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ABSTRACT

Nanostructures of TiO, were synthesized by a facile sol-gel method using pentanol as solvent. The effects of thermal annealing
on the structural, optical and photocatalytic properties of as-synthesized TiO, nanostructures have been studied using X-ray
diffraction (XRD), atomic force microscopy (AFM), Raman spectroscopy and UV-visible absorption spectroscopy. XRD and
Raman spectroscopy results revealed that the synthesized TiO, nanostructures exist in anatase phase for annealing at
temperatures up to 300 °C, while annealing at 600 °C led to the formation of TiO, nanostructures in anatase/rutile mixed-phase.
AFM studies revealed the presence of TiO, nanorods, which showed a small decrease in aspect ratio upon annealing. The
photocatalytic activity of nanostructured TiO, samples was evaluated through sun light driven degradation of methylene blue
(MB) dye in water. TiO, nanorods in anatase/rutile mixed-phase in the sample annealed at 600 °C were found to exhibit the
highest photocatalytic activity towards degradation of MB dye. The mechanism underlying the enhanced photocatalytic activity

of TiO, nanostructures in anatase/rutile mixed-phase is tentatively proposed. Copyright © 2015 VBRI Press.
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Introduction

The path breaking discovery of photolysis of water on the
surface of TiO, by Fujishima and Honda in 1972 [1] led to
intensive  research into the processes underlying
photocatalytic water splitting [2-4] and paved the path for
using solar energy by converting it into chemical/ electrical
energy. Since then solar energy driven photochemical/
photocatalytic reactions and their practical applications have
been of utmost interest and project great potential in
environmental  remediation and renewable energy
applications [5]. TiO, is the most widely used metal oxide
semiconductor  photocatalyst owing to its high
photocatalytic activity combined with its wide band gap,
chemical stability, non-toxicity and low cost [6].
Nanostructured TiO, finds widespread applications in solar
cells [7], CO, reduction [8], self-cleaning surfaces [9],
electronics [10], as antibactericidal [11] and in
environmental remediation [12]. Due to its strong redox
activity TiO, exhibits highly enhanced photocatalytic
activity leading to degradation of nearly all types of toxic
organic pollutants.

TiO, exists in three polymorphs: anatase, rutile and
brookite, amongst which the anatase and rutile phases (with
band gaps of 3.20 and 3.03 eV, respectively) exhibit better
photocatalytic activity [13]. The preferential nucleation of
TiO, in anatase phase is attributed to its lower surface free
energy as compared to the rutile phase, which explains the
improved stability of anatase form at lower temperatures

[14]. Upon annealing at high temperatures anatase and
brookite TiO, transform into the rutile phase, which is the
most stable polymorph of TiO,. The photocatalytic activity
of TiO, nanostructures is significantly influenced by
parameters such as crystal structure, size, shape, surface
area and surface morphology. Nakata et al. [15] reported
that the crystal structure of TiO, significantly affects its
photocatalytic activity. Generally, it is considered that the
photocatalytic performance of TiO, in anatase phase is
superior to that of rutile TiO, [16, 17]. It has been reported
that the anatase/rutile mixed-phase TiO, exhibits higher
photocatalytic activity as compared to the pure phases and
the presence of a small fraction of rutile phase along with
anatase TiO, leads to improved photocatalytic activity [18,
19]. Zhang et al. [20] reported the relationship between
phase content and the photocatalytic properties of TiO, and
demonstrated that the mixed phase can lead to improved
photocatalytic activity. Xu et al. [21] synthesized mixed-
phase TiO, nanocrystals with tunable brookite-to-rutile
ratios and studied their photocatalytic activity towards
degradation of Rhodamine B. They demonstrated that 100
mg of the photocatalyst degrades 5 mg/L RhB dye solution
in 4 hours under irradiation with 500 W halogen tungsten
lamp. Boehme et al. [22] demonstrated that anatase/rutile
mixed phase TiO, nanotubes lead to photocatalytic
degradation of 3.12x10®° mol/L MB in 80 minutes under
UV light. Therefore, controlling the phase constitution of
nanostructured TiO, photocatalysts is very important for
achieving highly enhanced photocatalytic activity. Several
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methods such as hydrothermal [23], solvothermal [24],
chemical vapor deposition [25], sol-gel method [26, 27],
ball milling [28], microemulsion [29] and sonochemical
[30] methods have been used to synthesize TiO,
nanostructures.

