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Textual abstract:

Hierarchically ordered macro-mesoporous anatase TiO, flakes were synthesized by
using rose petals and P123 as dual templates with high photocatalytic activity.
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Highly ordered macro-mesoporous anatase titanium dioxide (TiO,) flakes were synthesized

by sol-gel method in an acidic medium, using fresh natural rose (Rosa hybrida L.) petals and

wwwsrseorg/ triblock copolymer P123 (EO,PO;0EO,y) as dual templates. The resulting flakes were
characterized by Raman spectroscopy, X-ray diffraction (XRD), scanning -electron
microscopy (SEM), transmission electron microscopy (TEM) and nitrogen adsorption-
desorption analysis. The results reveal that the bimodal porous material is in anatase phase,
and the three-dimensionally ordered macroporous walls are composed of highly ordered
mesopores. The Brunauer-Emmett-Teller (BET) surface area and the average size of
mesopores are 125.91 m> g' and 4.79 nm, respectively. The photocatalytic activity of the
porous TiO, flakes was evaluated by photodegradating of Rhodamine B (RhB) under
ultraviolet (UV) light. The obtained TiO, flakes exhibited a slightly higher photocatalytic
activity than commercial photocatalyst Degussa P25.

DOI: 10.103 9/ xOxx00000 %

Introduction Currently, hybrid tea varieties of Rosa hybrida L. (rose)
are among the most important cash crops in the floriculture
industry.'* The close arrays of micropapillae and the
microgrooves can be observed on the surface of fresh natural
rose petals.”” The noteworthy is that the especial
microstructures can provide macroporous template to the
preparation of porous materials. When synthesis of materials
occurs in the microgrooves without flooding the top of
micropapillae, ordered macroporous structure will be obtained
after removing the rose petals. And the fresh natural rose petals
without any pretreatment as macroporous template can be
easily removed during calcination. In addition, red roses that
mean love are widely available and low cost, indicating that red
roses as macroporous biotemplate can be widely used in the
preparation of hierarchical porous materials.

TiO,, possessing several favorable properties such as low
cost, easy handing, nontoxicity, and resistance to
photochemical and chemical erosion, has been widely applied
in chemical sensor,'® solar cell,!” '® water splitting,“’ 1o
environmental  purification  application®® and  other
applications.”’ 2 As one of the main features of TiO,, the
photocatalytic activity is largely affected by crystal properties,
porous properties and specific surface area.® Among three
crystalline phases of TiO,, anatase phase has the highest
photocatalytic and photoelectrochemical conversion activity

In recent years, many efforts have been devoted to the synthesis,
characterization and application of bimodal macro-mesoporous
materials,'® due to organized pore networks and hierarchically
multimodal pore-size distributions. For instance in catalysis,
mesopores of them help impart a high surface-to-volume,
providing numerous active sites and a substantial interfacial
area for carrying out catalytic reaction while macropores favor
great transportation of matter, offsetting transport limitations
present in purely mesoporous materials especially in viscous
systems of for large molecules(e.g., polymers, biomolecules)."
7 Porous objects with nm- or pm-scale features and discrete
particles can be used as templates to synthesize periodic
macropores, and ordered mesoporous materials have been
fabricated by using surfactants and amphiphilic copolymers.®°
Among these commonly used artificial macroporous templates
such as polystyrene" > ¢ and silica microspheres'’, there were
some disadvantages of high cost, complicated procedure of
preprocessing and removing, which limited their applications in
synthesis of macroporous materials. Relatively, natural
organisms with unique multi-level structure and morphology
can be used to provide porous biotemplate in the preparation of
hierarchical materials because of their advantages such as low
cost, environment-friendly and widely distributed.''""?

This journal is © The Royal Society of Chemistry 2013 J. Name., 2013, 00, 1-3 | 1
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than those of rutile and brookite Ti0,.**** In addition, the
porous structure of TiO, is conducive to pollutant access,
adsorption and decomposition, because many active sites
provided by a large surface area are able to absorb large
amounts of substances.”” ** Meanwhile, macroporous channels
existed in macro-mesoporous titania could serve as light
propagation paths to improve the light utilization efficiency
effectively in photocatalysis.”” %

