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Introduction

ABSTRACT

Mesoporous titanium dioxide is a material finding its use in a wide range of
applications. For many of these, it is important to achieve a high degree of
crystallinity in the material. It is generally accepted that the use of the soft
templating approach to synthesize mesoporous titania, results in a compromise
between crystallinity and specific surface area due to thermal instability of the

used templates. In this paper, we explore how the use of microwave irradiationjfxy

can influence the crystallinity, specific surface area, and the electronic properties
of mesoporous titania. Therefore, we combined microwave radiation with an
evaporation-induced self-assembly (EISA) synthesis. We show that additional
microwave treatment at carefully chosen synthesis steps can enhance the crys-
tallinity with 20 % without causing significant loss of surface area (>360 m*/g).
Surface photovoltage measurements were used to investigate the electronic
properties. The photocatalytic activity of the samples was evaluated in aqueous
media by following the degradation of an industrial dye, methylene blue, and
the herbicide isoproturon under UV irradiation and in gaseous media looking at
the degradation of acetaldehyde, a common indoor pollutant under UVA irra-
diation. In all cases, the microwave treatment results in more active materials.

like pigment in paint and absorber in sunscreen, in gas
sensors [2] or as catalyst support [3]. The most well-
known application, however, is its use as photocatalyst

Titanium dioxide is a Wldely used material as it is Cheap, for the degradation of organjc pouution in air or water
nontoxic, and thermally and chemically stable under a [4, 5], the deactivation of bacteria [6], and the generation
wide range of conditions [1]. It has various applications of H, through the means of water splitting [7].
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Many of these applications rely on surface-related
phenomena and therefore, increasing the specific
surface area of titania can significantly enhance its
performance as a (photo)catalyst or gas sensing
material. High specific surface areas can be achieved
by inducing pores into the material. Most synthesis
approaches are based on the concept of templating: a
hard (silica, carbon) or soft (surfactants, biomole-
cules) template is introduced during synthesis of
bulk titania and removed afterward creating a con-
trolled morphology including pores of selected
dimensions and in some cases an ordered pore
structure [8-13]. In this work, we focus on the soft
templating approach, in which an organic template
molecule forms micelles and liquid crystals in solu-
tion around which the Ti**-precursor can hydrolyze
and condense. This approach offers a cheap, simple,
scalable synthesis with one important drawback: due
to the thermal instability of the organic templates
there is a compromise between the crystallinity and
the specific surface area of the materials as the need
of crystallization at higher temperatures results in
pore collapsing [12-17].

However, for many of the applications of titania
listed above, the crystallinity of the material also
plays an important role. In the use of titania as pho-
tocatalyst, the crystal composition has a strong
influence on the charge recombination rate and
therefore also on the photocatalytic activity itself [18].

Therefore, we have explored if the crystallinity of
mesoporous titania obtained from soft templating can
be enhanced by introducing microwave irradiation
during selected synthesis steps. In case of titania
nanoparticles synthesized through hydrothermal
methods, it has been shown earlier that microwave
irradiation improves the crystallinity of the
nanoparticles and allows reducing synthesis tem-
perature and time [19-22]. A few articles discuss the
synthesis of mesoporous titania with microwave
irradiation, but the amount of amorphous material in
the samples is not quantified and no comparisons are
made with conventional methods [23-25].

In this work, we have selected an established lit-
erature-based soft templating method: evaporation-
induced self-assembly (EISA) synthesis using
cetyltrimethylammonium bromide as soft template
[13, 15, 16, 26-28]. This method results in a meso-
porous titania powder with a high specific surface
area (>300 m’g "). XRD analysis combined with
quantitative Rietveld refinement shows that the use
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of microwave irradiation during the synthesis
enhances the crystal fraction of mesoporous titania
without causing important losses in specific surface
area. The photocatalytic activity of the resulting
powders was tested for both aqueous and gaseous
systems. Methylene blue, a common dye in the textile
industry and isoproturon, a persistent herbicide were
used as test molecules for the photocatalytic activity
in aqueous media. In the case of the air purification
application, acetaldehyde, a common pollutant
indoors, was the test molecule. In both cases, the
additional microwave treatment and consequential
increased crystallinity also resulted in the increased
photocatalytic activity of the titania powders.

