Journal of Hazardous Materials 203-204 (2012) 363-369

journal homepage: www.elsevier.com/locate/jhazmat

Contents lists available at SciVerse ScienceDirect

Journal of Hazardous Materials

Hierarchical architectures TiO,: Pollen-inducted synthesis, remarkable
crystalline-phase stability, tunable size, and reused photo-catalysis

Lingling Dou?, Lishuang Gao?, Xiaohui Yang®-¢, Xiugin Song?*

2 College of Chemistry and Materials Science, Hebei Normal University, Shijiazhuang 050016, PR China

b Institute of Coal Chemistry, Chinese Academy of Science, Taiyuan 030001, PR China
¢ Shijiazhuang University, Shijiazhuang 050801, PR China

ARTICLE INFO ABSTRACT

Article history:

Received 22 September 2011
Received in revised form

11 December 2011

Accepted 15 December 2011
Available online 23 December 2011

TiO, with hierarchical architectures, tunable crystalline phase and thermal stability is successfully fabri-
cated on a large scale through a facile hydrolysis process of TiCl4 combining with inducing of pollen. The
structure of the as-prepared TiO; is characterized by X-ray diffraction, Raman spectroscopy, infrared spec-
tra, and scanning electron microscopy. The experimental results indicate that different phases (anatase,
rutile or mixed crystallite) of TiO, can be synthesized by controlling the experimental conditions. The

pure phase of rutile or anatase can be obtained at 100 °C, while the pure phase of anatase can be retained
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of methylene blue.

after being annealed at 900 °C. The hierarchical structures TiO, are constitute through self-assembly of
nanoparticles or nanorods TiO,, which exhibit high and reused photo-catalytic properties for degradation

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

TiO, is one of the most widely investigated materials for its
photo-catalytic properties, including the photo-catalytic degra-
dation of organic pollutants [1-4], photo-catalytic hydrogen
generation[5,6] and selective photo-catalytic oxidation[7,8].Inany
case, the properties and operational performance of TiO, depend
on its crystal phase, morphology, size and architecture. For this
reason, many attentions have been paid to the assembling process
of hierarchical structures TiO, with controllable morphology and
architectures by multi-level structure design. It has been demon-
strated that many hierarchical structures, such as TiO,, hematite
and other metal oxides, applied in water treatment were very
efficient [9-12]. The hierarchical structures possess good light-
scattering properties and are expected to provide more efficient
light harvesting. There have been extensive studies exploring
approaches for synthesis of hierarchical structures TiO,, including
template method [13-16], hydrothermal or alcohol-thermal pro-
cess [17-23]. Although the above methods are all effective and have
their own irreplaceable advantage, they usually require more rigor
conditions, expensive raw materials or special additives to com-
plete the assembly process. Moreover, hierarchical structures with
tunable crystalline phase are generally more difficult to get.

* Corresponding author. Tel.: +86 031186268016; fax: +86 031186268016.
E-mail address: xiuginsong@gmail.com (X. Q. Song).

0304-3894/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j,jhazmat.2011.12.043

Different from conventional methods for hierarchical mate-
rials, herein we report a facile hydrolysis process of TiCl, with
pollen as inducer for synthesis of TiO,. Pollen is a kind of natural
products and very easily to harvest and store. Besides, the pollen
grains are uniform in particle size, with high surface area, and have
species-specific morphologies which are often highly elaborate and
complex in surface morphology. Hall et al. used pollen as a template
to produce porous silica, calcium phosphate, and calcium carbon-
ate microspheres in aqueous reaction solutions [24]. However, they
synthesized titanium with pollen only in isopropoxide solutions
[25]. In this work, we develop a simple pollen-inducing (instead
of template) approach for fabricating hierarchical structures TiO,
in pure water. The preparation conditions are much milder and
simpler than those of conventional methods. The obtained hier-
archical TiO, shows three interesting hierarchical morphology,
tunable crystal phase structures (rutile, anatase and any compo-
sition mixture phases), remarkable crystalline phase stability, and
higher reused photo-catalytic activity.