With the rapid development of modern industry, disposal
of water pollution has become more and more important. As a
result of inadequate cleaning and processing technology in the
printing and dyeing industry, about 10-20% of the dyes are
retained in the wastewater with the features of complex
components, high color and non-biodegradation.”” *° Many
dyes in wastewater are toxic, carcinogenic, mutagenic and
degradation-resistant and must be removed, such as rhodamine
B (RhB).*' Therefore, semiconducting titania materials have
been currently paid much attention due to their marked

photocatalytic effect in removing dye pollutants from
wastewater; and RhB was commonly selected as
photodegradable reactant via N-de-ethylation process to

characterize the photocatalytic activity of TiO, samples and
demonstrate the potential applicability of them in the disposal
of printing and dyeing wastewater.>* **

In this work, macro-mesoporous anatase TiO, sample was
synthesized by using natural rose petals, a new macroporous
biotemplate, and P123 as dual templates via a sol-gel reaction.
In the synthetic process, P123 was employed as the mesoporous
structure-directing agent, while inexpensive and environment-
friendly rose petals were used as an ideal biotemplate for the
structure. The dual
templates were both removed by calcination with the formation

fabrication of laminar macroporous

of anatase TiO,. The obtained TiO, flakes in the present
method showed a slightly higher photocatalytic activity than
that of commercial catalyst Degussa P25 on the degradation of
RhB in the air.

Experimental section

Materials

Triblock copolymer Pluronic P123 (molecular weight, M,, =
5800, EO,yPO,(EO,) was purchased from Aldrich. P25 was

obtained from Guangzhou Hualisen Trade Co., Ltd.
(Guangzhou, China). Tetrabutyl titanate (Ti(OC4Hy),),
acetylacetone (CH,(COCHj;),), hydrochloric acid (HCI),

ethanol (EtOH) and RhB were purchased from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China). All chemicals
were of analytical grade and were used as received without
further purification. Ultrapure water (18.2 MQ) was obtained
from a Milli-Q water system. The origin of Rosa hybrida L.
(red rose) is Chenggong County, Kunming City, Yunnan
Province.

Preparation

2| J. Name., 2012, 00, 1-3
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TiO, flakes were prepared by a modified method reported in
paper.’® At room temperature, P123 (1.5 g) was dissolved in a
mixed solution containing HCl (1.6 ml), EtOH (15 ml) and
ultrapure water (0.2 ml), under vigorous stirring for 1 h. Then,
acetylacetone (0.2 ml) was added into the above transparent
solution with stirring for 20 min and Tetrabutyl titanate (7.2 g)
was added in the solution and the mixture was gently stirred in
a sealed bottle at room temperature for 24 h. The TiO, sample
was prepared by the dip-coating method. The fresh natural rose
petals were immersed into the resulting sol solution and held
for 20 s to let the TiO, precursor evenly cover the surface of
natural rose petal biotemplate. The dip-coated sample was dried
at room temperature for 7 days with 70-75% relative humidity
(RH). Then the dry sample was submitted to thermal treatment
at 90 °C for 24 h to consolidate the inorganic network. After
that, it was calcined at 450 °C for 3 h in air at a heating rate of
about 1 °C min™' to remove the dual templates. With the above
process, the TiO, flakes were obtained.

Characterization

A Raman spectrum recorded on a Raman
microspectrometer (LabRam HR800, Jobin Yvon, France) with
the 632.8 nm line of a He-Ne laser as excitation source. X-ray
diffraction (XRD) pattern was collected on an X-ray
diffractometer (D/max-A, Rigaku, Japan). Acquisition
conditions were CuK, radiation (A = 1.5406 A) operated at 40
kV and 50 mA, a step size of 0.05° s™' and the scattering angles
(20) ranging from10° to 90°. Morphological investigations were
carried out by using an environmental scanning electron
microscope (Quanta200, FEI, Netherlands) and two
transmission electron microscopes (Tecnai G2, FEI,
Netherlands and 2010FEF, JOEL, Japan). Nitrogen adsorption-
desorption isotherm was determined on a Micromeritics Tristar
3000 system (USA) at 77 K, with samples being heated at
180 °C in a vacuum prior to the measurements. BET method
was utilized to calculate their surface areas and the pore-size
distributions were derived from the desorption branches of

isotherms based on Barrett-Joyner-Halenda (BJH) model.

