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a b s t r a c t
Polystyrene cross-linked divinyl benzene (PS-co-DVB) microspheres were used as an organic template
in order to synthesize photocatalytic TiO2 microspheres and microbowls. Photocatalytic activity of the
microbowl surfaces were demonstrated both in the gas phase via photocatalytic NO(g) oxidation by O2 (g)
as well as in the liquid phase via Rhodamine B degradation. Thermal degradation mechanism of the polymer template and its direct inﬂuence on the TiO2 crystal structure, surface morphology, composition,
speciﬁc surface area and the gas/liquid phase photocatalytic activity data were discussed in detail. With
increasing calcination temperatures, spherical polymer template ﬁrst undergoes a glass transition, covering the TiO2 ﬁlm, followed by the complete decomposition of the organic template to yield TiO2 exposed
microbowl structures. TiO2 microbowl systems calcined at 600 ◦ C yielded the highest per-site basis photocatalytic activity. Crystallographic and electronic properties of the TiO2 microsphere surfaces as well
as their surface area play a crucial role in their ultimate photocatalytic activity. It was demonstrated that
the polymer microsphere templated TiO2 photocatalysts presented in the current work offer a promising
and a versatile synthetic platform for photocatalytic DeNOx applications for air puriﬁcation technologies.
© 2014 Elsevier B.V. All rights reserved.

1. Introduction
Shape-deﬁned nano and micro scale titanium dioxide (TiO2 )
structures are widely utilized as photocatalytic systems; where
they have attracted a particular interest in environmental applications. It has been reported that controlling particle shape, geometry,
size, surface morphology, electronic structure, relative abundance
of anatase/rutile surface domains and the nature of the surface
functional groups (such as OH) are some of the key factors for
designing efﬁcient TiO2 photocatalytic architectures [1–5].
TiO2 materials can be produced with unique morphologies, shapes and structures at the micro/nanoscale revealing
extraordinary physical, chemical, electronic and optical properties,
rendering these systems very versatile photocatalysts [3]. Template
directed synthesis is one of the approaches for ﬁne-tuning size,

shape and porosity of TiO2 particles [6–8]. In particular, utilization of organic templates such as polymers offers vast opportunities
for controlling the shapes of inorganic materials at the micrometer/nanometer scale. Such strategies can be exploited to synthesize
shape-deﬁned TiO2 materials exhibiting nano/micro spheres [9],
hollow structures [10], tubes [11], wires [3], core–shell structures
[3], and egg-yolk structures [12].
In the current report, TiO2 microbowls were synthesized by
using polystyrene crosslinked divinyl benzene (PS-co-DVB) microspheres. The polymer template was removed by calcination and
TiO2 microbowls were produced. The effect of the calcination
temperature on the structural properties and activity of the photocatalysts were studied in the gas phase as well as in the solution
phase oxidation reactions.

2. Experimental
夽 Electronic Supplementary Information (ESI) available: Gas-phase and solutionphase photocatalytic performence of P25.
∗ Corresponding author. Tel.: +90 312 290 2121; fax: +90 312 266 4068.
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0169-4332/© 2014 Elsevier B.V. All rights reserved.

2.1. Sample preparation
A custom sol–gel method combined with a polymer templating
technique was used for the synthesis of TiO2 microbowl structures
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Scheme 1. Synthetic protocol for PS-co-DVB-templated TiO2 microspheres and microbowls.