In this paper, we report facile synthesis of TiO,
nanostructures in anatase/rutile mixed-phase by pentanol-
assisted sol-gel method combined with thermal annealing.
The effects of thermal annealing on the structural, optical
and photocatalytic properties of the synthesized TiO,
nanostructures have been investigated. We have
demonstrated that TiO, nanorods with anatase/rutile mixed-
phase exhibits highly enhanced photocatalytic activity
towards sun light driven photocatalytic degradation of
methylene blue (MB) dye in water. Though there are few
studies reporting the photocatalytic activity of anatase/rutile
mixed phase TiO, nanostructures, no one has achieved such
highly enhanced photocatalytic activity which is very
important for practical applications.

Experimental
Materials

Titanium (1V) tetraisopropoxide (Ti[OCH(CH3),]4) (TTIP)
and 1-Pentanol (CsH;,0) were used as the starting materials
for the synthesis of TiO, nanostructures. Methylene blue
(MB) was used as the model organic contaminant in water
for evaluating the photocatalytic activity of synthesized
nanomaterials. TTIP was purchased from Spectrochem,
India while MB was purchased from SRL, India. 1-Pentanol
was purchased from CDH, India. All the chemicals used
were of analytical grade and were used as received without
any further purification.

Synthesis of TiO, nanostructures

TiO, nanostructures were synthesized by pentanol-assisted
sol-gel method at room temperature. In a typical synthesis,
0.3 M solution of TTIP in 40 mL 1-pentanol was prepared
by mixing them under magnetic stirring. To control the
hydrolysis rate and avoid any stabilizing agent, 20 mL
solution of double distilled water and 1-pentanol mixed in
1:1 ratio was drop wise added into the solution under
stirring. A yellowish transparent gel was formed after
continuous stirring of the solution for 1 h. The gel was then
recovered and thoroughly washed by repeated
centrifugation-redispersion in 1-pentanol. The obtained gel
was then dried at 80 °C over night. After drying the samples
were annealed at 100 °C, 300 °C, 600 °C, and 900 °C for 4
h in air in a furnace. The powdered materials obtained after
thorough grinding were used for characterizations and
photocatalytic studies. The samples prepared upon
annealing at different temperatures of 100 °C, 300 °C, 600
°C and 900 °C are hereafter referred to as T1, T3, T6 and
TO, respectively.

Characterizations

The structural properties of the synthesized samples were
determined using powder X-ray diffraction (XRD)
(Panalytical X’pert Pro diffractometer; Cu K, radiation A =
0.1542 nm). Raman measurements were carried out using
Horiba Jobin Vyon Raman spectrometer using excitation of

488 nm. The surface morphology of TiO, nanostructures
was investigated by atomic force microscopy (AFM) using
Park systems XE-70. The samples for AFM analysis were
prepared by ultrasonically dispersing the powder samples in
ethanol and drop coating the mixtures onto Si substrates.

The effects of thermal annealing on the photocatalytic
activity of the synthesized nanostructured TiO, sample was
evaluated by monitoring sun light driven degradation of
methylene blue (MB) dye in water. Aqueous solution of MB
of 7.9 uM concentration was prepared by dissolving MB in
double distilled water. The concentration of MB in solution
was determined by measuring the value at its characteristic
wavelength of 664 nm using Hitachi U3300 dual beam
spectrophotometer. The reaction suspensions were prepared
by adding 2 mg of the samples T1, T3, T6 and T9 into 5 mL
of the above mentioned MB solutions in glass vials. These
suspensions were sonicated for 20 minutes and magnetically
stirred for 30 minutes in dark to ensure an
adsorption/desorption equilibrium. The reaction suspensions
containing MB with or without photocatalyst samples T1,
T3, T6 and T9 were irradiated with sun light for different
durations of 6, 12, 18 and 24 minutes with intermittent
shaking.

These suspensions were then centrifuged and the
photocatalyst materials were removed from the suspensions.
UV-visible absorption spectra of the solutions were
recorded in the range of 200-800 nm, using a dual beam
UV-visible spectrophotometer, with double distilled water
as the reference medium. The photocatalytic efficiency of
photocatalysts for photocatalytic degradation of MB was
calculated using the following formula;

Ay —A
Ap

n= @

where, A, is the absorbance of MB dye in the solution
without any photocatalyst before sun light exposure and A is
the absorbance of MB in the solutions after exposure time t.

