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ABSTRACT: Mixed-phase hierarchically porous titania net-
works (PTNs) with 3D interconnected porous frameworks and
tunable rutile contents have been synthesized via a facile sol—
gel templating and calcination process. The products were
characterized using scanning electron microscopy, powder X-
ray diffraction, and nitrogen gas sorption analysis, and their
photocatalytic activities were evaluated by measuring the
photocatalytic degradation of methylene blue, a typical eftluent

from the textile industry, under UV light illumination. The hierarchically macro-/mesoporous titania structure formed after
templating followed by calcination in air. The reduced interfaces between titania nanocrystals in these PTN materials can
significantly decrease interface nucleation of the rutile phase and effectively retard the anatase to rutile phase transformation,
therefore giving rise to porous titania photocatalysts featuring tunable rutile ratios (from 0 to 100 wt %), reduced crystal sizes,
hierarchically porous structure, and relatively high specific surface areas (up to 71.0 m* g'). The photocatalytic performance of
the materials was correlated to the anatase:rutile ratio and specific surface area of the materials, with the mixed-phase (rutile
content of 15.4%) nanocrystalline titania calcined at 600 °C for 6 h showing the highest photocatalytic activity. This study
demonstrates that a substantial improvement in photocatalytic activity of the titania can be achieved by controlling morphology
and carefully tuning phase composition via a feasible solid-state phase transformation at a relatively low temperature (600 °C).
This concept for the rational design and development of high-performance photocatalysts using an industrially simple process

would be capable of mass production.
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B INTRODUCTION

As an important industrial product, titania (TiO,) has been
widely used as an inorganic pigment, a photocatalyst, in
sunscreen, sensors, energy storage and conversion devices, and
electrochromics.'~*® Because of its unique properties including
superior photocatalytic activity, excellent photo- and chemical
stability, nontoxicity, and relatively low cost for production,
titania has been extensively studied for diverse photocatalytic
applications ranging from water splitting to environmental
remediation in the past several decades.’”*'*7'7297*% To
enhance photocatalytic efficiency for practical applications,
various innovative strategies, such as doping titania with diverse
metal/nonmetal elements,>*"***° forming anatase—rutile
mixed-phase composites,”*>'~* creating noble metal—titania
heterojunctions or coupling with narrow-band semiconductor
nanoparticles (e.g, CdS/TiO,),*' ™ and attaching titania
nanocrystals to graphene nanosheets,”’ ~** have been applied
to optimize the performance of this photocatalyst. These
modifications could effectively broaden the light absorbance of
the photocatalysts,”"*****”* promote spatial separation of
photogenerated electrons and holes and therefore prevent their
recombination,>> *****¢ facilitate electron conduction within
the photocatalyst,‘w’49 and thus enhance the performance of the
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titania photocatalyst. Among diverse strategies, forming
anatase—rutile mixed-phase composites is an easy, low-cost,
and scalable process, and is generally recognized as a highly
practical approach for fabricating efficient titania photocatalysts
for environmental remediation applications. For example, the
commercially available benchmark photocatalyst, Evonik
(Degussa) P25 nanoparticles,®™ is a mixed-phase titania
with a typical anatase:rutile ratio of 80:20. Ample evidence has
clearly revealed that such mixed-phase photocatalysts can
significantly promote spatial separation of photogenerated
electrons and holes, therefore enhancing the photocatalytic
performance,>¥337394254

Thermodynamically, rutile is the most stable phase among
diverse polymorphs of titania, and anatase can be readily
transformed into rutile via a solid-state phase transformation
(usually by calcination at above 550 °C in air)."'**> From the
viewpoint of large-scale industrial production of mixed-phase
titania photocatalysts, solid-state phase transformation is
generally viewed as a promising process."”'®*> However, some
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obstacles still remain: (1) exaggerated grain growth of rutile
crystals usually occurs with the anatase to rutile phase
transformation due to the increased mobility of atoms and
the heat released during the phase transformation;*>***¢ and
(2) unavoidable titania agglomerations form when sintered at
elevated temperature,®>>> and this gives rise to photocatalysts
with significantly reduced specific surface area and porosity,
therefore resulting in limited effectiveness in practical
applications.