2. Experimental procedures
2.1. Preparation of hierarchical architectures TiO,

In a typical process, the mixture of hydrochloric acid and deion-
ized water were stirred for 30 min to form stable solution A. A
designed amount of TiCl, was added drop-wise into solution A with
stirring to form stable solution B. An amount of sinicus pollen was


dx.doi.org/10.1016/j.jhazmat.2011.12.043
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:xiuqinsong@gmail.com
dx.doi.org/10.1016/j.jhazmat.2011.12.043

364 L. Dou et al. / Journal of Hazardous Materials 203-204 (2012) 363-369

dissolved in 15 ml of de-ionized water with stirring and then added
into solution B. The ultimate solution was put into the water bath
of 100 °C for 8 h. After the ultimate solution aged at room tempera-
ture for 12 h, the precipitates were filtered, washed with deionized
water and then ethanol for several times and dried at 100 °C. Finally,
the dried samples were calcined at 500, 700, 900 and 1100 °C for
2 h, respectively.

2.2. Characterization

Scanning electron microscopy (SEM) measurements were per-
formed with a Hitachi S-4800 microscope. An X-ray diffraction
(XRD) study was carried out using a Bruker D8 Advance X-ray
diffractometer with CuKaradiation (A =1.5418 A). Raman measure-
ments were performed with a Jobin Yvon HR 800 micro-Raman
spectrometer at 457.9nm. Infrared spectra (IR) measurements
were carried out on a Shimadu FIRE-8900 Fourier transform
infrared spectrophotometer.

2.3. Photo-catalytic activity measurement

The photo-degradation of methylene blue was carried out in
an aqueous solution at room temperature under UV light irradi-
ation. A 20W tube-like UV lamp was used as light source. In a
typical experiment, 20 mg photo-catalyst was dispersed in 100 ml
methylene blue solution (20 mgl-'). The suspension was stirred
magnetically 0.5 h in the dark in order to reach adsorption equilib-
rium. At the given time intervals, about 5 ml of the suspension was
taken from the reaction beaker for the analysis of methylene blue
concentration after centrifuging. The photo-catalytic activities of
the samples were evaluated by measuring the absorbance of aque-
ous methylene blue solution at 662 nm as a function of irradiation
time with a UV-vis spectrophotometer (VIS-7220). To demonstrate
the stability of the photo-catalysts, we recycled the used hierarchi-
cal architectures TiO,. Every experiment was repeated at least three
times, and the average (with RSD less than 5% for three repeated
results) was used as the final results. The degradation rate (%) was
evaluated by the following equation:

_[G -G
D_[ Co

where D is degradation rate, Cy and C; are the concentrations of the
methylene blue solution at UV irradiation time 0 and t, respectively.

} « 100% (1)

3. Results and discussion
3.1. Structure of the hierarchical architectures TiO,

In general, the crystal phase and crystallization of TiO, depend
on the calcinations temperature. Anatase is the main phase of TiO,
at low temperature and rutile is the final phase after being calcined
at high temperature [26]. However, some novel results about the
crystallization, crystal phase and stability of TiO, are obtained in
the present study because of the inducing of pollen.

3.1.1. Crystallization temperature and high thermal stability of
anatase TiO5

The experimental results show that the acquired TiO, particles
consist of anatase and rutile in the absence of pollen at 500°C,
which change to pure rutile at high temperatures. This traditional
phase transition characteristics can vary with additional dosage of
pollen. Fig. 1 shows the XRD patterns of hierarchical architecture
TiO, obtained using 0.9 g/10 ml (reaction system) pollen at differ-
ent calcination temperatures. It clearly shows that the tetragonal
anatase phase TiO, from 100°C to 900°C can be observed and
indexed as (101), (004), (200), (105), and (21 1), respectively
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Fig. 1. XRD patterns of TiO, with different calcination temperatures.

(JCPDS, N0.21-1272). Obviously, it is unusual to obtain crystalliza-
tion of anatase TiO, at such a low temperature for atmospheric
pressure hydrolysis reaction system [27]. With increasing calcina-
tion temperatures, the crystallinity of TiO, is improved obviously,
and crystallization process finishes at 500 °C. It is noticeable that
the pure anatase phase can be maintained at temperatures up to
900°C, which is much higher than the reported values [28,29].
When the calcination temperature exceeds 900 °C, the anatase-to-
rutile phase transition begins and the main phase rutile is obtained
at 1100°C. Detailed analysis of the peak broadening of the (101)
reflection of anatase TiO, using the Scherrer equation indicates an
average crystal size 17.6-56.6 nm for different temperature (from
100°C to 900 °C). It illustrates that these hierarchical anatase TiO,
architectures are composed of nanocrystal subunits. The above
results should be attributed to the induction of pollen.