[13–15]. Commercially available polystyrene cross-linked divinyl
benzene (PS-co-DVB) microspheres (Aldrich) with an average particle size of ca. 8 m were used as the template material. Preparation
of TiO2 microspheres and microbowls is shown in Scheme 1. First,
equal masses (i.e. 1.0 g) of polymer microspheres and titanium(IV)
isopropoxide (TIP, 97%, Aldrich) were mixed and stirred for 24 h
under ambient conditions. Then, 100 mL of deionized water (MilliQ, 18.2 M cm) was added to the mixture under continuous stirring
(24 h), where hydrolysis and condensation reactions were carried
out. Then, microspheres were vacuum-ﬁltered, washed with deionized water and dried for 24 h at 60 ◦ C in air. Later, the sample
was calcined in air in order to remove the polymer template as
well as to crystallize the inorganic component (i.e. TiO2 ). Samples
were calcined at various temperatures (200, 300, 400, 500, 600,
700 ◦ C) in air for 2 h (using a heating rate of 8 ◦ C/min) to control crystallinity and surface morphology of TiO2 microspheres.
Synthesized samples were named as PsTi-200, PsTi-300, PsTi-400,
PsTi-500, PsTi-600, and PsTi-700 depending on the calcination
temperature.
2.2. Structural characterization
The morphology and the particle size of the polymer templated
TiO2 microspheres and microbowls were investigated by using
a Carl-Zeiss Evo40 environmental scanning electron microscope
(SEM) equipped with a Bruker energy dispersive X-Ray (EDX)
detector. Determination of the crystal structure of the synthesized
materials were carried out with a Rigaku Miniﬂex X-ray diffractometer (XRD) equipped with Cu K␣ radiation operated at 30 kV,
1.54 Å and 15 mA. The XRD patterns were recorded in the 2 range
of 10–60◦ with a step width of 0.02 s−1 . Raman spectra of the samples were collected in the range of 200–1500 cm−1 with a resolution
of 4 cm−1 using a Horiba Jobin Yvon LabRAM HR800 spectrometer
equipped with a confocal Raman BX41 microscope. The Raman
spectrometer was equipped with a Nd:YAG laser ( = 532.1 nm)
where the laser power was 20 mW. The thermal properties
of the TiO2 systems were also investigated by using thermo
gravimetric analysis (TGA). TGA measurements were carried out
between 30 and 800 ◦ C (at a heating rate of 10 ◦ C/min and under
nitrogen ﬂow) by using a TA Instruments TGA-Q500 setup. The
speciﬁc surface area (SSA) of the TiO2 samples was determined by

conventional Brunauer–Emmett–Teller (BET) N2 adsorption
method with a Micromeritics Tristar 3000 surface area and pore
size analyzer. Prior to the BET measurements, all of the samples
were out gassed in vacuum for 2 h at 150 ◦ C.

2.3. Photocatalytic performance analysis measurements
2.3.1. Gas-phase photocatalytic oxidation performance
measurements
Reactivity of the TiO2 microstructures was studied via photocatalytic NO oxidation (NO(g) + ½ O2 (g) → NO2 (g)). The gas phase
photocatalytic activity of the TiO2 microstructures was analyzed in
a custom-made continuous ﬂow reaction system, which is shown
in Scheme 2. The experimental setup was comprised of a highpurity gas mixture containing NO(g) (100 ppm NO(g) in N2 (g), Linde
GmbH), O2 (g) (99.998%, Linde GmbH) and N2 (g) (99.998%, Linde
GmbH) which was humidiﬁed with 70% RH (relative humidity,
measured via a Hanna HI 9565 humidity analyzer at the sample position in the photocatalytic reactor). In a typical gas phase
photocatalytic performance analysis test, a total gas ﬂow rate
of 1 SLM (SLM, standard liters per minute) was used, where the
volumetric ﬂow rates of N2 (g), O2 (g) and NO(g) were set to be
0.750 SLM, 0.250 SLM and 0.010 SLM via mass ﬂow controllers
(MFCs, MKS, 1479A), respectively. Before the performance tests,
synthesized TiO2 microsphere/microbowl powder samples were
dispersed on a poly-methyl methacrylate (PMMA) sample holder
(2 × 40 × 40 mm3 ) and irradiated with UVA illumination (Sylvania
UV-lamp, black-light, F8W, T5, 368 nm) under ambient conditions
for 18 h in order to remove the surface contaminations and to activate the photocatalysts. After this activation and decontamination
procedure, samples were inserted into the photocatalytic ﬂow reactor for performance analysis. UVA illumination source used in the
performance analysis tests (Sylvania UV-lamp, black-light, F8W, T5,
368 nm) generated a UVA photon ﬂux of 7.5 W/m2 at the sample
position under typical reaction conditions. During the performance
tests, reaction gases were swept over a 950 mg photocatalyst
sample and the concentration of NO(g), NO2 (g) and total NOx
(g) species in the photocatalytic reactor were quantitatively measured online with a Horiba APNA-370 chemiluminiscence NOx
analyzer.