The phase transformation process from anatase to rutile has
been extensively studied for both scientific and technological
interest because crystal phase is an important factor in
determining properties of titania. In general, this solid-state
phase transformation proceeds via a nucleation and growth
process, and three nucleation modes, interface-, surface-, and
bulk-nucleation,”>*” ™% have been proposed to illustrate the
anatase to rutile phase transformation. The predominant
nucleation mode in a typical solid-state reaction highly depends
on the calcination temperature, packing characteristic, and
other physical properties of the precursors.”>****°"%* Interface-
nucleation usually triggers and governs the phase trans-
formation at a relatively low temperature (e.g, <620 °C); in
contrast, a very high calcination temperature (e.g., >1000 °C)
would induce the bulk-nucleation process by initializing a
strong thermal fluctuation of the Ti and O atoms in anatase,
and the phase transformation is usually accomplished in a short
period (several minutes). For the phase transformation
conducted at an intermediate temperature, it usually proceeds
predominantly via a surface-nucleation process. Of these three
nucleation modes, the interface-nucleation process can occur
and proceed at a relatively low calcination temperature,®’ which
could help to inhibit a fast growth of rutile nanocrystals. As a
result, a relatively high specific surface area can be retained in
the final products, which would generally enhance the
effectiveness of the photocatalyst by increasing active sites
available for reaction.

Besides calcination temperature, the interfaces between
titania nanocrystals have been demonstrated to be another
important factor in affecting the kinetics of the anatase to rutile
phase transformation.”®****%* As reported by Banfield et al.
and other researchers,58’59’63’66 the anatase twin boundaries
constructed from two slabs of octahedral zigzag chains have
structural similarity to those of the rutile phase.*”*® Such
anatase twin interfaces can act as nuclei for the rutile phase,
thus initializing the phase transformation due to their relatively
low activation barriers for nucleation, in comparison to either
surface- or bulk-nucleation involving an energy-intensive high
temperature process.””>” Therefore, a reduction in anatase—
anatase interface can slow the phase transformation, especially
when this transformation is governed by the interface
nucleation mode, which can proceed at a relatively low
calcination temperature. This gives another variable to control
the kinetics of phase transformation and to tailor the properties
of the products.

Herein, a hierarchically porous titania network (PTN)
composed of nanoparticles was prepared via a facile sol—gel
templating process and employed as the precursor for
fabricating mixed-phase titania photocatalysts featuring hier-
archically porous structure, tunable rutile ratio, and relatively
high specific surface area. As compared to conventional titania
aggregates (illustrated in Scheme 1la), such PTN materials
possess substantially reduced nanocrystal interfaces (Scheme
1b). This can significantly decrease interface nucleation of the

Scheme 1. An Illustration of the Anatase to Rutile Phase
Transformation in (a) Titania Aggregates with Abundant
Interfaces (Highlighted as Red Lines) between Nanocrystals,
and in (b) Porous Titania Networks with Much Reduced
Interfaces”

a) Aggregates with abundant interfaces

—_—

“A reduction in interface between nanocrystals can significantly
decrease interface nucleation of the rutile phase and effectively retard
the phase transformation at a relatively low temperature (e.g., 600 °C),
therefore giving rise to porous titania networks featuring tunable rutile
content, reduced crystal sizes, hierarchically porous structure, and
relatively high specific surface areas.

rutile phase and effectively retard the phase transformation at a
relatively low temperature (600 °C), therefore giving rise to
porous titania photocatalysts with optimized rutile ratios and
relatively high specific surface areas simply by varying
calcination duration. Photocatalytic activities of the PTN with
different percentages of rutile phase and specific surface areas
were tested by monitoring the photodegradation of methylene
blue under UV light illumination. A comparative study of
photocatalytic activities of the control samples prepared in the
absence of templates (macropores) was also conducted to
clarify the underlying mechanism of the enhanced photo-
catalytic performance of the PTN materials.

