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Abstract

Three-dimensionally ordered macroporous titanium dioxide (3DOM TiO,) was synthesized through a colloidal crystal template method using
self-made poly-(methyl methacrylate) (PMMA) microspheres as a hard template. Nitrogen-doped 3DOM TiO, (N-3DOM TiO,) samples were
also prepared by an impregnation method. The samples were characterized by techniques such as SEM, EDX, XRD, TGA, and UV-visible
spectroscopy. The photocatalytic activities of these catalysts were tested by degradation of methyl orange (MO) under UV-visible light and
visible light respectively. The experimental results show that the 3DOM TiO, and N-3DOM TiO, exhibited improved optical absorption and

subsequently enhanced photodegradation efficiency of MO compared to TiO, particles.

© 2014 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

In recent years, three-dimensionally ordered macroporous
(3DOM) materials have been attracting considerable attention
due to their great potentials in a variety of areas including
catalysis [1], adsorption [2], gas sensing [3], supercapacitor
electrodes [4], and photonic crystals [5]. The unique 3DOM
structure can provide interconnectivity among the porous
network, which can increase diffusion rates of reactant
molecules and make the active sites more accessible [6].
Furthermore, 3DOM structures have also been recognized as
a photonic crystal which can enhance the light absorption of
material and improve its photoreaction efficiency due to the
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structure-induced generation of slow photons [7,8]. Consider-
ing the great application and commercial value of 3DOM
material, great efforts have been devoted to fabricate and
characterize 3DOM materials [9]. Up to date, a large number
of 3DOM materials have been prepared by a variety of
synthesis methods. The colloidal crystal template method is
considered as an effective yet simple strategy for the produc-
tion of 3DOM materials. In this method, a colloidal crystal
template is initially prepared by ordering monodisperse
spheres consisting of poly-(methyl methacrylate) (PMMA),
polystyrene (PS), or silica. The resulting colloidal crystal
template is then immersed into the fluid precursor. During
this process, the precursor molecules infiltrate into the interstices
between ordered spheres and then hydrolyze and precipitate,
forming an intermediate composite structure. The template
spheres are then removed by calcination or extraction, leaving
an inverse opal replica of the array of ordered spheres [5,6].
More recently, a variety of 3DOM metal oxides such as
TiO, [10], ZrO, [11], SiO, [12] and Al,O5; [13] were
synthesized based on the colloidal crystal template method.
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Among them, TiO,, a common photocatalyst which is widely
used in the area of solar energy conversion [14,15] and
environmental purification [16,17], was intensively studied
for its high photoactivity, good chemical stability, nontoxicity
and low cost [18]. Compared to traditional TiO, nanoparticles,
3DOM TiO, catalyst possesses not only better mass transfer
properties but also higher light absorption efficiency owing to
the structure induced multiple scattering and slow photons
generated near the edges of its photonic gap [7] resulting in
higher photocatalytic activity [8]. However, a major barrier to
the widespread use of 3DOM TiO, is its large electronic
energy gap (3.2 eV). Such gap practically limits its excitation
with the ultraviolet (UV) part of the solar irradiation. This is
challenging because UV light accounts for only 4% of the
incoming solar energy [19]. Therefore it is important to widen
the absorption spectrum of TiO, to develop more efficient solar
energy devices and develop higher-efficiency photocatalysts.
Progress has been made by doping TiO, with nonmetallic
elements including nitrogen [20,21], sulfur [22], carbon [23] and
fluorine [24,25]. Such strategy has resulted in a shift in the
optical absorption edge of TiO, toward lower energy, resulting
in increased photocatalytic activity by visible light.

In this work, we describe a facile method to synthesize
3DOM TiO, through the colloidal crystal template method
with self-made PMMA as a hard template. Then an impreg-
nation method with urea as the nitrogen source was introduced
to modify the as-prepared 3DOM TiO, to obtain N-3DOM
TiO,. Photocatalytic activity of the 3DOM TiO, and N-3DOM
TiO, was evaluated by the photodegradation of methyl orange
(MO) under UV-visible light and visible light respectively.
Both N-3DOM TiO, and 3DOM TiO, show significantly
higher photocatalytic efficiency compared to pure TiO, parti-
cles that were used as the benchmark.