Results and discussion

Fig. 1(a) shows the XRD patterns of the synthesized
nanostructured TiO, samples annealed at different
temperatures of 100 °C, 300 °C, 600 °C and 900 °C. The
observed strong peaks at 25.28° and 27.40° are
characteristic peaks corresponding to anatase TiO, (101)
and rutile TiO, (110), respectively [31]. The XRD patterns
reveal six peaks marked (101), (103), (004), (112), (200)
and (211) well indexed to anatase TiO, (JCPDS card No.
211272). The other six peaks marked (110), (200), (111),
(210), (211) and (220) closely match with rutile TiO,
(JCPDS card No.761940). The XRD spectra reveal that the
samples T1 and T3 consists of TiO, nanostructures in
anatase phase only, while the sample T6 consists of TiO,
nanostructures in both anatase and rutile phases, whereas the
sample T9 contains nanostructures of rutile TiO, only. The
crystallite sizes of anatase and rutile phases were calculated
using the Scherrer’s equation,

0,944
t= BCosd [2}
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where, 0 is the diffraction angle, B is the full width at half
maximum (FWHM) of the XRD peak, A is the wavelength
of the X-rays. The estimated average crystallite size for the
synthesized TiO, samples increased from 33 to 52 nm as the
annealing temperature is increased from 100 to 900 °C.

The phase content and crystalline sizes in the samples
annealed at different temperatures are summarized in Table
1. The percentage of rutile phase (Xg) in the samples T6 and
T9 are calculated using equation (3),

— Ig
X = oo Iy +1g. ©)

where, Xg is the weight fraction of the rutile phase, 14 is the
diffraction peak intensity of the anatase (101) phase, and I
is the diffraction peak intensity of the rutile (110) phase.
The broad diffraction peaks in sample T1 are due to the
presence of large fraction of atoms in the amorphous grain
boundaries. The XRD spectrum for the sample T3 revealed
peaks corresponding to anatase TiO, with a slight narrowing
and small increase in the intensity of peaks, indicating
increase in crystallinity of the sample. For the sample T6
annealed at 600 °C the presence of TiO, nanostructures in
anatase-rutile mixed-phase with improved crystallinity has
been observed. At this temperature 48% of anatase TiO,
converted into the rutile phase. For the sample T9 prepared
by annealing at 900 °C the anatase TiO, converted into the
rutile phase and crystallinity of sample T9 has been
significantly improved. The micro-strain in the TiO,
nanostructures was analysed using the Williamson—Hall
method [32]. The Williamson—Hall equation is given as,

ECoa (B) 1 Sin (8]

A T Dy TERT, (4)
where, 0 is the diffraction angle, B is the full width at half
maxima (FWHM) of the XRD peak, A is the wavelength of
the X-rays, Dy is the effective crystallite size and &y is the
micro- strain. Lattice strain has been calculated with the
help of W-H plot of samples T1, T3, T6 and T9.
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Fig. 1. (a) XRD patterns of nanostructured TiO, samples T1, T3, T6 and
T9 and (b) Raman spectra of nanostructured TiO, samples T1, T3, T6 and
TO.

The estimated lattice strain for the samples annealed at
different temperatures is presented in Table 1. Sample T1
exhibits the highest lattice strain while sample T9 shows the
lowest lattice strain. The highest lattice strain in sample T1
is due to the presence of an excess number of atoms and
defects on the amorphous grain boundaries. The excess
number of atoms and defects lead to lattice strain in the

system [33]. Upon thermal annealing the crystallite size
increases and defects gradually decrease, resulting in the
relaxation of the lattice strain [34].

Table 1. Comparison of lattice strain, phase content and crystallite size of
TiO2 nanostructures in different samples.