B EXPERIMENTAL SECTION

Chemicals. All chemical reagents were commercial products and
were used without further purification. The porous agarose gel
template was prepared using an agarose powder (molecular biology
grade) from Scientifix. The metal alkoxide precursor, titanium(IV)
isopropoxide (TIP; 97%), was purchased from Sigma-Aldrich. The
isopropanol (99.5%) and ethanol (99.5%) solvents were purchased
from Chem-Supply. The methylene blue (MB) used to illustrate
photodegradation performance was from BDH Chemical Ltd. The
Milli-Q water used in the experiment was collected on a Millipore
Academic A10 purification system and had a resistivity no less than
182 MQ cm.

Preparation of Agarose Gel Template. A procedure as
previously detailed was employed for the preparation of a porous 1
wt % agarose gel template.’” In brief, agarose powder (2 g) was added
slowly to 198 mL of water within a beaker under stirring at room
temperature. The resulting suspension was heated until a clear solution
was obtained. This clear solution was then immediately poured into
Pyrex test tubes and sealed with Parafilm. The test tubes were left at
room temperature overnight to allow for complete gelation.

Preparation of Hierarchically Porous Titania Networks. The
agarose gels were cut into small pieces (~3 X 5 X S mm®) and
underwent a solvent exchange from water to ethanol in three steps
(water-to-ethanol volume ratio of 2:1, 1:2, then 0:1, soaking for 6 h in
each solution), and similarly from ethanol to isopropanol. Sub-
sequently, the gel pieces were soaked in 70 wt % TIP in isopropanol
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solution for 18 h, before being transferred into water/isopropanol (1:1
v/v) mixed solvent for hydrolysis and condensation reactions. After 18
h, the samples were removed from solution and dried at room
temperature in the fume hood for 3 days. These air-dried samples were
calcined at various temperatures (500, 550, 600, 650, 700, 800, or 900
°C) for 2 h under flowing air with a ramp rate of 1.6 °C min™". To
investigate the effect of prolonged calcination time, the samples were
calcined at 600 °C for different durations (2, 6, 10, or 24 h). The
resulting hierarchically PTN samples were labeled as PTN-xC-yh,
where x indicates calcination temperature (°C) and y is the duration
(h). For instance, PTN-600C-2h refers to the resultant porous titania
calcined at 600 °C for 2 h in air. The same sol—gel synthesis (18.1 mL
of 70 wt % TIP added to a mixture of 125 mL of water and 125 mL of
isopropanol) and calcination procedure was employed to prepare the
control samples in the absence of agarose gel templates. In this case,
the control samples were denoted as Control-xC-yh.

Characterization. The morphology and average grain size of the
samples were observed using a field emission environmental scanning
electron microscope (FEI Quanta 200F). The samples were observed
without metal sputter coating. Powder X-ray diffraction (XRD, Philips
PW1800 diffractometer with Cu Ka radiation) was used to determine
the crystalline phase and to estimate the rutile phase content and
crystal size of the resulting titania materials. The diffractometer was set
at 40 kV accelerating voltage and 20 mA applied current, and the
samples were scanned from 10° to 80° at a rate of 0.02° s™'. The
obtained patterns were then utilized to determine weight percentage of
the rutile phase titania, using the following equation:®

Wy (%) = 100Ag/(0.886A, + Ap + 2.721A)

where A,, Ay, and Ag represent the integrated intensities of the anatase
(101), rutile (110), and brookite (121) peaks, respectively. Nitrogen
gas sorption isotherms were measured at —196 °C by the volumetric
method on a Micromeritics Tristar 3000 surface area and porosity
analyzer. Prior to the measurement, samples were evacuated at 150 °C
for 18 h on a vacuum line (less than 30 mTorr). The standard
multipoint Brunauer—Emmett—Teller (BET) method was utilized to
calculate the specific surface area using the adsorption data in the P/P,
range from 0.05 to 0.20. The pore size distributions of the materials
were derived from the adsorption branches of the isotherms on the
basis of the Barett—Joyner—Halenda (BJH) model.