Experimental
Chemicals
Titanium(IV) isopropoxide (Ti(O'Pr),, >97 %),

methylene blue hydrate (=95 %), and isoproturon
(PESTANAL®, analytical standard) are purchased
from Sigma-Aldrich; hexadecyltrimethylammonium
bromide (CTAB, >98.0 %) is acquired from TCI, and
ethanol (absolute PA) from Panreac. All chemicals
are used as received.

Synthesis of titania powders

We used the recipe described by Beyers et al. [26, 28].
A clear, colorless ethanolic solution (6 mL) contain-
ing 0.59 g CTAB at 40 °C is mixed with a colorless
solution of 5.7 mL EtOH, 3 mL Ti(O'Pr),, and 1.2 mL
HCI. Distilled water (2.06 mL) is added drop wise
while stirring vigorously. The resulting mixture is
stirred for 15 min and transferred to a Petri Dish with
a diameter of 9 cm. This is kept in an oven at 75 °C
for 3 days. The obtained yellow solid is subjected to a
base treatment comprising 48 h refluxing in 50 mL
0.1 M NaOH solution. The white powder is filtered,
washed 3 times with distilled water, and dried
overnight at ambient conditions. The calcination
proceeds for 2 h at 450 °C with a heating rate of 2 °C
min~ . To investigate the influence of microwave
irradlatlon on the crystallinity of the structure, an
additional microwave treatment of 1 h at 120 °C is
performed at three different stages of the synthesis.
In the first case, this is before the transfer to the Petri
Dish and this sample is called MW 1, MW 2, and MW
3 underwent a microwave treatment, respectively,
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Figure 1 Flow chart of the
synthesis, with indications of

the additional microwave
irradiation steps.

CTAB
EtOH
H2

] ] . Titania
(e} Evaporation refluxing calcination EISA

Ti(OPR),
EtOH
HCl

before and after the NaOH treatment. A flow chart of
the synthesis is depicted in Fig. 1.

Characterization

Nitrogen sorption experiments are carried out on a
TriStar 3000 (Micromeritics) at —196 °C. The specific
surface areas are calculated using the Brunauer-Em-
mett-Teller (BET) method. X-ray diffraction (XRD)
diffractograms are recorded on an ARL X'TRA
Diffractometer (Thermo Scientific) equipped with a
Cu-Ko tube and a Peltier cooled lithium-drifted sili-
con solid state detector. To calculate the amorphous
content of the samples, 10 wt% ZnO is added as an
internal standard [29]. The powders are side loaded
onto the sample holder to reduce preferential orien-
tation. The amorphous content is evaluated by
quantitative Rietveld refinement using Topas Aca-
demic V4.1 software [30]. Total diffusion reflectance
UV-Vis measurements on the titania powders are
performed on a Varian Cary 500 spectrometer
equipped with an integrating sphere coated with
BaSO,. The reflectance is transformed to F(R) using
the Kubelka-Munk function. The indirect band gap is
obtained from the [F(R)-E]* versus the energy of the
exiting light (E) plot by extrapolating the linear part
of the graph, where the intersection with the x-axis
represents the band gap energy. For TEM analysis, a
copper support TEM grid (200 mesh) was dipped
into an aqueous dispersion of the titania powders
and air-dried. A JEOL JEM-2200FS transmission
electron microscope with Cs corrector and an accel-
erating voltage of 200 kV was used.

Surface photovoltage (SPV) measurements

The setup is a custom-made apparatus as described
by Verbruggen et al. [31], in which the powder
sample is sandwiched between two ITO electrodes
(Sigma-Aldrich, 1.2 mm thickness, 8-12 Q cm 2
resistivity), connected to an amplifier (10° voltage
amplification). No external bias is applied. In order to

O

perform reproducible measurements, a section of
5 mm x 5 mm is illuminated. 8.5 £ 0.5 mg of each
catalyst is used to obtain a good contacting layer
between both ITO electrodes. For the exact determi-
nation of the SPV value, the difference was taken
between the voltage readout after 1.5 min of UVA
illumination and the steady voltage readout in the
dark. For all samples, four independent measure-
ments were performed and averaged and the stan-
dard deviation was calculated to give an estimate of
the error on the measurements.