Scheme 2. Gas-phase photocatalytic performance analysis setup.
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Gas phase photocatalytic activity measurements are reported in
terms of percent photonic efﬁciencies (%) as described in Eqs. (1)
and (2).
% =

nNOx
× 100
nphoton

(1)

where nNOx corresponds to either the decrease in the total number
of moles of all gaseous NOx species or the number of moles of NO2 (g)
generated in a 60 min (i.e. 3600 s) photocatalytic performance test.
On the other hand, nphoton corresponds to the total number of moles
of incident UVA photons impinging on the catalyst surface in 3600 s,
which can be calculated through Eq (2) as:
nphoton =

(I  S t)
(N h c)

(2)

where I represents the photon power density of the UVA lamp,
experimentally measured at the sample position in the photocatalytic reactor (typically, 7.5 W/m2 ),  is the representative emission
wavelength of the UVA lamp (i.e. 368 nm), S is the surface area of
the photocatalyst sample holder in the reactor that is exposed to
the UVA irradiation (i.e. 4 cm × 4 cm = 16 cm2 ); t is the duration of
the performance test (i.e. 3600 s), N is the Avogadro’s number, h is
Planck’s constant and c is the speed of light.
2.3.2. Liquid-phase photocatalytic oxidation performance
measurements
Liquid-phase photocatalytic oxidation activity of the TiO2
microstructures was demonstrated by photodegradation [16–18].
Oxidative degradation of Sulforhodamine B (RhB, 95%, Sigma)
under UVA irradiation (Sylvania UV-lamp, F8W, T5, Black-light,
8 W, 368 nm) was conducted in a batch-mode photocatalytic reactor of dimensions 45 × 23 × 28 cm3 . An aqueous RhB solution at
concentration of 1 mg/L and 30 mg of TiO2 microstructures was
added into the reactor and stirred continuously at a stirring rate of
100 rpm. Then, the photocatalytic degradation process was studied by measuring the change in the dye concentration with an
UV–vis spectrophotometer (Carry 300, Agilent). Attenuation of the
major absorption band of RhB (564 nm) associated with the S0 → S1
absorption [19] was recorded every 30 min until the test solution
became visually transparent. Before the UV–vis absorption measurements, test solutions were centrifuged and the absorbance of
the ﬁltrate was recorded. By using a calibration curve (R2 = 9994) of
the dye solution, the percent decolorization efﬁciency (Def ) of the
system at an irradiation time t (min) was calculated as described in
Eq. (3) [20].
Def (%) =

(C0 − Ct )
× 100
C0

(3)

In Eq. (3), C0 and Ct represent the concentration of the test solution before and after irradiation at time t, respectively. A plot of C0 /C
versus irradiation time (t) determines the decolorization degree of
the test solution.
3. Results and discussion
3.1. Structural characterization of polymer-templated TiO2
microstructures
The SEM images in Fig. 1a–d illustrate the morphology and
the particle size of the TiO2 coated PS-co-DVB microspheres. The
particle size variation in the microstructures stems from the corresponding size distribution in the nascent commercial PS-co-DVB
material. SEM images in Fig. 1a–d and the corresponding EDX measurements (Fig. 1e) of the TiO2 -coated microspheres revealed that
the surface of the polymer microspheres was coated with a thin
layer of TiO2 and additional TiO2 was also further deposited.

