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Titania/mesoporous silica nanotubes with efficient photocatalytic properties
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Ordered nanocrystalline titania-mesoporous silica nanotube structures are synthesized by hydrolysis of
the titania precursor inside pours silica shell. Silica coating surrounding carbon nanotubes was further
removed by thermal reduction. The proposed method of functionalization silica channels with the titania
nanoparticles preclude aggregation of TiO, nanoparticles. The nanocrystalline silica/titania (mt-SiO,/TiO,)
nanotubes were prepared according to the describe method has high specific surface area and possesses
excellent photocatalytic properties capable of decomposing phenol and methylene blue in a short time.
Since the nanocrystalline TiO, is produced in the wall of the mesoporous silica tube, phenol or dye
molecules can react with TiO, nanoparticles from both the inside and outside.

Keywords: Mesoporous silica nanotubes, silica-titania nanocomposite, photocatalysis, phenol decomposition.

INTRODUCTION

Decomposition of hazardous organic compounds in
water has attracted significant attention in environmental
protection'™. Efficient cleaning of waste water is crucial
to the industry and environment. However, current
biological, physical, and chemical methods have several
drawbacks®>™ and better techniques are required. An at-
tractive alternative method is based on photocatalysis®”’.
These methods does not produce by-products and waste
being able to convert organic compounds into harmless
chemicals®, and last but not least, can remove toxic, bio-
-resistant, and inorganic species®. Photocatalysis based
on TiO, has drawn interest due to potential applications
in environmental cleaning, such as inactivation of virus
in drinking water, decomposition of pollutants, solar
energy conversion, and production of hydrogen energy
production®*!*, Other advantages include biocompatibility,
stability, and efficiency’®>. TiO, is a wide-band gap se-
miconductor existing in three main crystalline phases of
anatase, rutile, and brookite. The most useful titania pha-
se for photocatalysis is anatase which can be synthesized
in large quantities®. Moreover, its chemical and biological
inertness, easy and economically feasible production,
and photocatalytic activity render titania an ecologically
friendly material. Therefore, there is increasing interest
in incorporating photoactive species into different matrix
materials/composites such as ceramic materials like tiles,
silicates, paints and plastics to enhance the mechanical
properties and surface functional properties. Photocata-
lytic anti-bacterial'® ", self-sterilizing'® °, self-cleaning®
and antisoiling coatings*! have been studied. Titania has
a multifunctional nature. For instance, titania can form
molecular hybrids with other molecules to yield good
photocatalytic performance and serve as an adsorbent.
Titania modified by silica (TiO,-SiO, nanocomposites)
is a great candidate for mercury vapor removal. The ad-
sorption enhancement mechanism has been investigated
in details®**". Recently, a simple technique to achieve
enhanced photocatalytic activity from (TiO,) P25 titanium
dioxide nanoparticles by silica addition has been repor-
ted' 283 Expect of the high surface are of the meso-
porous silica nanoparticles, silica nanoparitcals and silica
coating can be produce from the post-synthesis waste

that reduce their production costs*. Silica nanocoatings
and nanoparticles shows also high thermal stability and
acid resistance®. Furthermore molecular hybrids based
on titania can be used to clean the surface of building
materials such as cement mortar, tiles, and glass panes™.
TiO,-coated ceramic tiles'* ', sanitary ware* and TiO,
incorporated cement are efficient in resisting organic
contaminants, inorganic materials, as well as bacteria.
The use of these materials in hospitals and health care
facilities such as public comfort stations can reduce the
spread of infection and threat to patients, especially
those whose immune systems are weak. Moreover, it has
been shown that Amphotericin B covalently attached to
silica nanoparticles exhibits effective antifungal proper-
ties®*. Therefore, surfaces coated with these antifungal
nanoparticle conjugates have large potential in medical
devices requiring antifungal properties. However, covalent
functionalization can be easily destroyed via cleavage of
chemical bonds and more stable materials are desired. In
this work, a novel molecular hybrid combining the large
surface area of silica with the photocatalytic properties
of titania is investigated. It is composed of mesoporous
silica nanotubes with channels filled by anatase titania
(~25 wt.%). This structure improves the photocatalytic
efficiency of TiO, in the ultraviolet light region relative
to P25 titanium dioxide nanoparticles.