Photocatalytic Activity. Photocatalytic activities of the PTN (40
mg) and the control samples (40 mg) were studied by monitoring the
degradation of MB (80 mL, 55.5 mg L™) in an aqueous solution
under UV irradiation with continuous magnetic stirring. Before
irradiation, the suspension was equilibrated in a jacketed beaker by
stirring in the dark for 1 h to equilibrate the adsorption of MB dye
onto the surface of titania. The jacketed beaker was kept at 20 + 0.5
°C with chilled water running through a thermostatic circulated bath.
The MB solution was continuously bubbled with air (industrial grade,
BOC) during stabilization and degradation. A 500 W Hg (Xe) globe
(Oriel) with a dichroic mirror (66226, Oriel, 280 < A < 400 nm) was
used to deliver light vertically through a quartz reactor lid. Following
UV-radiation exposure, the degradation of the MB dye was monitored
by taking 1.5 mL aliquots at regular irradiation intervals (0, 15, 30, 45,
and 60 min). These aliquots were centrifuged at 15000 rpm for 10
min to separate the catalyst from the mixture. The supernatants were
collected and analyzed by recording the characteristic absorption peak
of MB (664 nm) using a UV—vis spectrophotometer (Varian Cary SO
Bio).

B RESULTS AND DISCUSSION

Morphological Evolution of the PTN and Control
Samples. Both the temperature during calcination treatment
and the nanoparticle packing characteristics in the precursor
materials play crucial roles in influencing the morphologies of
the final titania materials. Figure 1 shows SEM images of both
PTN and control samples obtained by calcining the titania/
agarose composite and titania at temperatures ranging from 500
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Figure 1. SEM images of the porous titania networks (a, b, ¢, e, and g)
and control samples (d, f, and h) sintered at (a, b) 500 °C, (¢, d) 600
°C, (e, f) 700 °C, and (g, h) 800 °C for 2 h in air. Note: All of these

images were obtained without metal sputter coating of the samples.

to 800 °C. PTN materials calcined at 500 °C (Figure lab and
Figure Sla in the Supporting Information) consist of titania
nanocrystals <10 nm in diameter and show a hierarchically
porous framework containing interconnected macropores
ranging from 80 to 200 nm in diameter. After calcination at
600 °C (Figure lc and Supporting Information Figure S1b),
the macroporous structure was retained in the PTN material,
and slightly enlarged titania crystals were observed. In contrast,
the control sample (Figure 1d) fabricated in the absence of
agarose gel templates formed a compact aggregate consisting of
~35 nm titania nanocrystals. Increasing the calcination
temperature to 700 °C (Figure le and Supporting Information
Figure Slc) or 800 °C (Figure 1g and Supporting Information
Figure S1d) resulted in the PTN material becoming more
“compact”, mainly due to shrinkage of the inorganic framework
along with the coarsening of the titania crystals (diameters up
to 170 nm after being heated at 800 °C). As clearly illustrated
in Figure 1f and h, at such high temperatures (>700 °C) the
control samples show densely sintered and relatively large
titania crystals (~170 nm at 700 °C and ~260 nm at 800 °C).
The crystal size of the control samples is much larger than that
in the PTN materials synthesized in the presence of agarose gel
templates when calcined at 700 °C or above. Increasing the
calcination temperature to 900 °C gave uniform PTN materials
(Supporting Information Figure S2ab) featuring 3D inter-
connected frameworks and faceted rutile crystals (Supporting
Information Figure S3) ranging from 120 to 450 nm in size
(Supporting Information Figure S2c,d), showing a significant
growth in crystal size.
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As both the PTN and the control samples were prepared via
an identical sol—gel reaction and calcination process, the above
results clearly reveal that the reduced interfaces between titania
nanocrystals can effectively retard crystal growth in the PTN
materials.

The effect of the calcination time on the evolution of such
PTN nanostructures was also investigated. Figure 2 shows SEM
images of the PTN samples sintered at 600 °C for 2—24 h in
air, and no obvious differences in the inorganic frameworks
were observed for these PTN samples.

Figure 2. SEM images of the porous titania networks sintered at 600
°C for (a) 2 h, (b) 6 h, (c) 10 h, and (d) 24 h in air. Note: All of these

images were obtained without metal sputter coating of the samples.