2. Reagents and methods
2.1. Chemicals

Methyl methacrylate (C98%), urea (C99%) and tetrabutyl
titanate (C98%) were purchased from Sinopharm Chemical
Reagent Co. Ltd. Potassium persulfate (C99%) was bought
from Aijianxiancheng Reagent Co. Titanium isopropoxide
(C98%) was acquired from Acros Organics. Ethanol (C99.7%)
and hydrochloric acid (C36-38%) were purchased from Xilong
Chemical Co. Ltd.

2.2. Synthesis of 3DOM TiO, and N-3DOM TiO,

3DOM TiO, was synthesized by the colloidal crystal template
method. 3 g of titanium isopropoxide was dissolved in 6 g of
ethanol in a beaker. 3 g of PMMA, which was synthesized using a
previously developed method [13], was then immersed into the
solution. The beaker was placed in a hot water bath for 24 h at
40 °C. Finally, the white monolith was calcined in a muffle furnace
at 500 °C for 5 h with a heating rate of 1 °C/min. Meanwhile, TiO,

particles (NP TiO,), which were used as a benchmark to evaluate
3DOM TiO, and N-3DOM TiO, photocatalytic activity, were
prepared by sol-gel method: 20 ml tetrabutyl titanate was dis-
solved in 30 ml absolute ethanol to form solution A meanwhile
3 ml hydrochloric acid (C36-38%) was dissolved in 10 ml pure
water to form solution B. Then, solution B was added into solution
A dropwise under furious stir. After stirred for another hour, the
mixture was transferred and kept in a hot water bath at 30 °C for
24 h to get the light yellow gel, which was then dried at 80 °C for
24 h. After drying, the gel turned to yellow monoliths which were
then milled into powder in an agate mortar. Finally, the powder
was calcined in a muffle furnace at 450 °C for 5 h at a ramping
rate of 5 °C/min to get NP TiO,.

A simple impregnation method was adopted to synthesize N-
3DOM TiO, and nitrogen-doped NP TiO, (N-NP TiO,). 4 g
3DOM TiO, or 4 g NP TiO, as described above was soaked in
40 ml of a 4 M urea aqueous solution in a beaker. The beaker
was placed in a hot water bath for 4 h at 40 °C. Then the excess
urea solution was removed from the impregnated 3DOM TiO,
or NP TiO, by vacuum filtration. The resulting monoliths or
powder were calcined in a muffle furnace. To get N-3DOM
TiO,, the obtained monoliths (as-made N-3DOM TiO,) were
calcined at 500 °C for 5 h at a ramping rate of 1 °C/min. To get
N-NP TiO,, the obtained powder (as-made N-NP TiO,) was
calcined at 450 °C for 5 h at a ramping rate of 5 °C/min.

2.3. Characterization

Powder X-ray diffraction (XRD) was conducted using a
PANalytical X'Pert PRO diffractometer with CuKo radiation
and a Ni filter in the range 20=5-75°. Thermal gravimetric
(TG) analysis was performed in an air flow of 100 ml/min at a
ramping rate of 1 °C /min on a Linseis STA PT1600 instrument.
Scanning electron microscopy (SEM) images were acquired
with a HITACHI S-4800 operating at 3.0-5.0 kV. Energy dis-
persive X-ray spectrum (EDX) was obtained with an S-4800
high resolution analytical field emission SEM operating at
20.0 kV. The UV-visible absorption spectrum of the TiO, sam-
ples was observed with an Analytikjena SPECORD 205
operating at a scanning range of 200 to 1100 nm.