EXPERIMENTAL SECTION

Materials

Carbon nanotubes used to synthesis of mesoporous
shell were purchased from Shenzhen Nanotech Port
Co. (Shenzhen, China). Silica (tetraethyl orthosilicate
— TEOS) and titania precursor (Titanium(IV) butoxide
— TBT) was purchased from Sigma-Aldrich. Ethanol
and n-propanol were provided from Chempure (Poland,
Piekary Slaskie) and from Polskie Odczynniki Chemiczne
- POCH S.A. (Poland, Gliwice).

Synthesis of silica nanotubes with titania in the meso-
porous channels (mt-SiO,/TiO,)

To fabricate a thin mesoporous silica layer (30 nm),
0.2 g of multiple wall carbon nanotubes were dis-
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persed ultrasonically in a solution containing 0.3 g of
hexadecyl(trimethyl)azanium bromide (CTAB), 1.0 g of
NH,; - H,0, 60 ml of ethanol, and 80 ml of deionized
water (H,0). The mixture was stirred for 18 h at room
temperature after addition of 0.4 g tetraethyl orthosili-
cate (TEOS) as the silica precursor. The suspension was
centrifuged at 8000 rpm for 20 minutes and thoroughly
washed with ethanol. After removing the suspension
residues, CTAB was evaporated from the silica-carbon
nanotubes in air at 400°C for 2 hours. The mesoporous
silica-carbon nanotubes were sonicated for 3 hours in 5
ml of concentrated tetrabutyl titanate (TBT). Afterwards,
the TBT and silica-carbon nanomaterials were diluted
with n-propanol and collected after centrifugation at
8000 rpm for 30 minutes. To remove excess TBT, the
sample was washed several times with n-propanol and
then dispersed in ethanol to hydrolyse the titanium di-
oxide precursor. The mesoporous silica nanotubes with
titania were obtained after calcination at 600°C for four
hours to remove the CNT core and convert the titanium
dioxide to the anatase phase.

Determination of photocatalytic activity

The photocatalytic activity of the mt-SiO,/TiO, and
P-25 (control) samples was examined by the decompo-
sition of phenol and methylene blue. The reaction was
carried out in an inner-irradiation-type reactor with
a mercury lamp (150 W) as the ultra-violet light source.
In the photocatalytic reaction, 700 cm® of a phenol or
methylene blue solution (initial concentration: 50 mg/
dm?) with 50 mg of the catalyst was used. After 30
minutes of adsorption in darkness, the reaction mixture
was irradiated. Nominal doses of the reaction mixtures
were extracted at regular time intervals to determine the
phenol/methylene blue concentration in the solution. The
phenol/methylene blue concentration was determined by
the diffuse reflectance (DR) UV-Vis technique on the
Jasco V-650 spectrophotometer (Jasco, Japan).

RESULTS

Nanomaterials characterization

Figure 1 shows the high-resolution transmission elec-
tron microscopy (TEM) images revealing morphological
changes on the samples. The TEM images show that the
surface of the multiple wall carbon nanotubes is covered
by the mesoporous silica shell with an average diameter
of 30 nm (Fig. 1 a and a’). The elemental composition,
determined by the EDS mapping proves the successful
mesoporous silica coating (Fig. 1 a”). In respect to the
figure 1 a and a’, both high-resolution TEM images in
the figures 1 b and b’ reveal the presence of an additional
structure in the channels of the mesoporous silica after
filling with titanium dioxide. The mesoporous layer can-
not be seen clearly from this sample. The bamboo like
structure in the carbon nanotubes blocks the introduction
of titania in the inner space of the nanotubes. In order
to confirm the filling effect efficacy, EDS mapping was
performed and the results are depicted in Figure b”. In
the mapping images red, yellow and green colors corre-
sponds respectively to carbon, silica and titanium. From
the comparison of the images clearly see that the hollow