Photocatalytic degradation

Water purification The photocatalytic activity of the
powders is evaluated by following the degradation of
methylene blue and isoproturon under UV illumi-
nation. The experiments are carried out in a setup
based on ISO 10678:2010(E). A Vilber Lourmat VL-
315BLB blacklight blue fluorescent light tube is used
with a maximum emission at 365 nm and emitting 10
Wm ™2 The starting concentration of the aqueous
methylene blue solution was 50 and 8 mg L™" in the
case of the isoproturon solution. Both experiments
were conducted in the same way. 0.3 g L' titania
was added to 50 mL pollutant solution in a photo-
catalytic cell which is kept at a constant temperature
of 25 °C. The suspension was stirred for 60 min in the
dark to reach adsorption equilibrium. At frequent
time intervals 2 mL dispersion was centrifuged for
5 min at 5000 rpm to separate the titania powder
from the pollutant solution. The pollutant concen-
tration was evaluated using a Shimadzu UV1800 UV
spectrometer at 665 nm in the case of methylene blue
and 245 nm in the case of isoproturon. The degra-
dation is normalized with respect to the starting
concentration after reaching adsorption equilibrium.

Air purification  All samples (20 mg) were first sus-
pended in 1 g absolute ethanol and stirred ultrason-
ically. For each sample, two precleaned glass slides
(2.5 x 1.5 cm®) were drop casted with 300 pL of its
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suspension. The slides were left to dry to the air and
were then transferred to an oven at 100 °C for further
drying overnight.

Acetaldehyde was used as model pollutant. A
polluted gas flow was generated by premixing 1 %
acetaldehyde in N, (Praxair) with synthetic air
(Praxair), resulting in an acetaldehyde concentration
of 30 = 3 ppmv. The samples were placed in the
center of a single pass, slit-shaped flatbed pho-
toreactor. A Philips Cleo UVA tube (imax of
365 nm, incident intensity of 3 mW cm ™2 at sample
distance) was used as light source. The test proce-
dure is similar as described in earlier work [32-34].
Briefly, the measurements were carried out in sev-
eral phases: (1) the dark reactor is flushed with
clean air. (2) The reactor is illuminated and flushed
with clean air. During this step, adsorbed rest
fractions of solvents form the synthesis of coating
protocols are photocatalytically removed from the
substrate. (3) The pollutant reference level is mea-
sured by flowing polluted air directly to the
detector, not passing the reactor. (4) Polluted air is
passed through the dark reactor to determine the
adsorption of the pollutant. (5) The reactor is illu-
minated and the photocatalytic activity is moni-
tored. The concentrations of acetaldehyde and CO,
are monitored online by FTIR spectroscopy. The
FTIR absorbance is converted into an actual con-
centration using preestablished calibration curves
constructed using an organic vapor sensor and CO,
sensor. For each sample, an automated test protocol
is run, that goes through the test phases described
above three consecutive times, with 15 min polluted
flow through the reactor in dark and 20 min under
UV illumination. The standard deviations are cal-
culated to give an estimation of the error on the
measurements.

Results and discussion
Specific surface area and crystallinity

Table 1 shows quantitative information on the frac-
tions of the crystal phases present in the different
samples. The EISA sample is the least crystalline,
with 35 wt% anatase. We performed a microwave
treatment at different stages of the synthesis to
enhance the crystallinity of the material. For all three
samples, the anatase phase increased with at least
15 %. MW 1 exhibits a large fraction of 24 % brookite,
next to an increased anatase fraction of 57 %. The
microwave procedure for the MW 1 sample is per-
formed on the ethanolic precursor solution, which
results in higher pressures in the reaction vessels
than with aqueous solutions. As brookite is generally
formed at higher pressures, it explains why the
brookite phase is only observed in this sample. MW 2
has the highest anatase fraction of 82 %, but also the
anatase content of MW 3 increased to 50 %.