2.4. Photocatalytic testing

The photocatalytic performance of 3DOM TiO, and N-3DOM
TiO, was evaluated through degradation of MO using a 300 W
Xe arc lamp (PLS-SXE300/300UV) with emission wavelength
range from 110 nm to 1000 nm. For visible light measurements, a
400 nm cut-off glass filter was mounted before the output of light
source to remove UV light and admit only visible light to enter
into the reactor. For these MO degradation tests, 0.06 g of the
three TiO, based samples were each dispersed in 30 ml aqueous
MO solutions containing 4 mg MO/L. The dispersions were kept
in the dark for 0.5 h with magnetic stir to achieve equilibrium.
An aliquot of 3.0 ml was collected every 10 min after initiation of
the degradation tests. All aliquots were centrifuged at 10,000
rpm for 3 min to fully separate the catalyst from the solution.
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The concentration of the residual MO was analyzed by UV-
visible absorption at 463 nm.

3. Results and discussion
3.1. Catalyst characterization

Fig. 1A shows the SEM image of the resulting PMMA
colloidal crystal template. The closely packed PMMA micro-
spheres exhibited uniformity in diameter of 240 nm and
periodicity. In addition, a color change can be clearly observed
when changing the viewing angle of the sample; this can be
explained by the Bragg diffraction of the PMMA colloidal
crystal template indicating the good uniformity and periodicity

2mm x70.0k SE(M)

of the template. Fig. 1B and C shows SEM images of the
calcined 3DOM TiO,. A highly ordered macroporous structure
is observed, while the dark areas of the structure indicate the
air spheres and the lighter areas indicate the pore walls. The air
spheres are well-ordered and connected by the holes on the
pore wall, creating a three-dimensionally ordered macroporous
structure. In addition, a multi-layer porous structure can be
clearly seen in Fig. 1C, which is further proof of the existence
of 3DOM structure. The pore diameter of the macropores is
160 nm, exhibiting a 33% contraction compared to the
diameter of the PMMA microspheres. This is explained by
the shrinking of the PMMA microspheres during the calcina-
tion process. In addition, similar shrinking was observed
during the synthesis of 3DOM Al,O3, SiO, and ZrO, using
the similar synthesis strategy [27,28], and the percent shrink-
age of these 3DOM oxides was 26-34%, which is consistent

Fig. 1. SEM images of (A) PMMA colloidal crystal template; (B, C) 3DOM TiO,; (D) N-3DOM TiO,; (E) NP TiO, and (F) N-NP TiO,.
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with the 33% contraction of the 3DOM TiO,. Despite
shrinkage and a few local collapses (non-uniform white images
shown in Fig. 1B and C), the well-structured 3DOM frame-
work was retained after calcination, indicating good thermal
stability of the samples. Fig. 1D shows the morphology of
N-3DOM TiO,. Select breakage in the macroporous walls
appears after the urea treatment. However, widespread skeletal
3DOM framework was maintained. Fig. 1E and F shows the
SEM images of NP TiO, and N-NP TiO, respectively.
Comparing Fig. 1F with E, we can see that the nitrogen-
doping process does not change the morphology of NP TiO,.

Fig. 2 shows the TG and DTG curves of the as-made 3DOM
TiO, before calcination. A small weight loss (9 wt%) can be
observed below 228 °C, which could be related to the removal
of adsorbed ethanol and water. In the temperature range of
228-400 °C, a significant weight loss (67 wt%) can be clearly
seen, which could be attributed to the removal of PMMA
templates. When temperature is higher than 400 °C, no weight
loss was observed, indicating that the PMMA template was
completely removed.

Fig. 3 shows the EDX results for N-3DOM TiO,. It
confirms the presence of N in the N-3DOM TiO, sample with
a 16.31% N atomic content. In addition to the existence of Ti,
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Fig. 2. Thermogravimetric (TG)/derivative thermogravimetric (DTG) curves
of the as-made 3DOM TiO, sample before calcination.
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Fig. 3. EDX analysis of N-3DOM TiO,.

O and N, a small amount of C (atomic percent of 4.05%) was
also detected. As discussed above, after calcination at 500 °C
for 5 h, the PMMA template has been completely removed, so
the small amount of C could be attributed to carbonization of
the conducting resin under high voltage in the SEM test.

