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Abstract: Titanium dioxide Nanotubes (TNTs) prepared by electroless deposition have been annealed at air
ambient and low temperature. As a result, the anatase/rutile phase composition of the TNTs can be tailored

to the needs of later applications. Nanotubes with anatase/rutile mixed phase ratio of 4:1 have been produced

in this report and further examined for their photocatalytical behavior. The photocatalytical properties of the

TNTs have been observed by degradation of methylene-blue in aqueous solution under low power UV-light

irradiation. The results shown in this report are based on the synergetic effect between rutile and anatase,

which results in the mixed phase TiO2 nanotubes having enhanced photocatalytical properties.
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Introduction

Titanium dioxide nanostructures are currently show-
ing strong significance in science and engineering. Semi-
conductive materials with suitable band gap and flat
band potentials are used as photocatalysts. Several
semiconductors such as TiO,, ZnO or Fe;O3 are em-
ployed in industrial applications [1]. In case of photo-
catalytic nanomaterials, anatase titanium dioxide is the
most widely used photocatalyst, pursuant to its pivotal
role in photochemical solar cells with high conversion
efficiency, due to its large band gap from 3.2 eV, corre-
sponding to 387 nm [2-7].

There are two forms of TiO; — antase and rutile -
which are frequently studied [8], where the rutile modi-
fication of TiOs is known as the “photocatalytical less”
active form.

For anatase titanium dioxide nanostructures, mis-
cellaneous methods such as electro-spinning, sol-gel
method or chemical vapor condensation, have been

developed and applied [9-12]. TiOs nanotube tem-
plate based sol-gel method has been developed suc-
cessfully [13]. Further on self-aligned, highly ordered
TiO2 nanotube arrays has been produced by potentio-
static anodization of titanium foil [14]. Additionally a
direct preparative method of anatase TiOs nanotubes
in porous alumina membranes has been reported ear-
lier [15]. In our previous report, we described for the
first time the synthesis of anatase titanium dioxide nan-
otubes (TNTs) by electroless deposition, under aqueous
conditions in ion track etched polycarbonate templates
[16]. These anatase titanium dioxide nanotubes have
been synthesized having a diameter of approx. 100 nm
and a wall thickness of approx. 10 nm.

As has been shown previously, that mixtures of
anatase and rutile show synergetic effects between both
phases [17]. Positive interactions between the rutile
and the anatase phase of TiOy have been reported ad-
ditionally within other systems [18, 19]. Further more,
synergetic effects and charge separations between TiO,
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and other materials have been discussed in literature
[20-23].

In our previous work, we mentioned that it would
be very interesting and useful to control the quantity
of anatase and rutile phase of the TNTs. The phase
reaction between the meta stable anatase phase and
the stable rutile phase has considerable importance. It
has been shown, that nano-crystalline TiOs could be
phase selected using careful control of the particle size
and other experimental conditions, such as tempera-
ture [24-26]. To date, just a few reports have been pub-
lished, which refer to this transformation and most of
them perform their transformation research in regions
above 800 K [27, 28]. The level of phase transformation
depends on different parameters, such as initial phase,
reacting ambience, annealing temperature, and particle
size [29-31].

With this report, we continue our work [16] and re-
port the results of our studies about the anatase to ru-
tile phase transformation of anatase TiOs-nanotubes,
generated using electroless deposition at room tem-
perature, followed by annealing at temperatures below
600 K to achieve mixed phase TNTs. Further more, we
studied the photocatalytic degradation behavior of the
synthesized mixed phase TNTs, using methylene-blue
ambience in the way of a known procedure to compare
the results [32].