Crystal Phase Transformation and Rutile Content. The
changes in crystal phase and crystallite size within the PTN and
control samples were studied by powder X-ray diffraction
(XRD), and the corresponding patterns of the samples calcined
at different temperatures are presented in Figure 3. Rutile
contents (weight percentages) in each sample were calculated

a)
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600°C
A
A
500C | B 4 NA A
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20 (Degrees)
b) R R
R
R R R
R
800°C TI I iRl{ R
700°C ‘jl . ’A
%LJL_LA_A_&UA_J“M_
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Figure 3. XRD patterns of (a) the porous titania networks and (b)
control samples sintered at diverse temperatures (as noted on the
individual patterns) for 2 h in air. A = anatase, B = brookite, and R =
rutile titania.

according to a previously reported method,’> and the
corresponding results are listed in Table 1. There was no
rutile diffraction peak observed in either the PTN sample or the
control sample calcined at 500 °C (Figure 3ab). After
calcination at 550 °C for 2 h, a small peak at 26 = 27.4°
(Supporting Information Figure SS), corresponding to the
(110) plane of the rutile phase titania, appeared in both the
PTN and the control samples, indicating the occurrence of
phase transformation from anatase to rutile at this temperature.
This result is in good agreement with those reported
previously.>>** After calcination at 550 °C for 2 h, the rutile
content of the PTN-550C-2h and Control-550C-2h sample was
5.8% and 9.3%, respectively. When the calcination temperature
increased to 600 °C, the amount of rutile increased slightly to
11.7%; see the PTN-600C-2h sample. This is substantially
different to the Control-600C-2h sample, where the intensity of
the anatase diffraction peaks decreased significantly and the
intensity of the rutile diffraction peaks increased sharply (as
compared to the Control-550C-2h) and that was 80.0% rutile
phase. Additionally, the crystallite size of the anatase in this
control sample increased drastically to 35 nm because the heat
of phase transformation from anatase to rutile accelerated grain
growth.*>*® In comparison with this control sample, only a
slight increase in crystallite size was observed when calcining
the PTN at 600 °C (Figure lc and Supporting Information
Figure S1b, PTN-600C-2h). With a further increase in the
calcination temperature, the control sample was fully converted
to the rutile phase at 800 °C, while the PTN material retained
12.6% anatase at 800 °C. As summarized in Figure 4, the
anatase-to-rutile phase transformation was significantly retarded
in the PTN materials, especially when the calcination
temperature is below 650 °C, at which an interface nucleation
mechanism dominates the anatase to rutile phase trans-
formation.®!

Rutile contents in the PTN materials were tunable by
changing calcination time as well. The PTN materials calcined
at 600 °C for 2, 6, 10, and 24 h were investigated and
characterized using XRD. The corresponding XRD patterns are
shown as Supporting Information Figure S6, and physical
properties are given in Table 1. The rutile percentage increased
from 11.7 to 284 wt % when the calcination time was
prolonged from 2 to 24 h (Table 1). Even with this prolonged
calcination of 24 h, the rutile content was significantly less
(28.4% for PTN-600C-24h) than that of the Control-600C-2h
(80.0%) sample calcined for 2 h at the same temperature. On
the basis of the above results, it is clear that the presence of the
agarose gel template during sol—gel synthesis gave rise to a
hierarchically porous structure that effectively reduces the
interfaces between titania nanocrystals, and therefore prevented
phase transformation by inhibiting nucleation of the rutile
phase. Thus, controlling calcination temperature or duration at
a relatively low temperature (e.g,, 600 °C) renders a facile and
feasible method to tune anatase to rutile ratios and adjust
titania crystal sizes in the PTN materials.