Raman spectroscopy, which is very sensitive to the crystallinity
and microstructure of materials, is usually used to unambiguously
discriminate the local order characteristics of TiO,. In order to fur-
ther confirm the high crystallinity of the obtained TiO,, Raman
detection was carried out. Fig. 2 shows the Raman spectra of
hierarchical TiO, with different calcination temperatures. Under a
calcination temperature of 900 °C, it can be observed clearly that
the five high intensity Raman peaks at 149, 199, 393, 513, and
639cm~! can be ascribed to Eg, Eg, B1g, A1g (B1g), and Eg modes,
respectively. These modes are characteristics of the anatase TiO,
[30]. Besides, the intensity of Raman peaks increases with the
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Fig. 2. Raman spectra of TiO, with different calcinations temperatures.
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Fig. 3. XRD patterns of TiO, with different calcination temperatures.

increase of calcination temperature, suggesting the improvement
of crystallinity of anatase, which is in good agreement with the XRD
results. When the calcination temperature reaches 1100 °C, four
Raman peaks at 143, 244, 442, and 609 cm~! can be observed and
ascribed to Byg, multi-photon process, Eg, and A1z modes respec-
tively, which are characteristics of the rutile TiO,. These results are
well consistent with the XRD characterization.

3.1.2. Crystallization and stability of rutile TiO,

It is well-known that rutile is the most thermodynamically sta-
ble phase of TiO,, and it is commonly prepared by calcination of
anatase TiO, at high temperature. In this work, the pure crystalliza-
tion phase of rutile TiO, can be obtained at 100°C by controlling
the mass ratio of TiCly and HCl at 1:2 in the presence of pollen
(0.9g/10 ml). XRD spectra of the as-prepared rutile TiO, are shown
in Fig. 3. The peaks assignable to rutile are those at 20=27.5°,
36.5°, 41.0°, 54.1° and 56.5°, respectively (JCPDS, No.21-1276),
none anatase peaks is observed, indicating the phase-pure rutile.
The crystal process of rutile TiO, finishes at 500 °C. The particle sizes
are calculated to be 8.84 nm and 59.6 nm for the non-calcinated and
calcinated 1100 °C samples, respectively. It can be proved that these
rutile TiO, hierarchical architectures are all composed of nano-size
subunits.

3.1.3. Constitution of mixed crystallite TiO5

Fig. 4 shows the content of rutile of the hierarchical architectures
TiO, calcined at 500 °C with different molar ratio of TiCl4 to HCI. It
is found that the ratio of TiCl4 to HCl influences of the crystal phase
of products. The content of rutile increases with the decrease of
solution pH values in the presence of 0.9 g/10ml of pollen. Thus,
through changing the content of HCl in reaction systems, we can
effectively control the crystal phase structure of the products.

3.2. Morphology of hierarchical architectures TiO,

AsshowninFig. 5, the original morphology of sinicus pollen used
in the experiment is a spinous spherical shape with the diameter
ranging from 20 pm to 30 wm. It is found that the TiO, particles
were irregular and distribute as reunite state in the absence of
pollen, as shown in Fig. 6. When the contents of pollen exceeded
0.3 g/10 ml (reaction system), the morphology of products is deter-
mined not only by pollen, but also by the contents of HCI of the
reaction system. Fig. 7 shows the typical SEM images of as-prepared
TiO, with different TiCl, to HCI molar ratio when the dosage of
pollen remains unchanged. Certainly, shapes of as-synthesized TiO,
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Fig. 4. The content of rutile TiO, with different mass ratio of TiCls to HCL.