Experimental Section

Sample preparation

The preparation of the TNTs was described in detail
previously [16]. Therefore we present here an overview
on the template based preparation process. The tem-
plate consists of a polycarbonate foil having a thick-
ness of 6 to 30 pm. The foil was chemically etched
to achieve a template with a pore diameter of approx.
80 nm. Prior to the electroless deposition process, the
surface of the polycarbonate template was treated with
sensitization and activation solutions. To obtain tita-
nium dioxide nanostructures, preferably titanium diox-
ide nanotubes, the sensitized and activated template
was dipped into an aqueous solution containing Tis
(SO4)3 and C2HgBN. The time of deposition can be
varied regarding to the desired wall thickness. In this
work, the deposition time was 12 minutes with the re-
sult of TiOg nanotubes with 10-12 nm wall thickness,
shown in the SEM pictures in Fig. 1.

After the deposition process, the polycarbonate
was removed easily, using 1,2-dichloromethane. The
1,2-dichloromethane incorporated the polycarbonate,
and the TNTs remain as a suspension. Using cen-
trifugation the TNTs were separated from the 1,2-
dichloromethane, which was removed and replaced with
fresh solvent. This procedure was repeated a min-
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imum of 15 times, to ensure that all polycarbonate
was removed. After the last centrifugation, the 1-
2-dichloromethane standing over TNTs in the hydro-
extracted suspension, was removed as much as possible.
The TNTs were now being placed on a heat resistant
flat surface, e.g. a small piece of a silicon wafer, where
the remaining 1-2-dichloromethane was evaporated at
ambient air. After the TNTs were dried, the substrate
carrying the TNTs was placed into a tubular furnace
where the TNTs were annealed at 583°K; and ambient
air at normal pressure for different short term ranges.

Fig. 1 (a) SEM picture of TiO2 nanotubes unhinged from
the polycarbonate template, (b) SEM picture close up of
some nanotubes showing their thin walls.

Characterization

After the deposition process, scanning electron mi-
croscopy (SEM) was used for morphology and size dis-
tribution investigations of the nanostructures. To get
structural information about the phase transformation
of the TNTSs, the crystalline phase of titanium diox-
ide was studied by X-Ray Diffraction (XRD) using
Mo Ka (A=71,07 pm) radiation. A 20 range of 5°
to 45° was scanned with a step of 0.02° using an in-
tegration time of 3 seconds. To assure to have suffi-
cient nanotubes for later X-Ray diffraction and degra-
dation studies, around 20 templates have been prepared
for each X-Ray diffraction analysis. For the photocat-
alytic methylene-blue degradation study we used UV-
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VIS spectroscopy (Lambda 900 PerkinElmer) at a scan-
ning wavelength range from 400-800 nm.

Photocatalytic activity measurement

It is well understood that the photocatalytic dyes’
degradation rate under UV-light irradiation is signifi-
cantly higher than those under solar light [33]. Due
to the degradation efficiency and the time saving man-
ner following thereof, the photocatalytic activity of the
TNTs was evaluated by the degradation of aqueous
methylene-blue under illumination of UV-light. Re-
garding the previous reports on the enhanced photocat-
alytic behavior of mixed phase TiOs, the photocatalytic
activity measurement of the produced TNTs was exam-
ined after calcinations, having a rutile/anatase ratio of
1:4.

The cleaned and annealed TNTs were suspended in
2 ml of an aqueous methylene-blue solution containing
4.2 mg/1 methylene-blue dye, 1.3 x 10> mol/L respec-
tively; having a pH of 2 and were ready for photocat-
alytical testing after sonication of approximated 5 min-
utes. Yao et al. observed that the photodegradation
efficiency decreases in the order of pH2 > pH 9 > pH 7
and got best results for photodecradation at pH 2 [34].
Based on literature reports, best results for photocat-
alytic degradation of methylene-blue have been shown
with dye concentrations of about 3.12 x 10~° mol/l in
reference to a photocatalyst concentration of around
1 g/1 [1]. Due to the low weight of the TNTs and
by keeping reference to literature results vis-a-vis the
achieved results of this report - a dye concentration
of 1.3 x 1075 mol/l and five polycarbonate templates
containing the TNTs were used for each photocatalytic
dye degradation sample. Because of the wall thickness
of the TNTs from about 10 nm, the template thickness
of 30 um and the tube density of 1 x 10® tubes/cm?, the
used photocatalyst concentration was about 0.40 g/1 by
using the nanotubes of five template foils with an area
of 4.9 cm? each in a total suspension volume of 2 ml.
The light source was based on six single UV-light emit-
ting tubes, placed parallel next to each other with a
distance of 3 ¢cm, having a predominant wavelength of
315 nm and total power of 54 W. The test vials contain-
ing methylene-blue solution and TNTs were placed in
the same condition in the homogenous emitting area of
the light source. The distance from the vials to the light
source was around 20 cm. With regard to the vials’ ir-
radiation exposed surface area, the relative irradiation
power was 50 mW /cm? for each vial.