was

Photocatalytic activity

The photocatalytic activity of the obtained TiO, flakes was
investigated by photodegradation of RhB wunder UV-light
irradiation at ambient temperature and pressure. The UV source
was a 250 W Hg lamp with a maximum emission at
approximately 365 nm. The lamp was placed 30 cm above the
RhB solution and was kept cool by a recirculating water jacket
(Pyrex). Briefly, the TiO, sample (0.01 g) was dispersed in
RhB dye solution (80 ml, C, = 1x10° M, pH 6.0) in
ultrasonication. The suspension was then magnetically stirred in
the dark for 30 min until an adsorption-desorption equilibrium
between the catalyst surface and the dye was reached, and then
the reaction mixture was exposed to the UV light with
continuous magnetic stirring. The suspension (5 ml) was taken
during the dark adsorption process and the illumination period
(10 min and 20 min, respectively) and then centrifuged to

This journal is © The Royal Society of Chemistry 2012
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remove the catalysts to analyze the amount of RhB remaining
in the solution. The ultraviolet-visible (UV-Vis) adsorption
spectra of the taken solutions were obtained by a Shimazhu
UV-2550 UV-Vis scanning spectrophotometer at Ay, = 554 nm.
In addition, a experiment using
photocatalyst Degussa P25 and a blank experiment (self-

control commercial

Dip-coating method
by sol solution
contained P123 efc. .

Red rose petal template

|

Red rose

ARTICLE

photosensitized process) were also measured under the identical
experimental conditions.

Results and discussion

Thermal treatment
at90°C

P P g~

Remove the dual e ——
templates by calcination

Macro-mesoporous
TiO, films T

Scheme 1 Schematic representation of the highly ordered macro-mesoporous anatase TiO, flakes

The general preparation of highly ordered macro-mesoporous
TiO, flakes can be briefly described by the following process,
as shown in Scheme 1. The fresh natural rose petals without
any pretreatment were provided macroporous template for the
synthesis of ordered macro-mesoporous TiO, flakes. Wherefore,
when the fresh rose petals were dipped into the sol containing
triblock copolymer P123 and TiO, precursor, the arrayed
micropapillae were covered uniformly by precursor with high
adhesive affinity to water. Due to gravity, the precursor flowed
slowly from the top of micropapillae to microgrooves, while the
organic-organic self-assembly of the TiO, precursor and
triblock copolymer P123 occurred during the evaporation of
volatile species at room temperature for 7 days with 70-75%
RH, followed by thermosetting at 100 °C and removing the
dual templates by calcination. The ordered macro-mesoporous
anatase TiO, flakes were consequently obtained. The detailed
preparation process can be found in the experimental section.

This journal is © The Royal Society of Chemistry 2012

100 Lim

Fig. 1 (a-c) Correspond the fresh natural rose petal: (a) is the
photograph; (b) and (c) are the top-view and side-view SEM
images of the natural rose petal without any pretreatment,
respectively; (d) is the SEM image of the obtained TiO, flakes.

Fig. 1 shows the photograph and scanning -electron
microscopy (SEM) images of the fresh natural rose petal and
SEM image of the obtained TiO, flakes. From the SEM images
(Fig. 1b and c), a close array of micropapillae with 15-18 pm
and many nanofolds existed on each papilla top are observed.

J. Name., 2012, 00, 1-3 | 3

Page 4 of 8



Page 5 of 8

ARTICLE
Meanwhile, some micropapillae collapsed in the vacuum
environment of obtaining SEM images. A phenomenon of
“petal effect” was observed by Feng et al.'” that these
hierarchical micro- and nanostructures of rose petals provided
sufficient roughness for superhydrophobicity but had high
adhesive force with water. Therefore the sol containing triblock
copolymer P123 and TiO, precursor could be flowed slowly
from the top of micropapillae to microgrooves among
micropapillae because of “petal effect”. It suggested that the
especial microstructures without any pretreatment could be
used to provide macroporous template in the preparation of
hierarchical porous materials. As can be seen from the SEM
image (Fig. 1d), the morphologies of the TiO, flakes exhibit
lamellar array of macroporous structures determined by the
ordered structure of natural rose petal template. Besides, the
pore size of the macroporous and the thickness of lamellar
structures are about 9.5 and 6.1 pum, respectively. The SEM
results proved effectively that the fresh natural rose petals as a
macroporous biotemplate were available for synthesis of
ordered macroporous materials.

M . e T i
Fig. 2 TEM image (a) and high-resolution TEM (HRTEM)
image (b) of the ordered macro-mesoporous TiO, flakes; the

4| J. Name., 2012, 00, 1-3
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inset in (b) shows selected-area electron diffraction (SAED)
pattern.