space in the signal coming from the outer mesoporous
silica shell, attributes to the red signal from the CNT.
The green signal coming from titanium contains in the
mesoporous silica. For further verification of the mor-
phological modification, the surface area is measured
based on the N, adsorption isotherm. The surface area
of CNT-mSiO,-TiO, is 152 m?g and CNT-mSiO, has
a surface area of 894 m%g. It means that the surface of
CNT-mSiO,-TiO, decreases by a factor of six compared
to the starting materials due to filling of the channels in
the mesoporous silica by titania. The CNT-mSiO,-TiO,
is annealed in air at 600°C to form anatase phase of
titanium dioxide and remove carbon nanotubes in order
to exonerate the inner space. Figures 1 ¢ and ¢’ show
the tubular structures without carbon nanotubes inside.
However, the outer surface is unchanged with respect
to CNT-mSiO,-TiO,. The efficiency of carbon nanotube
removal is confirmed by EDS mapping (see Figure 1
¢”). The TEM and EDS study does not show any CNTs
and removal of carbon nanotubes increases the specific
surface area of this sample to 234 m%/g.

Raman scattering spectra are acquired to determine
presence of individual elements in the nanomaterials
using a laser beam with an excitation wavelength of 785
nm. Figure 2 depicts the spectrum of three different nano-
structures, two immediate nanostructures formed during
the synthesis as well as the final product. The spectra
of the both the CNT and mSiO,/CNT/TiO, exhibit two
strong peaks associated with the G and D modes. The
intensity of the CNT modes is weak during the synthesis.
In the final product (mt-SiO,/TiO,) after CNT removal,
peaks from the G and D modes diminish towards the
intensity of the lower frequency region peaks (100-650
cm™) corresponding to silica (green line) and titania
(blue line). Sharp peaks appearing after annealing at 146
cm™, 396 cm™, 520 cm™, 630 cm™ can be attributed to
phonon modes of anatasa® verifying the anatase phase
presence. However, lack of the D and G bands of CNT
provides evidence that annealing removes the template
completely. The X-ray diffraction (XRD) pattern of the
mT-SiO,/TiO, which confirms the presented studies was
reported previously”. The majority of the diffraction
peaks was indexed to the pure tetragonal anatase phase
(ICDD #00 021 1272) of highly UV-light active titania.
In the range of 15 to 30 degrees, the broad peak cor-
responds to silica in the nanomaterials. Peaks marked
in the spectrum corroborates the high efficiency in the
fabrication of mesoporous silica nanotubes with titanium
dioxide. Mean diameter of the commercial TiO, — P25
(Aeroxide) particles was 22 nm, with the specific surface
area ranging from 35 to 56 m%g. The XRD measurements
showing phase mixture (anatase and rutile) of the P25
nanoparticles are presented in the previous report!.

Photocatalytic activity

The photocatalytic performance of the materials were
evaluated using UV light by a phenol decomposition
reaction with respect to the same amount of the com-
mercial catalyst P25. Figure 3 illustrates the dependence
of the phenol concentration to reaction time on the mt-
SiO,/TiO, nanotubes (cubes), P25 (triangle) and without
catalyst (circle). The results indicate that the synthesized
mt-SiO,/TiO, is photocatalytically active in phenol de-
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Figure 1. EDS elemental mapping (a, b, c¢) supplemented with TEM (a,b,c) and STEM (a, b, c) images of mesoporous silica-carbon
nanotubes, carbon-silica-titania nanotubes and mesoporous silica-titania nanotubes, respectively
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Figure 2. Raman spectra of carbon nanotubes (CNT), me-
soporous silica/carbon nanotubes supported with
titania (CNT/m-SiO,/TiO,) and mesoporous silica
nanotubes with titania (mt SiO,/TiO,)

composition and the performance is much better than
that of the commercial catalyst. For example, after 30
minutes of UV irradiation, 76% of the phenol is by
mt-SiO,/TiO, and 24% by TiO,-Degussa P25. After 120
minutes, 99% of the phenol is decomposed by mt-SiO,/
TiO, and only 60% by TiO,-Degussa P25.
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Figure 3. Photocatalytic decomposition of phenol by mesoporous
silica nanotubes with titanium dioxide mt-SiO,/TiO,
and P-25 catalyst under UV light