Results and Discussion

Rutil/Anatase phase transformation

In the past there have been several studies on the
photocatalytic activity of anatase-TiOs. In the early
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1990’s, Bickley, et al. [35] proposed the hypothesis of
enhanced photocatalytic activity of mixed phase TiOq
relative to pure phase TiOs. Since then a mixed phase
TiO, powder is sold as the Degussa P25 photocatalyst.
There have been a lot of reports within the past few
years, pointing out the enhanced photocatalytic activ-
ity of the Degussa P25. Later, the P25 was investigated
by Hurum et al. [36] to explain the reason of this en-
hancement. As a result, it has been well documented
that there is an enhancement of TiOy photocatalysis,
having a rutile/anatase mixed phase ratio of 1:4 [37].

For this reason, we have studied the phase transfor-
mation of our produced anatase TNTs [16] to tailor the
performance of the nanotubes, in order to reach the
optimum, mixed phase concentrations, resulting in the
best of photocatalytic activity.

The effect of annealing the anatase TiO5 nanotubes
at 583 K and air ambient at normal pressure for differ-
ent short term ranges can be observed in Fig. 2.
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Fig. 2 XRD diffraction patterns of the annealed TiO2-

nanotubes showing the different heat exposure times;
R=Rutile and A=Anatase.

The weight fraction of the formed rutile and anatase
ratio in the nanotubes during the different calcination
times have been determined by computer, based on the
equation described by Spurr and Myers [38]

100

IR
L (0.79] A
where x5 is the weight fraction of the anatase TiOq
phase in the produces TNTs, while Iz and I are equiv-
alent to the relative reflection intensities of rutile and
anatase.

The calculated anatase/rutile ratio as well as the cor-
responding calcination time are shown in the diagram of
Fig. 3. The diagram displays that the phase compounds
of the thin walled TNTs can be varied and tailored to
the need of the structures that are later used for. Due
to the previous reported optimal rutile/anatase ratio

(1)

Tg =



Nano-Micro Lett. 3 (4), 236-241 (2011)/ http://dx.doi.org/10.3786/nml.v3i4.p236-241

A Rutile

v Anatase

100}

@
\ =]

T
\

Do
(=]
T

Concentration (w/w%)
\
AN
\
AR

—
=
T

0 10 20
Time (min)

Fig. 3 Calcination time and resulting anatase/rutile ratio
present in the TiO2 nanotubes at an annealing temperature
of 583°K at air ambient.

for photocatalysis, we stopped the annealing experi-
ments after achieving the reported ratio of 1:4 with 25
minutes of calcination.

It has been shown that anatase to rutile phase trans-
formation is taking place inside nanostructures, even
at lower temperatures of just 583 K, that are far below
temperature of around 800 K that are reported to date.