Fig. 1. (a–d) SEM images and (e) a representative EDX spectrum of TiO2 -coated
PS-co-DVB microspheres before calcination.

Upon calcination of the TiO2 coated PS-co-DVB microspheres
between 200 and 700 ◦ C, signiﬁcant morphological changes were
observed. The microspheres were converted into microbowls
(Fig. 2). This observation was also accompanied by a considerable
weight loss, which will be discussed further in the text (Fig. 3).
Fig. 2 shows the SEM images and the corresponding EDX spectrum
of the polymer-templated TiO2 microbowls, which were calcined
at 600 ◦ C at ambient conditions for 2 h. Due to decomposition of
the polymer template and the associated formation of Hx Cy (g) and
Hx Cy Oz (g), pressure accumulation inside the microsphere leads to
the rupture of the spherical morphology during the evolution of
the entrapped gas. The resulting open microbowl structures are
shown in the inset of Fig. 2b. The interior cavities of the microbowls
have an average diameter of 8 m with an average wall thickness
of 600 nm. The EDX spectrum of the microbowls (Fig. 2b) indicates TiO2 /TiOx content with a relatively minor contribution of
carbon-based species. On the other hand, EDX spectrum of the same
samples before the calcination revealed excessive C signal (Fig. 1e).
Evolution of Hx Cy (g) and Hx Cy Oz (g) and the anticipated weight
loss of the sample upon the decomposition/degradation of the
polymer template below 600 ◦ C is in perfect agreement with the
TGA results shown in Fig. 3, which show a sharp gravimetric loss
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Thus, TGA data in Fig. 3, suggest that after the 71 wt% loss at
T > 400 ◦ C, a large portion of the remaining sample, which corresponds to 29% of the original sample weight, is due to the inorganic
content (i.e. TiO2 ).
In order to investigate the inﬂuence of the calcination temperature on the photocatalyst structure and the photocatalytic
activity, samples were calcined at different temperatures within
200–700 ◦ C. Corresponding XRD patterns and Raman spectra of
these samples are presented in Fig. 4. Calcination at 200 and 300 ◦ C
leads to the formation of an amorphous TiO2 /TiOx structure, which
starts to crystallize into a rather disordered anatase phase at 400 ◦ C
with a small average particle size, evident from the corresponding
broad anatase XRD diffraction signals (ICDD Card No: 21-1272) in
Fig. 4a and the characteristically intense anatase Raman scattering
observed at 144 cm−1 [24–26]. At 500 ◦ C, a well-ordered anatase
phase with a larger average particle size is formed as can be seen
from the sharp and intense anatase signals in both XRD (Fig. 4a)
and Raman (Fig. 4b) results. At this temperature, rutile phase also
appears as a secondary phase in both XRD results shown in Fig. 4a
(ICDD card no: 04-0551) as well as in the Raman data in Fig. 4b. Formation of the rutile phase leads to the evolution of typical Raman
scattering features at 236, 447, 612, 826 cm−1 [24–26]. Rutile phase
becomes more crystalline and abundant at higher calcination temperatures. Upon calcination at 700 ◦ C, rutile becomes the dominant
phase, although anatase phase can still be detected as a secondary
phase (Fig. 4a and b).
3.2. Photocatalytic activity of the polymer-templated TiO2
microspheres and microbowls

Fig. 2. (a) SEM image, (b) EDX spectrum of PS-co-DVB templated TiO2 microbowls
after calcination at 600 ◦ C for 2 h (inset shows the detailed morphology of the
microbowls in SEM).

within 400–500 ◦ C. The TGA curve of TiO2 -coated PS-co-DVB microspheres (Fig. 3) exhibits a 2.7 wt% loss in the temperature range of
30–250 ◦ C due to the evaporation of water and other volatile organics. TiO2 reveals a negligible gravimetric loss within 30–800 ◦ C,
while pure/uncoated polystyrene undergoes almost 100 wt% loss
within 300–500 ◦ C due to decomposition/degradation [21–23].