TEM image of the ordered macro-mesoporous TiO, flakes
are shown in Fig. 2a. The ordered macropores are uniform and
the pore size was around 10 um as suggested by the SEM
image. Moreover, it also shows that the walls of these uniform
macropores were made of highly ordered mesopores with hole
and layer structures. The high-resolution TEM (HRTEM)
image of the TiO, sample (Fig. 2b) clearly reveals that the
mesoporous  walls composed of TiO, anatase
nanoparticles. The mean crystallize size of the anatase
nanoparticles measured from HRTEM image was ~9.8 nm.
Moreover, some of the large TiO, nanoparticles even thrust into
the channels and blocked the mesopores, indicating the
formation of ink-bottle pores, which is further confirmed by the
nitrogen adsorption-desorption isotherm. The mesoporous size
and the wall thickness of the sample are estimated to be around
4.8 nm and 4.5 nm, respectively. It also shows clear lattice
fringes, and the fringes of around 3.52 and 2.42 A match well
with the crystallographic spacings of the (101) and (004) planes
of anatase phase, respectively. This observation confirms that
the crystalline form of the highly crystalline TiO, nanoparticles
was anatase phase. From the selected-area electron diffraction
(SAED) pattern recorded on TiO, flakes (Fig. 2b, inset), a
sequence of diffraction rings can be clearly observed, which is
consistent with the polycrystalline anatase structure (JCPDS,
No. 21-1272). It further confirms that the mesoporous walls of
the obtained macro-mesoporous TiO, flakes were indeed made
up of highly crystalline TiO, anatase nanoparticles.

were

146

Intensity(a.u.)

641

400 518
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T v T T ¥
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Raman Shift(cm™)
Fig. 3 Raman spectrum of the ordered macro-mesoporous TiO,
flakes.

The crystallization of the ordered macro-mesoporous TiO,
flakes was further studied by using Raman spectroscopy and
XRD. As plotted in Raman spectrum (Fig. 3), the five bands
located at 146, 197, 400, 518 and 641 cm™ are assigned to the
five fundamental vibrational modes of anatase TiO, with the
symmetries of E,, Eg Bjg, (A1 + Big), E,, respectively.’” 38
Accordingly, the XRD pattern (Fig. 4) exhibits eight diffraction

This journal is © The Royal Society of Chemistry 2012
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peaks, which are the typical peaks of indeed anatase (JCPDS,
No. 21-1272). The results indicated a formation of TiO,
nanocrystals after calcination at 450 °C. Meanwhile, the
average crystallite size calculated by the Scherrer formula using
the (101) peak of anatase was 9.5 nm for the obtained TiO,
flakes. The small size of the crystal grains could be helpful to
the stabilization of anatase phase. The above-mentioned results
reveal that the frameworks of the macro-mesoporous TiO,
flakes were composed of anatase crystallite, which is consistent
with the investigation of the TEM images.

A101

A:Anatase

intensity (a.u.)

A004
A200

2 Theta (degrees)

Fig. 4 XRD pattern of the ordered macro-mesoporous TiO,
flakes.

140
0.10 4 |
& —~ 1204 oV o
° = 4
& [/
u 5 100 b4
0.08 ’ £ f /
- £ /
1 o 804
E | 2 /s
= n ] /
,-,E) 0.06 ° § 60 ://./o
g : ’.4-,/
g 4 E 40
S oo | 3 ./’,,.»*'
% ’. 204
. T T T T
0.02 00 02 04 06 08 1o
el Relative Pressure (p/p,)
[
§ o
0.00 - Soe—0—0—eo o o
v T v T - T v T v
0 10 20 30 40 50

Pore Diameter (nm)

Fig. 5 Nitrogen adsorption-desorption isotherms (inset) and
BJH pore-size distribution curves of the ordered macro-
mesoporous TiO, flakes.