Fig. 6. The SEM images of TiO, in the absence of pollen.
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Fig. 7. The low magnification SEM images of TiO, with different mass ratio of TiCl4 to HCI ((a) 1:8, (b) 1:4, (c) 1:2).

are irregular without pollen. When the mass ratio of TiCl, to HCI
is 1:8, it can be observed in Fig. 7(a) that the samples consist
of nano-size spherical particles, which are consisted of smaller
nanoparticles with diameter of about 10 nm. When the TiCl4 to HCI
ratio is 1:4, morphology of TiO, is microspheres with the diame-
ter ~3 wm, as shown in Fig. 7(b). Fig. 7(c) shows the image of TiO,
with full-blown cauliflower shape when the TiCl4 to HCI ratio is
1:2.

The high magnification SEM images of the microspheres and
full-blown cauliflower shape are shown in Fig. 8. Microspheres are
made up nanorods in an order arranging with diameter of about
10nm (Fig. 8(a)). Fig. 8(b) shows that the hierarchical architec-
ture grows more abundant under such circumstances. The first
layer consists of nanorods with diameter of about 30 nm. These
further assemble to clusters-like microspheres with diameter of
about 1 pm, which are an integral component of the second layer.
The third layer with full-blown cauliflower shape is composed of
these microspheres.

We can come to a conclusion that pollen can induce
the generation of regular shape TiO,. At the same time,
through controlling the pH of the reaction system, many kinds
of hierarchical architecture TiO, can be achieved. Nano-size
TiO, building blocks are self-assembly into micro-scale TiO,
with controllable architectures. Therefore, the recycled utiliza-
tion of the stable hierarchical architecture TiO, is possible
and its stability in treating organic contaminated water is
satisfactory.

The typical SAXRD patterns of hierarchical architecture TiO,
with different calcination temperatures are shown in Fig. 9. At least
one resolved peaks are observed. It may indicate that there are
higher ordered porous in the as-prepared hierarchical TiO5.

3.3. Discussion on formation mechanism of hierarchical TiO,

The original morphology of sinicus pollen used in the present
investigation is spinous spherical-shaped with the diameter of
20-30 wm. As-prepared TiO, does not copy the pollen shape
instead of forming different kinds of hierarchical architecture. This
indicates that the role of pollen is not a simple template, but some
compositions or function groups of pollen played an induction role
for the nucleation and growth of TiO,.

In order to understand the interactions of pollen and TiO,
precursors, the FT-IR spectra of the original sinicus pollen, inter-
mediary product and the ultimate product calcined at 500°C are
measured, as shown in Fig. 10. It is found that the IR curves of
pollen used in the experiment are in accord with the characters of
usual pollen [31]. The position of the main peak includes the broad
bands around 3400 cm~!, which is corresponding to the stretching
vibration of hydroxyl. The peak around 2920 cm~! and the shoul-
der peak nearby are corresponding to the asymmetric stretching
vibration of methylene. The peaks at 1640 and 1550 cm~! are cor-
responding to vibration of amino I and amino Il in protein. The peak
at 1060 cm~"! is corresponding to the stretching vibration of C-0
[32]. It is demonstrated there are organic frame and rich organic
functional groups in the pollen. Comparing Fig. 10(b) with (a), we
can find that these peaks almost disappear but the intensity of
vibration of amino I and amino II in protein becomes weaker and
shifts a little. Residual amino is perhaps the key function groups for
inducing nucleation and growth of hierarchical architectures TiO,.
The shift of peak shows the interaction between the pollen and
TiO, precursors. The disappearance of the absorption bands of all
organic function groups (Fig. 10(c)) illustrates the pollen structure
completely disappeared after treatment at 500°C.
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Fig. 10. Evolution of the FT-IR spectra of the original pollen (a), intermediary prod-
ucts (b), products calcined at 500°C (c).
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The mechanism model for the formation of hierarchical struc-
ture of TiO, is tentatively proposed as shown in Scheme 1. The
whole process can be described.

The reaction system exhibits strong acidity as adding HCI,
and acidity continuous to strengthen with TiCl4 hydrolysis pro-
cess. Under strong acidic conditions, the structure of pollen will
be destroyed, and the complete skeleton will be snipped into
fragments. The some organic components (e.g. amino) of pollen
fragments can induce the nucleation of TiO, and formation of TiO,
nanoparticles in the way of region-selectivity. This way of “selec-
tive regional nuclear” brings together into regular morphology of
products and no scattering TiO,.