Fig. 3. TGA measurement for PS-co-DVB templated TiO2 microspheres.

3.2.1. Gas-phase photocatalytic oxidation performance
The photocatalytic NO(g) oxidation with O2 (g) was used as a
model reaction [27–32]. Fig. 5 illustrates a typical gas phase photocatalytic performance analysis test in which the photocatalyst
sample is exposed to a feed gas mixture containing 1 ppm NO(g)
as well as a certain composition of N2 (g) and O2 (g) with a 70% RH
(see Section 2 for details). Fig. 5 shows the time-dependent proﬁles for the total NOx concentration (i.e. sum of the concentrations
of all of the NOx species existing in the reactor, i.e. blue curve in
Fig. 5) as well as separate NO(g) (black curve) and NO2 (g) (red
curve) concentrations in the photocatalytic reactor measured by
the chemiluminiscence NOx analyzer. As shown in Fig. 5, during
the initial 15 min of the performance test, gas mixture containing
1 ppm NO(g) is fed to the photocatalyst while UVA lamp is in off
position and the reactor is kept in dark in order to prevent any
exposure to sunlight. This leads to a minor transient fall in the total
NOx (g) and NO(g) concentrations, which is associated with the dilution of the gas in the reactor pipeline and the thermal adsorption
of NOx species on the gas lines, reactor walls as well as on the
photocatalyst surface. As the system is kept in dark under these
conditions, no photocatalytic activity is observed during this initial stage, which is evident by the lack of any NO2 (g) production.
After the initial transient period, reactor walls and the photocatalyst surface are saturated with NOx , after which NOx (g) and NO(g)
traces quickly return to the original inlet concentration value of
1 ppm.
Next, UVA lamp is turned on and the photocatalytic reaction
is started. Upon UVA radiation, a sharp and a permanent fall in
the NO(g) and total NOx (g) concentrations along with a quick
rise in NO2 (g) signal, were observed. This is caused by conversion of NO(g) into NO2 (g) via photocatalytic oxidation. In addition,
generated NO2 (g) can also adsorb on the photocatalyst surface
in the form of chemisorbed NO2 , nitric/nitrous acid, nitrites and
nitrates [24–26,33] and stored in the solid state, leading to a
further decrease in the NO(g) signal. Furthermore, direct photocatalytic decomposition and photo-reduction of NO(g) forming N2 (g)
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Fig. 4. (a) XRD patterns, (b) Raman spectra of PS-co-DVB templated TiO2 microspheres/microbowls upon calcination at 200 ◦ C, 300 ◦ C, 400 ◦ C, 500 ◦ C, 600 ◦ C, and 700 ◦ C for
2 h under ambient conditions (inset highlights the detailed Raman features of PsTi-600 and PsTi-700 samples). A: anatase, R: rutile.

and/or N2 O(g) cannot be ruled out [34]. The total NOx concentration (blue) curve (which is mostly comprised of the sum of NO(g)
and NO2 (g) signals) in Fig. 5 stays always below 1 ppm during the
UVA-activated regime, illustrating the continuous photocatalytic
activity.
Gas-phase photocatalytic performance tests similar to the one
given in Fig. 5 were also performed on other PS-co-DVB templated
TiO2 microsphere/microbowl photocatalysts, which were calcined
at various temperatures between 200 and 700 ◦ C. Percent photonic
efﬁciency values derived from such experiments are shown in Fig. 6,
where blue bars represent the % photonic efﬁciency of total NOx (g)
decrease, while red bars correspond to the % photonic efﬁciency of
NO2 (g) production.
Fig. 6 shows that PsTi-200 sample reveals both considerable NOx
storage (blue bar) and NO2 (g) production (red bar) capabilities.
Light-oﬀ