Photocatalytic activity

Figure 4 shows the typical UV-Vis spectrum of
methylene-blue having an absorption maximum at
664 nm. In order to observe the photocatalytic activ-
ity for the degradation of methylene-blue using mixed
phase TiOs nanotubes, the absorbance was measured at
a time interval of 10 minutes. The colour of methylene-
blue after adding the photocatalyst was blue under dark
conditions. The results in Fig. 5 are showing that the
degradation of methylene-blue in an absence of the pho-
tocatalyst under irradiation was nearly 10% at the end
of the measurements. While in the case of presence of
the mixed phase TiOs nanotubes complete degradation
takes place. Within the total of 80 minutes irradiation
time the colour of the methylene-blue/nanotube sus-
pension changed from deep blue to milky white. Ac-
cording to the absorption spectra in Fig. 4 after 80
minutes UV-light irradiation, nearly the total amount
of methylene-blue was degraded.

The degradation vs. time curve in Fig. 5 is showing
continuously a higher slope with longer irradiation time
and higher degradation level. We are with the opinion
that this effect is resulting in the changing relation of
the continuous delivery of oxidation radicals from the ir-
radiated nanotubes with the continuously lowered con-
centration of oxidizable methylene-blue molecules. In
comparison of other work using TiOs/methylene-blue
degradation systems based on nanoparticles [1, 34] the
modified TiOs nanotubes of this report are showing a
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Fig. 4 UV-Vis spectra of methylene-blue degradation after

treatment with mixed phase TiOs nanotubes.
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Fig. 5 Effect of methylene-blue degradation using mixed
phase TiO2 nanotubes.

minimum of 50% shorter degradation time, using a
lower irradiation power with a consideration on the used
dye concentration.

Based on the Model of an rutile antenna proposed
by Hurum et al. some years ago, mixed phase tita-
nia can achieve efficient intergranular charge transfer
to enhance the photoactivity predicated on charge sep-
aration [36]. The band charge diagram proposed by
this model is shown in Fig. 6 (a). The prepared mixed-
phase TNTs show a higher photo- catalytic activity
when compared to mixed particle rutile/anatase based
photocatalysts. We assume that the enhancement can
be attributed to the nano-sized mixed phase clusters
inside the ultra-thin TNT walls. The rutile functions
as a receiver to modify the photoresponse of anatase
to longer wave-lengths and additionally enhances the
photoefliciency by decreasing the recombination rate of
generated charges.

Due to the long distance the photo-generated charges
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Fig. 6 (a) Band charge diagram of mixed phase TNTs with
rutile working as an photonic antenna. Illustration of the
rutile/anatase contact area to compare particle based (b)
and nanotube based (c¢) mixed phase photo catalysts.

have to travel before reaching an attractive anatase par-
ticle, illustrated in Fig. 6 (b), these system have high
recombination rates and the rutile phase in a particle
based mixed phase photocatalyst is rarely active. In-
side the tailored ultra-thin walled TNTs, illustrated in
Fig. 6 (c), the photo generated charges can be trans-
ferred fast, due to short distance based on sub-nano
clusters, which prevents rapid recombination. Having
a reduced recombination rate, more free electrons will
be available. As a result, there is an enhanced amount
of photocatalytic activity.

Conclusion

Selective synthesis of mixed phase TiO5 nanotubes
has been performed by electroless deposition of anatase
TiOs nanotubes, followed by a short annealing proce-
dure at 583 K. The phase compounds of the obtained
nanotubes can be tailored to the needs of their fur-
ther application. As reported previously the presence
of rutile in anatase photocatalyst will enhance their ef-
ficiency. Using particle-sized photocatalyst, this en-
hancement depends on the relationship between the
particle size and the TiO5 phases. In the case of the
nanotubes in this report, which have a wall thickness of
10 nm, the wall consists of small sized phase particles.
Based on the small dimensions an intimate contact with
rutile and anatase, an enhanced catalyst with higher
activity is formed. To the best of our knowledge, the
developed mixed phase anatase/rutile TiO2 nanotubes
are actually showing a very high grade of photocatalytic
activity, higher than the reported results of other mixed
phase TiOs catalysts based on nanoparticles.
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