Fig. 4 shows the XRD patterns of the four TiO, samples.
Very narrow and sharp main peaks of as-obtained samples can
be observed in all patterns, indicating that all TiO, samples
have higher crystalline structure. The XRD patterns of all TiO,
samples show peaks at 25.3°, 37.8°, 48.0°, 55.1°, and 62.7°,
which corresponds well to the main characteristic diffraction
peaks of anatase (101), (004), (200), (211), and (204) crystal
planes (JCPDS Card no. 01-071-1166), indicating the forma-
tion of anatase phase for all samples. The calcination process
not only removed the hard template, but also made the
formation of anatase phase. No additional peaks such as
N-O and Ti-N appeared in the pattern of N-3DOM TiO,
and N-NP TiO,, which is in accordance with other nitrogen
doped TiO, reported previously [26,29].
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Fig. 4. X-ray diffraction patterns of (A) 3DOM TiO,; (B) N-3DOM TiO,; (C)
N-NP TiO, and (D) NP TiO,.
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Fig. 5. UV-visible absorption spectra of (A) N-3DOM TiO,; (B) N-NP TiO,
(C) 3DOM TiO, and (D) NP TiO».
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Fig. 5 shows the UV-visible absorption spectrum of 3DOM
TiO, and N-3DOM TiO,, including the data for NP TiO, and N-
NP TiO, sample, used here as references. As shown in Fig. 5, the
order of UV-visible absorption capability for the
as-prepared samples is N-3DOM TiO, > N-NP TiO, > 3DOM
TiO, > NP TiO,, and the N-3DOM TiO, sample exhibited the
largest optical absorption properties, especially in the visible light
region (400-550 nm). Both nitrogen-doped samples (N-NP TiO,
and N-3DOM TiO,) exhibited a higher optical absorption
capability than the undoped TiO, samples (NP TiO, and 3DOM
TiO,). Based on the above discussion, we conclude that N doping
with urea is an effective method to enhance the visible light
absorption property of TiO,. This enhancement could be attributed
to the incorporation of N atom into the lattice of TiO,, which can
induce the band gap narrowing and cause the red-shift absorption
threshold of TiO,. In addition, both TiO, samples with 3DOM
structure (3DOM TiO, and N-3DOM TiQ,) exhibited better UV—
visible absorption performance than their corresponding TiO,
particle samples (NP TiO, and N-NP TiO,). This phenomenon
could be ascribed to the slow photons generated by the 3DOM
structure [7,8]. Slow photons generated in photonic structures such
as 3DOM structure could increase the path length of the light, as
the group velocity of light at the edge of these wavelengths
decreases remarkably. And it has been reported that increasing the
path length of light can enhance the light absorption of a material
and improve its photoreaction efficiency [30].

3.2. Photocatalytic testing

The photocatalytic performance of 3DOM TiO,, N-3DOM
TiO,, NP TiO, and N-NP TiO, was investigated by degradation
of MO under UV-visible light and visible light respectively. As
shown in Fig. 6, under UV-visible light, N-3DOM TiO, exhibits
the highest photocatalytic activity, and the order of photocatalytic
efficiency for the as-prepared samples is N-3DOM TiO, > N-NP
TiO, > 3DOM TiO, > NP TiO,, which corresponds well with
the samples” UV-visible absorption properties mentioned above.
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Fig. 6. Photocatalytic degradation of methyl orange (MO) over N-3DOM
TiO,, 3DOM TiO,, N-NP TiO, and NP TiO, under UV-visible light.

1.0 . '\.—.\.
0.9 1
0.8 1
0.7 1
54
Q6
© —=— NP-TIO,
051 |—v—3DOM TiO,
044 |—*—N-NP TiO,
—e— N-3DOM TiO,
0.3 1
0.2 1
T T T T T T
0 10 20 30 40 50 60

irradiation time (min)

Fig. 7. Photocatalytic degradation of methyl orange (MO) over N-3DOM
TiO,, 3DOM TiO,, N-NP TiO, and NP TiO, under visible light.

These results illustrate that 3DOM structure and N doping of the
3DOM structure favorably improves the photocatalytic activity of
TiO,.