Light-on

1.0

On the other hand, upon increasing the calcination temperature
to 300 ◦ C, both NOx storage and NO2 (g) production performances
were observed to decline drastically. On the other hand, after calcination at 400 ◦ C, NOx storage capability is recovered while NO2 (g)
production is still noticeably suppressed. Above 500 ◦ C, although
NOx storage capacity decreases to a certain extent, NO2 (g) production capability is fully regained, reaching its highest value at
600 ◦ C. Increasing the calcination temperature to 700 ◦ C leads to a
decrease in the NOx storage and NO2 (g) production performances
simultaneously.
Interesting gas-phase photocatalytic performance trends given
in Fig. 6 can be elucidated by using the structural properties of the
polymer-templated TiO2 microstructures shown in Scheme 3. The
crosslinked polystyrene systems have typical glass transition temperatures (Tg ) within 100–150 ◦ C, above which the solid polymer
tends to switch to a mobile molten/glassy state [23]. As can be seen
from the speciﬁc surface area (SSA) results shown in Scheme 3,
PsTi-200 sample has a moderately high SSA (86 m2 /g) suggesting
that the mobilized PS-co-DVB microsphere template starts to
segregate on the very top surface, only partially covering/blocking
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Fig. 5. Typical time-dependent concentration proﬁles for total NOx (g), NO(g) and
NO2 (g) over PS-co-DVB templated TiO2 microbowl photocatalyst (PsTi-600) during
gas-phase photocatalytic NO oxidation activity tests. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of
this article.)

Fig. 6. Comparison of the photonic efﬁciencies of TiO2 microspheres/microbowls.
(For interpretation of the references to color in this ﬁgure legend, the reader is
referred to the web version of this article.)
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Scheme 3. Temperature-induced structural evolution of TiO2 microspheres/microbowls.

the amorphous TiO2 /TiOx coating on the microsphere system.
Thus, at this calcination temperature, TiO2 /TiOx coating is still
partially accessible for gas phase photocatalytic NOx storage and
NO2 (g) production (Fig. 6).
However, upon calcination at 300 ◦ C, the SSA was observed to
decrease by about 50%, which is accompanied by a total loss of photocatalytic NOx storage and NO2 (g) production activities (Fig. 6).
Apparently, calcination at 300 ◦ C leads to the segregation of the
mobilized PS-co-DVB microsphere template onto the TiO2 /TiOx
coating (Scheme 3). Hence, access to the photocatalytic active sites
to NO(g) is completely blocked and the photocatalytic activity is
entirely lost.
Increasing the calcination temperature to 400 ◦ C shows a unique
switch in the photocatalytic activity. This is the borderline temperature, where the PS-co-DVB template starts to decompose
leading to the rupture of the microspheres and formation of the
microbowls. Formation of microbowls and elimination of the carbonaceous/polymeric ﬁlm at 400 ◦ C is also fully consistent with the
drastic increase in the SSA of the system to 159 m2 /g (Scheme 3).
The increase in the SSA is also accompanied by the formation
of a cavity inside the microspheres due to the degradation of
the PS-co-DVB template, generating additional adsorption sites. At
this temperature, Ti-coating reveals mostly an amorphous/porous
nature, which also exhibits poorly crystalline anatase domains
(Fig. 4). Thus, due to the decomposition/removal of the polymer
template, most of the photocatalytic active sites on the amorphous
Ti-coating become readily accessible and photocatalytic NO oxidation can be performed efﬁciently which is evident by the recovery
of the photocatalytic NOx storage (blue bar for PsTi-400 in Fig. 6).
Although PsTi-400 sample can efﬁciently perform photocatalytic
NOx storage, yet it generates a relatively small amount of NO2 (g).
This could be due to the large SSA of the PsTi-400 sample with
a large number of adsorption sites that can immediately capture