Specific Surface Area and Porosity of the PTN and
Control Samples. To explore the correlation between porous
structure and phase transformation, and the effects of pores on
photocatalytic performance, specific surface areas and pore size
distributions of the PTN and control samples calcined at
varying temperatures and times were characterized using
nitrogen gas sorption. Specific surface areas of the PTN and
control samples as a function of calcination temperature from
500 to 900 °C are given in Figure S. For the control sample

dx.doi.org/10.1021/am502990r | ACS Appl. Mater. Interfaces 2014, 6, 13129—13137
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Table 1. Physical Properties of the Porous Titania Networks (PTN) and Control Samples

sample crystal phase® Wy (wt %)®  surface area (m> g e
PTN-500C-2h A+B 0.0 71.0 + 1.0
PTN-550C-2h A+B+R 5.8 522 + 0.5
PTN-600C-2h A+ R 11.7 36.6 + 0.4
PTN-650C-2h A+ R 24.0 244 + 0.3
PTN-700C-2h A+R 54.5 17.0 £ 0.3
PTN-800C-2h A+R 87.4 10.7 + 0.2
PTN-900C-2h R 100 5.0+ 02
PTN-600C-2h A+ R 11.7 36.6 + 0.4
PTN-600C-6h A+ R 154 322 + 04
PTN-600C-10h A+ R 17.3 282 + 0.3
PTN-600C-24h A+ R 284 219 + 0.3
Control-500C-2h A+B 0.0 92.5 £ 09
Control-550C-2h A+B+R 9.3 343 + 04
Control-600C-2h A+ R 80.0 49 +02
Control-700C-2h A+R 91.8 32+ 0.1
Control-800C-2h R 100 24 +0.1

relative surface area (%)?  pore diameter (nm)®  pore volume (cm® g™')f

100 14.9, 90 0.248
73.5 14.7, 98 0211
515 16.0, 92 0.125
344 16.0, 96 0.115
23.9 102 0.112
15.1 105 0.042

7.0 158 0.034
518 16.0, 92 0.125
454 16.8, 80 0.122
39.7 17.0, 78 0.117
30.8 75 0.090

100 6.0 0237

37.1 8.5 0.133
0.05 0.069
0.03 0.064
0.03 0.044

“Crystal phase of the samples determined using XRD technique, A = anatase, R = rutile, and B = brookite titania. bWeight percentage of the rutile
titania calculated using the integrated intensities of anatase (101), rutile (110), and brookite (121) peaks according to a previously reported
method.%? “Specific surface area calculated from nitrogen gas adsorption data in the P/P; range from 0.05 to 0.20. “Relative specific surface area,
normalized to PTN-500C-2h for PTN samples and to Control-S00C-2h for control samples, respectively. “Pore diameter determined by the BJH
model using the nitrogen adsorption branch data. JCumulative volume of pores between 1.70 and 300 nm calculated from the nitrogen adsorption
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calcined at 500 °C for 2 h, the specific surface area (92.5 m*
g~') was higher than that of the PTN material prepared under
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the same calcination condition, PTN-500C-2h (71.0 m* g™%).
However, the specific surface area of the control samples
dropped dramatically to 4.9 m* g~' (Table 1) by increasing the
calcination temperature to 600 °C. In contrast, the specific
surface area of the PTN samples decreased gradually to 36.6
ng_l at 600 °C, and then to 10.7 m? g_1 after calcination at
800 °C for 2 h, indicating the higher thermal stability of the
PTN materials. The specific surface areas of the PTN materials
calcined at 600 °C for various times were also investigated and
dropped gradually from 36.6 to 21.9 m* g~' with a calcination
time from 2 to 24 h (Supporting Information Figure S7). As
demonstrated in the SEM images (Figures 1 and 2) and XRD
patterns (Figure 3), hierarchically porous frameworks and
relatively small crystal sizes can be effectively retained in the
PTN materials while increasing calcination temperature and
duration; thus a relatively high specific surface area can be
obtained in the PTN materials (Table 1).