The specific surface areas of the mesoporous titania
samples obtained from BET analysis are also listed in
Table 1. The untreated EISA sample exhibits a
specific surface area of 318 m°g~'. In most of the
samples, the microwave treatment did not result in a
large loss in specific surface area, except for MW 2,
where a decrease to 202 m®g~' is observed. The
preservation of the specific surface area of MW 1
during the microwave treatment can be explained by
the hydrolysis behavior of the titania precursor,
preferentially leading to nanoparticles [35]. This
means that during microwave synthesis, particle
formation is further enhanced, leading to increased
crystallinity but leaving the specific surface area
mainly unchanged. In the case of MW 2 and MW 3,
the microwave treatment is performed after

Table 1 Crystal fractions,

a
specific surface areas, and Anatase (%)

Brookite (%)*

Other (%)°  Sper (m’g™")  Band gap? (eV)

band gap energies of the titania

0
24
0
0

65 318 3.49
19 267 3.49
18 202 3.47
50 361 3.41

? When a crystal phase fraction of less than 1 % is found, this is neglected

® <Other’ includes amorphous fractions, undetermined crystalline phases, and adsorbed molecules

¢ The microwave treatment of MW 1 is performed before its transfer to a Petri Dish. In case of MW 2
and MW 3, the microwave treatment is performed, respectively, before and after the NaOH treatment

4 The band gap energy is calculated from the [F(R)-E]* versus the energy (E) plot (Fig. S1)

samples EISA 35
P MW 1€ 57
MW 2¢ 82
MW 3° 50
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assembling the titania particles around the template
by evaporating the solvent. For MW 2, the microwave
treatment is done before the refluxing step with
NaOH, leading to a collapse of the pore structure
while in MW 3, including microwave treatment after
refluxing with NaOH, the pore structure is main-
tained or even enhanced. Beyers et al. [28], have
shown that a NaOH treatment after EISA and prior to
calcination at elevated temperatures, stabilizes the
porous structure by crystallization of the walls of the
mesoporous titania. This explains why the structure
does not collapse when the microwave treatment is
performed after the NaOH treatment (MW 3), but
does collapse when it is performed prior to this
treatment (MW 2). TEM analysis of the samples
(Fig. S2) shows that all samples have the same mor-
phology namely an agglomeration of small (~6 nm)
titania crystallites, forming large particles of
100-200 nm. MW 2 is more dense, but the crystallites
are of the same size as the other samples.

Total reflectance UV-Vis measurements are per-

31@EAformed to calculate the band gap energies (Table 1).
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The titania powders have a band gap of approxi-
mately 3.5 eV, except for MW 3, which has a smaller
band gap of 3.41 eV. Due to this smaller band gap, a
larger part of the UV-Vis spectrum will be absorbed.
The band gap energies are somewhat higher than the
3.2 eV reported for bulk titania, but normal for
materials consisting of nanosized crystallites [1].

Electronic properties

Surface photovoltage (SPV) measurements give a
qualitative image of the formation capacity and sta-
bility of photogenerated charge carriers for the sam-
ples (Fig. 2). All microwave-treated samples have an
increased SPV signal compared to the nontreated
(EISA) sample, which is in line with an increased
degree of crystallinity. The increase in SPV signal is,
however, not proportional to the crystallinity. Espe-
cially in the case of MW 2, the increase in SPV signal
is rather small in comparison to the immense increase
in crystallinity. Its specific surface area has, however,
decreased significantly, making it more difficult for
the photogenerated charge carriers to reach the sur-
face, resulting in a small increase in SPV signal. The
SPV signal of MW 3 on the other hand is larger than
expected when solely looking at the degree of crys-
tallinity as the crystallinity increase is smaller for MW
3 than for MW 1. However, taking into account the

0.05

0.04 —

0.03

0.02

Surface Photovoltage (V)

0.01

0.00

EISA

MW 1 MW 2 MW 3

Figure 2 Surface photovoltage signals under UVA illumination.
The error bars represent the standard deviation on the
measurements.

increase in specific surface area for MW 3 and the
small decrease for MW 1, and the somewhat smaller
band gap of MW 3, the resulting SPV signals can be
explained.

Photocatalysis

A first evaluation of the photocatalytic activity of the
samples in aqueous media was performed by fol-
lowing the degradation of methylene blue as a test
molecule for organic pollutants. We switched on the
UV-lamps after the adsorption step described above.
At regular time intervals, an aliquot is taken from the
reactor and analyzed by UV-Vis spectroscopy. The
resulting graphs are depicted in Fig. 3a. MW1 is a bit
less active than the untreated titania material even
though it has an increased crystalline fraction and a
higher SPV signal. However, its specific surface area
is lower than the untreated sample. MW 2 is even less
active as its specific surface area is even lower and its
SPV signal is much lower than MW1. MW3 on the
other hand has a higher anatase fraction, leading to a
high surface photovoltage, a higher specific surface
area, and a smaller band gap resulting in an
increased photocatalytic activity. The two most active
samples were also tested for the photocatalytic
degradation of a persistent herbicide, isoproturon
(Fig. 3b). Also in this application, the microwave-
treated sample, MW 3, was the most active.