In order to confirm the high photocatalytic performance
of the mt-SiO,/TiO,, dye (methylene blue) decomposition
under UV light was evaluated. The reaction was carried
out with respect to same amount of the the commercial
catalyst P25. Figure 4 illustrates the dependence of the
dye concentration to reaction time on the mt-SiO,/TiO,
nanotubes (cubes), P25 (triangle) and without catalyst
(circle). The results confirmed that the synthesized
mt-SiO,/TiO, is highly photocatalytically active and
the performance is better than that of the commercial
catalyst. After 20 minutes of UV irradiation, 95% of
the dye is decomposed by mt-SiO,/TiO, and 80% by
TiO,-Degussa P25.
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Figure 4. Photocatalytic decomposition of methylene blue by
mesoporous silica nanotubes with titanium dioxide
mt-SiO,/TiO, and P-25 catalyst under UV light

The mt-SiO,/TiO, after the reaction did not reveal
any changes in the structure of nanoparticles. Post the
reaction, mt-SiO,/TiO, shows similar tubular structure
(Figure 5b—c) as the pristine photocatalyst (Fig. Sa).
The photocatalyst chemical structure after phenol de-
composition is comparable to pristine catalyst (Fig. 5d).
XRD spectrum of the mt-SiO,/TiO, before and after
photocatalytic decomposition of phenol shows the same
peaks assigned to the anatase phase (marked — A) and
silica (broad peak marked - SiO,).

DISCUSSION

In this contribution nanocrystalline TiO, has been
successfully prepared in wall of mesoporous silica tubes
through the simple and efficient methodology. TiO,
precursor supported in the silica nanochannels was
transformed into crystallized TiO, nanoparticles through
hydrolysis and further by high temperature treatment.
The direct formation of the TiO, nanoparticles in side
of silica channels inhibited the agglomeration of TiO,
particles®. The obtained nanocrystalline TiO, supported
in the wall of mesoporous silica tubes also showed the
high specific surface area due to the presence of tubu-
lar and mesoporous structure. These characters enable
the mt-SiO,/TiO, nanotubes to exhibit enhancement
properties in photocatalytic decomposition of phenol
and methylene blue. In photocatalytic decomposition
of phenol in water, phenol was completely decomposed
in very short time under UV light. Therefore together
with bactericidal properties® it shows great advantage
in respect to P25. This can be attributed to the fact that
the nanocrystalline TiO, was supported in the wall of
mesoporous silica tube and phenol molecules can react
with TiO, from both sides: outside and inside of the
silica tube, increasing the reaction rate dramatically. The
high specific surface area also enhance the photoactivity
of the prepared molecular system. Thus this method
provides an easy way to treat the polluted water and
great potential application in food or cosmetics industry.

Previous results of the anti-bacterial activity of the
mt-SiO,/TiO, on Escherichia coli (ATCC 25922) clearly
shows advantage in the microorganism growth inhibi-
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Figure 5. TEM images of mesoporous silica nanotubes with titanium dioxide mt-SiO,/TiO, nanotubes before (a) and after (b, c)
phenol decomposition. XRD spectrum (d) of the nanotubes before and after phenol decomposition

tion, compared to commercial TiO,*. The mesoporous
nanotubes with titania completely inhibit the Escheri-
chia coli after UV-light treatment (required two time
less time then commercial titanium dioxide). Previous
study on the biocompatibility of this nanostructure with
mouse fibroblast cells 1.929% showed that above 100 pg/
mL concentration nanomaterials starts exhibiting weak
toxicity effect. Therefore high biocompatibility, bacte-
ricidal and photocatalytic performance of the mt-SiO,/
TiO," % shows that this structure has great potential in
the future applications.

CONCLUSIONS

Concluding, we have successfully fabricated uniform
molecular hybrid based on mesoporous silica nanotubes
with channels filled with nanocrystalline titanium dioxide
in a anatase phase. Novel nanomaterial exhibits high
surface area with high purity — free from titania impu-
rities. The photocatalytic activity of this structure was
significantly increased due to the dramatically enhanced
reaction rate in respect to the commercial catalyst.
Proposed photocatalyst is chemically stable during the
reaction and maintains its morphology. The presented
photoactive system paves the way for the development
of a new generation of water purification system. Future
investigations will focus on the detailed antibacterial,

antifungal and photocatalytic efficiency in different
environmental conditions of this material.
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