Nitrogen gas sorption isotherms of the PTN materials
calcined at various temperatures are shown in Figure 6a. Except
for the PTN-800C-2h sample, all of the isotherms showed two
hysteresis loops at relative pressures (P/P,) ranging from 0.65
to 0.96, indicating a bimodal pore size distribution (presence of
both mesopores and macropores).”® The macropores were a
result of the templating process, where the coated agarose
fibers, separated by hundreds of nanometers, left large voids in
the final structure. These macropores in the PTN materials
were preserved even when the calcination temperature was as
high as 900 °C (Supporting Information Figure S2). The
mesopores in the PTN materials stem from both the removal of
the agarose fibrils and the interparticle voids between the titania
nanocrystals. For the PTN material calcined at 500 °C for 2 h,
as shown in the inset, two distinct pore size distributions
centered around 14.9 and 90 nm were obtained. The
abundance of mesopores decreases as the calcination temper-
ature increases to 650 °C, while the macropore profile changes
slightly from 600 to 650 °C. After calcination at 800 °C, the
mesopores of the PTN material disappeared, indicating a
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Figure 6. Nitrogen sorption isotherms and corresponding pore size
distributions (insets) of the porous titania networks sintered (a) at
diverse temperatures and (b) at 600 °C for varied times (from 2 to 24
h) in air.

significant crystal growth and densification of the inorganic
frameworks. This can be clearly observed in the corresponding
SEM images (Figure lg and Supporting Information Figure
S1d). It is worth noting that even after calcination at 900 °C, as
clearly demonstrated in Supporting Information Figure S2,
three-dimensional interconnected macropores remain in this
PTN material, demonstrating an excellent thermal stability.

Besides the calcination temperature, the calcination duration
also affects the porosity of the resulting materials. For PTN
samples calcined at 600 °C for different lengths of time, as
shown in Figure 6b, the mesopores gradually decreased when
heated from 2 to 24 h, while only a slight decrease in the
corresponding macropore profiles was observed. This varying
trend in meso- and macropore profiles suggests that a gradual
densification occurred mostly at the interfaces between titania
nanocrystals, and this interfacial densification might proceed via
the nucleation of the rutile phase located at the anatase—
anatase interfaces.

Before presenting the photocatalytic results, it is instructive
to discuss the relationship between porous structure and
anatase-to-rutile phase transformation. According to the
previous reports,”**>%* the packing characteristic of the titania
nanocrystals has a significant effect on the crystal phase
transformation. From the SEM images shown in Figure 1b, the
hierarchically porous framework of the PTN samples is
composed of titania nanoparticles less than 10 nm in diameter.
Large porosity in such a porous structure means a decreased
number of neighboring particles as compared to a dense
structure (as illustrated by the control samples) and, hence,
would result in a decrease in interface nucleation of the rutile
phase. XRD results show that such hierarchically porous
structures can effectively retard the anatase to rutile phase

transformation at elevated temperatures. Employing such PTNs
as parent materials, finely controllable phase transformation can
be realized using a facile and feasible calcination process at an
elevated temperature (e.g, 600 °C), and gives rise to PTN
samples with tunable crystal phases, enhanced crystallinity, 3D
interconnected porous frameworks, and relatively high specific
surface areas.

Photocatalytic Performance. Photocatalytic activities of
the resulting PTN materials were evaluated by the degradation
of methylene blue (MB), a probe molecule, under UV light
irradiation. For comparison, photocatalytic activities of the
control samples (without macropores) calcined at the same
temperatures were also measured under the same conditions.
To compare the reaction kinetics of the MB degradation, a
pseudo-first-order reaction equation, In(C/C,) = —kt, where C,
and C are the initial concentration and the reaction
concentration of MB at an irradiation time t, respectively, and
k is the apparent reaction rate constant,”**’ was applied to the
time profile of the MB absorption spectra (Figure S8 in the
Supporting Information).

The calcination temperature has a great effect on the
photocatalytic activities of titania materials (Figure 7a). At 500
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Figure 7. Comparison of the apparent rate constants in photocatalytic
reactions employing (a) porous titania networks (PTN) and control
samples (Control) calcined at varying temperatures for 2 h, and (b)
PTN samples calcined at 600 °C for 2—24 h.