To detect the physico-chemical adsorption properties and
pore parameters of TiO, flakes, the nitrogen adsorption-
desorption isotherm and corresponding pore size distribution
curve were investigated in detail. The isotherm of the TiO,
films (Fig. 5, inset) is of classical type IV with the type H2
hysteresis loops at a relative pressure (P/Pg) range of 0.45-0.90.
According to the ITUPAC classification, the present isotherm

This journal is © The Royal Society of Chemistry 2012

can be recognized as the characteristic curve of mesoporous
materials with narrow necks and wider bodies (ink-bottle pores).
This type of pores was related to the blockage of the
mesoporous channels by large TiO, nanocrystals as suggested
by the HRTEM image. A high degree of order on the
mesoporous length scale was demonstrated by the narrow pore
size (2-50 nm) distribution curve (Fig. 5). Based on the BJH
method, the estimated corresponding pore size is 4.79 nm. In
addition, the BET surface area and total pore volume of the
TiO, flakes are 125.91 m* g"' and 0.2105 cm® g”', respectively.
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Fig. 6 (a) The residual concentrations of RhB dye solution (C,
=1 x 10° M, pH 6.0) after the dark adsorption and UV
photodegradation by the TiO, flakes and P25. Error bars denote
standard deviations of three measurements. And (b) the
corresponding plots of In(C/Cy) versus the irradiation time,
showing the fitting results using the pseudo-first-order reaction.

To demonstrate the potential applicability of the ordered
macro-mesoporous TiO, flakes for the removal of dye
pollutants from wastewater, the photocatalytic activity of the
TiO, flakes was evaluated by a test reaction of measuring the
amount of RhB remaining in solutions in the dark and under
UV illumination at regular intervals. For comparison, a

J. Name., 2012, 00, 1-3 | 5
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commercially available titania photocatalyst P25 (codoped 70%
anatase and 30% rutile TiO,) was characterized under the same
conditions. The dark experiment for 30 min was carried out to
determine the photodegradation of RhB without the effect of
the adsorption of RhB (Fig. 6a). It was obvious that, most dye
molecules (ca. 98.9%) remained in the solution without any
photocatalyst after in the dark, whereas a large number of dye
molecules were adsorbed on the surface of photocatalysts (ca.
19.5% and ca. 14.9% for TiO, flakes and P25, respectively),
indicating that the macroporous structure is helpful for
improving the photocatalytic performance because of the
effective diffusion of dye molecules.*® Then self-degradation of
RhB proceeded up to ca. 17.2% after 120 min of UV-light
irradiation while degradation of ca. 73.2% and ca. 72.9% are

performed by the synthesized TiO, flakes and P25, respectively.

In Fig. 6b, straight lines are found for all materials, indicating
that the degradation of RhB is pseudo-first-order expression,
which may be expressed as follows: In(Cy/C) = kt,>* where C,
and C are the concentration and the reaction
concentration of RhB under UV light irradiation and k is the
apparent reaction rate (min'). Thus the photodegradation

initial

apparent reaction rate constant obtained from the slope of the
simulated straight line is 2.004 x 10 min"' for the obtained
TiO, flakes. Correspondingly, the apparent rate constant shares
the same sequence with the photocatalytic abilities: the
obtained TiO, flakes > P25 > self-degradation.

The ultraviolet photodegradation mechanism of RhB by
TiO, has attached much attention in the past years.*® *!
Building on these foundations, the higher photocatalytic
activity of the obtained ordered macro-mesoporous TiO, flakes
than that of P25 could be explained by the following two
aspects: 1) The

structures. The macroporous lamellar structure could provide

bimodally ordered macro-mesoporous
effective light propagation path to increase the efficiency of
photoabsorption and improve mass transfer of reactants and
products.***
large surface area can offer more active adsorption sites and

And the stable ordered mesostructures with a

photocatalytic reaction centers, which further improved the
photocatalytic activity.’! 2) The high crystallinity of anatase
phase. The pure anatase TiO, has a higher photocatalytic
activity than other phase TiO,,** *° and higher degree of
crystallization means that the number of defects decreases and
the recombination of photo-excited electrons and holes could be

reduced.*?

Conclusions

In summary, a highly ordered macro-mesoporous anatase TiO,
flakes were successfully prepared by using fresh natural rose
petals and triblock copolymer P123 as dual templates in a sol-
gel reaction. The fresh natural rose petals with the especial
array of micropapillae and the microgrooves were inexpensive,
nontoxicity, environment-friendly and widely distributed which
can be provided to new macroporous biotemplate and removed

6 | J. Name., 2012, 00, 1-3
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easily. The resulted macro-mesoporous TiO, flakes calcined at
450°C for 3 h exhibited slightly higher photocatalytic activity
in the photodegradation of RhB in aqueous suspensions than
that of the commercial nonporous photocatalyst P25. Thus, it
can be concluded that the high photocatalytic activity of the
TiO, films calcined at 450 °C was related to their highly
crystallinity of anatase phase, bimodally ordered macro-

mesoporous structures with larger surface area.
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