(a) In strong acid medium (the mole ratio of TiCl4 to HCl is 1:8),
pollen is destroyed seriously, there are a great number of
small volume pollen fragments in the system, which caused
anatase crystals can only exist as nanometer sized “small” crys-
tals. These nanoparticles can be gathered into nanospheres,
which maintain the anatase structure. The phase transition from
anatase to rutile can only happen at high temperature (>900°C)
because displacement of atoms in these nanoparticles is lim-
ited. Here, the induction of pollen and resulting steric hindrance
contribute to the lower crystallization temperature and higher
thermal stability of anatase TiO,.

(b) When the acid strength is weakened (1:2<TiCl4:HCl<1:8),
pollen fragments become bigger in size or volume. The nucle-
ation points increase in the same fragments. In the process
of crystal growth, neighboring nano-particles are assembled
into nanorods based on the so-called oriented attachment
mechanism. The immediate results of the oriented attach-
ment create the transformation of anatase to rutile and obtain
mixed crystallite nanorods. The nanorods aggregate further into
microspheres.

(c) In lower acidity medium (the ratio of TiCl4 to HCl is 1:2), pollen
fragments have much longer in size or volume. TiO, nano-
particles achieve oriented attachment over a greater range. The
shape of as-products is long chain-like, which fold into a few
nanorods clusters and subsequent cauliflowers for stabiliza-
tion. The pure rutile TiO, can be obtained because of completely
oriented attachment at large scale.

To sum up, the role of pollen is to induce the nucleation of
TiO, and formation of TiO, nanoparticles in the way of region-
selectivity, instead of hard template or as seed for precursor
solution. The assembly mode of TiO, nanoparticles is oriented but
circumscribed by the size or volume of pollen fragments. All the
obtained hierarchical structures of TiO, are with regular morphol-
ogy. No scattering TiO, is obtained. On the other hand, the oriented
attachment of TiO, nanoparticles accomplishes in the way of aggre-
gation. As a result, this system has not yet reached the mesocrystal
state.

3.4. Photo-catalytic performance

Fig. 11 shows the time-dependent degradation ratio using the
obtained hierarchical architectures samples and commercial Py5
TiO; as photo-catalysts. From the degradation ratio, we can clearly
see that the anatase hierarchical architectures TiO, exhibit best
activity. About 98.7% of methylene blue molecules were degraded
after UV irradiation for 1 h for anatase sample, which is higher than
that of Pys. The relative photo-catalytic activity of the catalysts
decreases in the order of anatase > P,5 > mixed crystallite > rutile.
The activity levels of irregular TiO,, particles acquired in the absence
of pollen are the lowest and TiO, particles are hard to recycle them.

Specifically, these hierarchical structures can be readily sepa-
rated by filtration or sedimentation after reaction because of their
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nano-/micro architectures. In addition, stability is very important
for recycling of catalysts in practical applications. To prove the pos-
sibility of recyclability of the hierarchical structures TiO,, cycle
experiments were performed. The typical recycled experiments
results of anatase TiO, are shown in Fig. 12. We can clearly see that
the ratio of photo-degradation is remained at more than 80 percent
of the high level even recycle five times. Therefore, the recyclabil-
ity of the stable hierarchical architectures TiO, is possible and its
stability in treating organic contaminated water is satisfactory.

4. Conclusion

In summary, we develop a simple pollen-inducing (instead of
hard template) approach, which is different from conventional
methods, for the fabrication of hierarchical structures TiO, on
a large scale. The three kinds of hierarchical TiO, micro-sized
materials are constructed by the self-assembly of nanoparticles
or nanorods of TiO,. These hierarchical TiO, microspheres show
the interesting hierarchical morphology, the tunable crystal phase
structures (rutile, anatase and any composition mixture phases)
and remarkable crystalline-phase stability. It is demonstrated that
the obtained anatase TiO, exhibits higher and reused catalytic
activity than that of Degussa P,5 for degradation of methylene blue
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under UV irradiation. These hierarchical TiO, microspheres should
have great applications in photo-catalysis, catalysis, solar cells, sep-
aration and purification processes. This study provides an example
for better understanding the formation mechanism of other inor-
ganic hierarchical materials in the presence of pollen. We believe
that the present work will open up systematically explore ways to
fabricate hierarchical structures and thus find use in a variety of
applications.
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