°C, the apparent reaction rate constant, k, of the PTN material
is equivalent (within error) to that of the control sample. With
an increase in calcination temperature to 550 °C, the
degradation rate of MB increased for both the PTN and the
control samples. A small amount of rutile appeared in both
samples (Table 1) and is presumably the main reason for the
improved photocatalytic performance. The coexistence of
anatase and rutile phases can effectively inhibit the recombi-
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nation of photocarriers by promoting the spatial charge
separation and, therefore, enhances the efliciency of photo-
degradation.*""> Comparing the performance of these two
samples, we believe that the higher surface area of the PTN-
550C-2h (522 m® g™') has enhanced the photocatalytic
activity. Although the specific surface area decreased with
increasing calcination temperature, a sharp increase in photo-
catalytic activity in PTN-600C-2h (k = 0.0382 min™"') was
observed when the calcination temperature reached 600 °C. In
contrast, a decrease in photocatalytic activity was observed for
the Control-600C-2h sample, probably due to its very low
specific surface area (4.9 m”? g™') and substantial quantities of
rutile (80.0 wt %) after calcination at this temperature.
Increasing the temperature to 700 and 800 °C decreased the
photocatalytic activities of both the PTN and the control
samples as a result of the ongoing phase transformation and
crystal growth, which leads to a remarkable reduction in the
specific surface area (Table 1).

The effect of calcination time on photocatalytic performance
of the PTN materials was also investigated, and the results are
shown in Figure 7b. Although the specific surface area of the
PTN materials decreased from 36.6 to 32.2 m® g~' when
increasing the calcination time from 2 to 6 h, this did not result
in a decrease in the photocatalytic activity. The PTN-600C-6h
sample gave the highest photocatalytic activity with an apparent
reaction rate constant of 0.0439 min~'. This increase in the
photocatalytic activity could be attributed to the formation of
more anatase/rutile phase junctions (Figure 8) and the

SC025nm 0
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\

0.35nm
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Figure 8. High-resolution TEM image of the porous titania network
clearly showing the phase junctions between rutile and anatase
nanocrystals.

improved crystallinity of the PTN materials 2529363739423

A decrease in the photocatalytic activity was observed for
calcination times of 10 h or longer when heated at 600 °C,
mainly due to the decrease in reactive sites in the PTN
materials as a result of the reduction in specific surface area
(Table 1). On the basis of the above results, it is clear that both
calcination temperature and the presence of macro-/mesopores
in the parent materials play very important roles in determining
the properties of the PTN materials. PTN materials with
optimized rutile content (~15.4 wt %) can be obtained by
annealing at a relatively low temperature (600 °C), giving
enhanced photocatalytic activity due to the finely controllable
anatase-to-rutile phase transformation kinetics governed by the
interface nucleation process.

B CONCLUSIONS

Hierarchically porous titania networks with controllable rutile
content and relatively high specific surface area were prepared
via a facile templating and solid-state phase transformation
process dominated by the interface nucleation process at a
relatively low temperature (600 °C). The PTN (templated by
the agarose gel) possessed reduced contact areas between
titania nanocrystals and effectively suppressed the anatase to
rutile phase transformation and the rutile crystal growth, thus
giving rise to hierarchically porous titania photocatalysts that
could be optimized for rutile content and maintain relatively
high specific surface areas. Such agarose-templated PTN
showed excellent thermal stability and structural homogeneity,
even after being transformed into the rutile phase at 900 °C in
air. The hierarchically PTN materials showed enhanced
photocatalytic activity toward the degradation of methylene
blue under UV light irradiation, due to optimized crystal phase
composition and increased number of reactive sites (due to
higher surface area), when compared to the control samples
prepared in the absence of template under otherwise identical
conditions. The coexistence of the anatase and rutile phases is
beneficial for photocatalytic performance, relative to either
individual component. This work demonstrates a facile
synthesis method for fabricating tunable mixed-phase titania
materials with improved photocatalytic activity. Given their
hierarchically porous structures, robust inorganic frameworks,
tunable anatase:rutile ratios, and relatively high specific surface
areas, the resultant PTN materials are expected to find potential
applications in the area of industrial oxidation catalysis.
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SEM images, XRD patterns, and rutile content of the PTN
materials fabricated at varying calcination temperatures (from
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