Fig. 7 shows the photocatalytic decomposition of MO
solution over the four TiO, samples under visible light. Also
N-3DOM TiO, exhibits the highest photocatalytic activity, and
the order of photocatalytic efficiency for the TiO, samples is
N-3DOM TiO, > N-NP TiO, >3DOM TiO, > NP TiO,,
which is in accordance with the sample's photodegradation
efficiency under UV—visible light and the samples’ visible light
absorption properties (400-550 nm). This result confirms that
N-3DOM TiO, can be activated not only by UV light but also
by visible light.

It is well accepted that photocatalytic degradation of organic
pollutants such as MO in an aqueous suspension follows
Langmuir-Hinshelwood model [17,29]:

—dC/dt = K,K.C/(1+K,C) (1)

where (—dC/dt) is the degradation rate of MO, C is the MO
concentration in the solution, 7 is reaction time, K, is a reaction
rate constant, and K, is the adsorption coefficient of the
reactant. When the value of C is very small, K,,C is negligible.
As a consequence, Eq. (1) can be described with first-order
kinetics. Setting Eq. (1) under the initial conditions of the
photocatalytic degradation process, that is, =0 and C=C, it
can be described as follows:

ln(CO/C) = Kappt (2)

In Eq. (2), K,p, is the apparent rate constant. With this
constant, we are able to evaluate the samples’ photocatalytic
activity without considering the previous adsorption period in
the dark and the concentration of MO remaining in the
solution. As a result, it was chosen as the basic parameter
to evaluate the kinetics of different photocatalytic reactions.
The dependences of the experimental and modeled values of
In (Cy/C) on irradiation time under UV-visible light and
visible light are given in Figs. 8 and 9 respectively. K,,, are
the slopes of the lines. From these figures we conclude that
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Fig. 8. Comparison of first-order degradation rates of MO for N-3DOM TiO,,
3DOM TiO,, N-NP TiO, and NP TiO, under UV-visible light.
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Fig. 9. Comparison of first-order degradation rates of MO for N-3DOM TiO,,
3DOM TiO,, N-NP TiO, and NP TiO, under visible light.

both N-3DOM TiO, and 3DOM TiO,, which possess 3DOM
structure, exhibit stronger photocatalytic activity for degrada-
tion of MO under UV-visible light and visible light irradiation
than that of NP TiO,. Especially N-3DOM TiO, which
performed 2.75 times and 19.1 times better than NP TiO,
under UV-visible light and visible light respectively, based on
their respective K,,, values.

The better photocatalytic activity of N-3DOM TiO, and
3DOM TiO, compared to NP TiO; is attributed to the following
factors. The 3DOM structure promotes reactant diffusion [17]
access to the surface active sites. The 3DOM structure also
generates slow photons which can increase the path length of
light, thus enhancing its light absorption and improving its
photoreaction efficiency [7,8]. Furthermore, the band gap
narrowing of 3DOM TiO, by N doping leads to the enhance-
ment of visible light absorption efficiency, as confirmed by the
samples’ UV-visible absorption spectra. Thus, N-doped TiO,
with 3DOM structure can be activated not only by UV light but
also by visible light. More electrons and holes can be generated
by the modified TiO, to more effectively participate in the

photocatalytic redox reactions. As a result, TiO,'s photocatalytic
activity was significantly improved with N doping and 3DOM
structure.

4. Conclusion

We have synthesized three-dimensionally ordered macropor-
ous titanium dioxide (3DOM TiO,) with the colloidal crystal
template method using poly-(methyl methacrylate) (PMMA) as
a hard template. N doped 3DOM TiO, (N-3DOM TiO,) was
also prepared by a facile impregnation method. Both 3DOM
TiO, and N-3DOM TiO, demonstrate enhanced photodegrada-
tion efficiency under UV-visible light and visible light, which is
attributed to the impact of N doping and the 3DOM structure.
Our work suggests that the coupling of 3DOM structure with
nitrogen doping can significantly improve the photocatalytic
activity of TiO, materials, which could have great application
potentials in the fields of environmental protection, solar cell
devices, and so on.
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