTEM image of AC550.

direction to that in the [11 1] direction. When the growth on the [1
1 1] face is much faster than that on the [1 0 0] face, cubes are
obtained. Otherwise, spherical crystals were obtained. The forma-
tion of spheres is well known to be preferred in a homogeneous
solution as it minimizes the surface energy, while heterogeneous
growth is preferred in the presence of a seed in a solution [29]. In
this work, NaF nanocrystal was used as a sacrificial template.
Therefore, TiO; nanoclusters were heterogeneously grown on {111}
and {110} planes, especially on the edges of NaF nanocrystal with
high surface energy, to form a cage-like material instead of spher-
ical solid.

Fig. 5 presents the photocatalytic behaviors of AC, AC550 and
ANP550 in the degradation of methylene blue (MB) under irradia-
tion by UV light. Commercial anastase TiO, micro-sized about 100—
300 nm diameter and nano-sized with a 5 nm diameter were also
tested for comparison. The materials characterizations including
SEM, TEM images and XRD of commercial TiO, are shown in Fig. 4.
The MB concentration decays by around 50% when sample micro-
size TiO, or ANP550 is adopted and by approximately 68% when
AC550 is used. As AC was used as the photocatalyst, the concen-
tration decay of MB is only around 15%, whereas nano-sized TiO,
show 30% concentration decay of methylene blue. For a convenient
comparison, the rate constant (k) was adopted to evaluate the
performance of TiO, photocatalysts. The reaction of MB degrada-
tion was a first-order reaction, and a straight line was obtained
when logarithmic concentration was plotted against time,
k = —[In(C/Cp)]/At, where C is the concentration; Cp is the initial
concentration; At is the time passed and k is the pseudo-first-order

rate constant. Table 1 includes the rate constant, k, for all TiO,
photocatalysts in this work.

Among these photocatalysts, AC550 has the best photocatalytic
performance for the degradation of MB. There are several factors
that greatly affect photocatalytic activity such as surface area,
exposed crystalline faces, heterojunctions [14]. Herein, in order to
clarify the enhancement factor for AC550, discussion based on two
factors, crystallinity and hierarchical structure of TiO, photo-
catalysts is made. Regarding crystallinity, we choose AC, AC550 and
ANP550 for comparison. Both ANP550 and AC550, which were
post-annealed and exhibited a good crystallinity, have a huge
improvement of photocatalytic activity over AC which was only
acid-treated. Moreover, two TiO, photocatalysts with fair good
crystallinity, AC550, ANP550 were chosen for clarifying the effect of
hierarchical structure. AC550 still has the best photocatalytic ac-
tivity between these photocatalysts due to taking advantage of its
mesoporous cage-like hierarchical structure with high surface area.
It was reported that special hierarchical structured materials keep
micron-scale inherent properties that could harvest light more by
the scattering effect in micron structure where resonance effect in
light-scattering emerges as the size of the particle approaches the
wavelength of incident light [14,22,23]. The rate constant of AC550
over ANP550 gave a strong evidence for the enhancement of pho-
tocatalytic activity by hollow cage-like structure. We also compared
anatase nanocages AC550 to two commercial TiO,, micro-sized
TiO; and nano-sized TiO;. In this part, AC550 still performs excel-
lent due to its comprehensive property. Surprisingly, photocatalytic
activity of nano-sized TiO, is inferior to that of micro-sized TiO,
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Fig. 4. Characterizations of commercial TiO, particles (a) SEM image of the micro-
sized TiO, with 100—300 nm in size. (b) TEM image of nano-sized TiO, with 5 nm.
(c) X-ray diffraction patterns (XRD) of both commercial TiO, particles used in this
work.
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Fig. 5. Photocatalytic performance of TiO, cubic cages after different post-treatments
(AC, AC550, ANP550) and commercial TiO, used in this work (nano-sized and micro-
sized TiOy).

even though nano-sized TiO, has larger surface area due to its
smaller particle size. This strongly supports the result that the
photocatalysts possessing better crystallinity have higher photo-
catalytic activity even with smaller surface area, which was shown
in previous discussion on AC and ANP550. Based on the discussion
above, the morphology and the crystallinity of the powder mark-
edly affected its photo-catalytic activity.

4. Conclusions

Highly dispersed TiO2 nanocages were synthesized by a sol—gel
process in which TTIP was hydrolyzed to form TiO; on the {110} and
{111} planes rather than on the {100} plane of a NaF cubic template.
Owing to the good crystallinity and hierarchical structure with
effective light harvesting property and large surface area, cage-like
porous TiO; exhibited superior photo-catalytic effectiveness to that
of other micro- and nano-scaled TiO, particles.
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