The photocatalytic activity in air was investigated
by the degradation of acetaldehyde. The activity is
represented in terms of the steady state CO, levels
(with CO; the final degradation product) generated
during UV illumination at a total flow rate of 400 cm?®
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Figure 3 Photocatalytic degradation of aqueous a methylene blue
and b isoproturon solutions as a function of time.

min~' and an acetaldehyde inlet concentration of
30 £ 3 ppmv (Fig. 4). All microwave-treated samples
are more active than the untreated sample, but MW 1
clearly shows the highest improvement.

In general, there is a good agreement between the
amount of CO, produced during the photocatalytic
degradation of acetaldehyde and the SPV signal of
the corresponding samples. Compared to EISA, the
observed trends for MW 1 and MW 2 are almost
identical, although the SPV signal for MW 3 appears
illogical.

To compare the samples with regard to their
intrinsic electronic properties, the photocatalytic
activities are represented per unit of area. When this
is compared to the anatase fractions in the samples, a
very good agreement can be observed (Fig. 5). In the
case of gaseous photocatalytic degradation of
acetaldehyde, the higher the anatase fraction in the
sample, the more active the sample is in terms of
activity per unit of area, here the most active sample
is MW 2. In the case of the absolute activity of the
samples, the specific surface area has to be taken into

@ Springer

20

Steady State CO, level (ppmv)

EISA MW 1 MW 2 MW 3

Figure 4 Photocatalytic steady state CO, formation during
acetaldehyde degradation under UVA illumination. The error bars
represent the standard deviation on the measurements.

o]

100

£ o
H (2] [0 ]
o | = | o
(%Im) asejeuy

N

Steady State CO, level (ppmv m'2)
3

EISA

MW 1

MW 2 Mw 3

Figure 5 Area-based photocatalytic activity during acetaldehyde
degradation (left) and anatase fractions (right) of the samples. The
error bars represent the standard deviation on the measurements.

account, which is lowest for MW 2 compared to EISA,
resulting in MW 1 being the most active sample
overall.

It should be noted that the relative activity of the
samples is different for the aqueous-phase and gas-
phase degradation reactions. Photocatalysis is a
complex process that relies on an interplay of many
parameters, not only of the catalyst but also the
reaction conditions (irradiation intensity, reactor
geometry, concentration, flow rate, etc.) have an
important influence. It is therefore reasonable to
assume that incorporating the microwave treatment
at different times of the synthesis will induce differ-
ent additional variations in the catalyst properties
that render them more (or less) suited for applica-
tions under a given set of reaction conditions. It is
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clear though, that these microwave treatments
improve the crystallinity of the samples without
greatly compromising the active surface area. As a
result, the added value of the microwave treatment is
also apparent from all conducted photocatalytic
experiments under very divergent conditions, even
though the order of reactivity is different.

Conclusions

Mesoporous titania was synthesized according to an
evaporation-induced self-assembly synthesis. To
enhance the crystallinity of the samples, a microwave
treatment was added to the synthesis procedure at
selected processing steps. XRD analysis confirms that
it is indeed possible to increase the crystalline anatase
fraction present. Furthermore, it seems that this
increased crystallinity does not substantially affect
the specific surface area of the samples, but it
enhances the surface photovoltage.

The photocatalytic activity of the samples was
tested in both aqueous and gaseous media. Generally,
it can be stated that the microwave treatment led to
an increase in activity. In aqueous media, this was
only the case for the sample with an increased
specific surface area, but for the gaseous photocat-
alytic degradation all microwave-treated samples
have an increased performance. For gaseous degra-
dation reactions, the best material combines a high
surface photovoltage with high photocatalytic activ-
ity both in absolute terms as well as per unit of area.
Overall, a high specific surface area and good elec-
trical properties are necessary to perform well in both
gaseous and aqueous applications.

Supplementary information

The [F(R)-EJ* versus the energy (E) plot obtained
from total reflectance UV-Vis spectroscopy that are
used to calculate the band gap energies can be found
in the supplementary information. TEM images of
the samples are also depicted.
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