NO2 (g) in the form of nitrites and nitrates on the TiO2 surface and
prevent NO2 (g) slip into the gas phase.
Fig. 6 shows that as the calcination temperature is increased
from 400 ◦ C to 500 ◦ C, the photocatalytic NOx storage decreases
signiﬁcantly in contrast to the noticeable increase in the NO2 (g)
production. Within 400–500 ◦ C, PsTi samples undergo a substantial
crystallographic transformation (Fig. 4), where porous and amorphous TiO2 domains crystalize into ordered anatase and rutile
domains resulting in a signiﬁcant loss in the SSA. Along these lines,
PsTi-500 sample has a SSA of 13.9 m2 /g (Scheme 3). Thus, the photocatalytic NOx storage capacity falls in line with the corresponding
the SSA loss, suggesting that NO2 (g) generated via photo-oxidation
readily slips into the gas phase. However, this does not mean that
the photocatalytic activity decreases upon increasing the temperature from 400 ◦ C to 500 ◦ C. By comparing the combined NOx storage
and NO2 formation results (i.e. sum of the red and blue bars in Fig. 6)
for 400 ◦ C and 500 ◦ C along with the corresponding SSA values suggests that PsTi-500 sample has a considerably higher per-site basis
photocatalytic activity with respect to PsTi-400.
Fig. 6 indicates that the optimum gas-phase photocatalytic
activity is reached for the PsTi-600 sample, which reveals a lower
anatase/rutile ratio (Fig. 4a and Scheme 3) estimated by XRD results
by using the approach developed by Spurr and Myers [35]. On the
other hand, as the calcination temperature is increased to 700 ◦ C,
concomitant to the further decrease in the anatase/rutile ratio, photocatalytic activity starts to decrease. Thus, it is apparent that rather
than the sole SSA values, crystallographic and electronic properties
of the TiO2 microspheres/microbowls play a major role in determining their ultimate gas-phase photocatalytic activities.
3.2.2. Solution-phase photocatalytic oxidation performance
Photocatalytic activity of TiO2 microstructure calcined at different temperatures was also studied by conventional solution phase
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Fig. 7. Time-dependent UV–Vis absorption spectra showing UVA-induced photocatalytic degradation of RhB in the presence of PS-co-DVB templated TiO2
microbowls calcined at 600 ◦ C for 2 h.

photocatalytic oxidation of RhB. A typical series of time-dependent
UV–vis absorption spectra obtained during the UVA irradiation is
presented in Fig. 7. This series of spectra corresponds to the PsTi600 sample which is comprised of TiO2 microbowls (Fig. 2). During
the photocatalytic reaction, the characteristic RhB absorption band
located at 564 nm gradually decreases indicating photocatalytic
degradation/oxidation of RhB. After 330 min of UVA irradiation,
the dye solution becomes visibly colorless and the 564 nm signal
vanishes almost completely.
Time-dependent decolorization efﬁciency results for the
remaining samples are summarized in Fig. 8a. The solution phase
photocatalytic oxidation experiments could not be realized for the
PsTi-200 and PsTi-300 samples due to low density of the corresponding solid photocatalysts (originating from their high polymer
content), which results in the ﬂoating of the microspheres on the

aqueous medium preventing their efﬁcient mixing and homogenous UVA exposure. Fig. 8a shows that RhB concentration in the
solution decreases monotonically with increasing irradiation time
which is also illustrated in Fig. 8b (for photocatalyst-containing
1 mg/L RhB solutions after 18 h UVA irradiation). Control experiments performed by exposing 1 mg/L RhB solution to UVA in the
absence of a photocatalyst (data not shown) did not lead to any
decolorization under typical reaction conditions. The liquid-phase
photocatalytic activity of the synthesized TiO2 structures exhibits
a strong dependence on the calcination temperature. Fig. 8a clearly
indicates that PsTi-600 sample which has a microbowl structure
(Fig. 2) and exhibits predominantly anatase phase (in addition to
rutile as a secondary phase) reveals the highest liquid-phase photocatalytic activity. The PsTi-400 sample is signiﬁcantly less active
than all of the analyzed samples (Fig. 8), and is comprised of a poorly
crystalline anatase phase (Fig. 4). This suggests that solution-phase
photocatalytic activity requires formation of ordered anatase/rutile
crystallographic phases. On the other hand, Fig. 8a also shows that
the solution-phase photocatalytic activity tends to decrease at elevated calcination temperatures such as 700 ◦ C, suggesting that a
rutile-dominant TiO2 microbowl structure is not favorable.
It is worth mentioning that the solution-phase photocatalytic
reactivity trends presented in Fig. 8a cannot be explained solely
based on the SSA values of the synthesized materials. Although
PsTi-400 sample reveals a signiﬁcantly higher SSA than all of
the other synthesized materials, it has a considerably lower
liquid-phase photocatalytic activity (Fig. 8). In other words, crystallographic and the electronic properties of the TiO2 -coated
Ps-co-DVB microspheres/microbowls seem to play a major role in
their liquid-phase photocatalytic reactivity.
It is worth mentioning that we have also performed similar
liquid-phase and gas-phase photocatalytic activity tests using a
benchmark photocatalyst (P25) (Figs. S1 and S2, ESI†). We observed
that total photocatalytic activity for P25 in both liquid and gas phase
experiments were about two times higher than that of the best
Ps-co-DVB templated TiO2 microsphere/microbowl photocatalyst
(PsTi-600). The SSA of P25 is about 50 m2 /g, which is about more
than 5 times greater than that of PsTi-600. Thus, per-site basis photocatalytic activity of PsTi-600 is still 2.5 times higher than that
of P25. This suggests that by optimizing the polymer microsphere
templating strategy (for instance by using polymer nanospheres
with smaller average particle sizes and thus higher SSA), advanced
photocatalytic systems can be designed, which reveal higher photocatalytic performance both in terms of total photocatalytic activity
as well as per-site-basis photocatalytic activity. In addition, further
improvements in the photocatalytic performance of PS-co-DVB
templated TiO2 microsphere/microbowl photocatalysts can also be
achieved by incorporating plasmonic metal nanoparticles to these
systems [36]. Such experimental efforts are currently underway in
our research group [37].

4. Conclusions

Fig. 8. (a) Liquid-phase photocatalytic reactivity of PS-co-DVB templated TiO2
microspheres/microbowls in Rhodamine B photodegradation via UVA irradiation,
(b) photocatalyst-containing 1 mg/L RhB solutions after 18 h UVA irradiation.

In this work, Ps-co-DVB microsphere templated TiO2 photocatalysts were synthesized via sol–gel method. Inﬂuence of
the calcination temperature on the structural properties and the
photocatalytic activity of these systems under UVA excitation
were investigated both in the gas phase (by studying photocatalytic NO(g) oxidation by O2 (g)) as well as in the solution phase
(by monitoring Rhodamine B photocatalytic degradation). The
polymer microspheres were found to be covered with a thin ﬁlm of
TiO2 /TiOx as well as TiO2 /TiOx nanoparticles. Photocatalytic activity
carried out in the solution phase and in the gas phase showed that
the photocatalyst calcined at 600 ◦ C exhibiting a microbowl
structure, yielded the highest per-site-basis photocatalytic
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activity which is even greater than that of the commercial
benchmark P25. Our ﬁndings indicate that not only the speciﬁc
surface area but also the crystallographic and electronic properties
of the TiO2 microstructures play a major role in determining their
ultimate photocatalytic activities. This suggests that polymertemplated TiO2 microstructures offer a promising versatile
synthetic platform for photocatalytic DeNOx applications, which
can be further improved by using polymer nanosphere templates
with higher SSA or by additional functionalization with transition
metal nanoparticles and/or plasmonic components.
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