Sample Temperature (°C) Lattice Phase Crystalline
strain content (%) size (nm)
T1 100 0.0252 A:100 A:6
T3 300 0.0238 A:100 A7
T6 600 0.0056 A:52,R: 48 A:33,R:
44
T9 900 0.0035 R:100 R:52

Fig. 1(b) illustrates the Raman spectra of nanostructured
TiO, samples annealed at temperatures varying from 100 to
900 °C. The Raman spectrum from sample T1 reveals broad
peaks at 150 cm™, 398 cm™, 518 cm™ and 648 cm™, which
corresponds to the Eg, Big, Asq and E; modes of anatase
TiO,, respectively [35]. In addition to these modes a small
peak at 444 cm™ is also observed, which corresponds to the
Ey, mode of rutile TiO, [36]. The Raman spectra for the
samples T3 and T6 showed similar peaks at 143 cm™, 395
cm?, 445 cm™, 517 cm™, and 639 cm™. The observed
Raman peaks at 143 cm®, 517 cm®, and 639 cm*
correspond to the Byg, Ayq and Ey modes of anatase TiO,,
respectively, while the peak at 445 cm™ comes from the Eq
mode of rutile TiO, [36, 37]. It can be clearly seen that
annealing at temperatures up to 600 °C resulted in
significant enhancement in the intensity of the E; mode of
anatase TiO,. Annealing at 900 °C (sample T9) resulted in a
significant enhancement in the intensity of Raman peaks at
444 cm™ and 607 cm™ corresponding to the E, and Ay
modes rutile TiO,, whereas the modes corresponding to
anatase TiO, drastically dimished in intensity, confirming
almost complete phase conversion of anatase TiO, into
rutile TiO,. Sample T9 also shows a very broad peak at 233
cm™, which is due to phonon scattering [38]. The Raman
results are consistent with our XRD results. The samples T1
and T3 contain pure anatase TiO,, while the sample T6
consists of anatase/ rutile mixed-phase TiO, and the sample
T9 is made up of pure rutile TiO,. The values of the Raman
shift and full width at half maximum (FWHM) of the peak
corresponding to the E; mode anatase TiO, are shown in
Table 2.

Table 2. Comparison of Raman shift and FWHM of Raman peaks in
different samples.

Sample Raman shift FWHM

(cm™) (em™?)
T1 150 28.2
T3 143 16.6
T6 143 12.9
T 141 9.6

It can be clearly seen that the FWHM showed a regular
decrease with an increase in annealing temperature from
100 to 900 °C. As the size of nanostructures decreases, the
phonons get increasingly confined within the nanostructures
and the phonon momentum distribution increases. This
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leads to broadening of the momentum of the scattered
phonon according to the law of conservation of momentum,
causing a peak broadening as well as a shift of the Raman
bands [39]. It has been known that the E, peak is mainly
caused by symmetric stretching vibration of O-Ti—O in
TiO,, the B4 peak is caused by symmetric bending vibration
of O— Ti—O, and the A4 peak is caused by antisymmetric
bending vibration of O—Ti—O [40].

Fig. 2(a-d) and Fig. 3(a-d) depict the two and three
dimensional AFM images revealing the surface morphology
of the samples T1, T3, T6 and T9, respectively. The surface
morphological studies on all the samples revealed the
presence of nanorod like structures. Fig. 2(a) shows the
surface morphology of sample T1, which contains randomly
distributed nanorod like structures. The average width and
length of these nanorods have been estimated to be 40 nm
and 72 nm, respectively. The AFM image of the sample T3
is shown in Fig. 2(b), which does not show any appreciable
change in surface morphology of nanostructured TiO,
sample upon annealing at 300 °C apart from a small increase
in the width and length of nanorods to 42 and 73 nm,
respectively. Fig. 2(c) shows the surface morphology of
sample T6. It can be clearly seen that the number density of
nanorod like structures increased upon annealing at 600 °C.
The average width and length of TiO, nanostructures in this
sample increased to 44 nm and 79 nm, respectively. Fig.
2(d) shows the surface morphology of sample T9, which
clearly show nanorods and their aggregates. Annealing at
900 °C resulted in slight increase in the width and length of
nanorods to 49 nm and 85 nm, respectively. From the AFM
images Fig. 2 and Fig. 3 it is clear that thermal annealing
led to a change in the average size as the annealing
temperature is increased from 100 to 900 °C. The line
profiles across the length and width of one nanorod like
structure marked by arrows in Fig. 2(a) are shown in Fig.
2(e-f), which confirms the presence of nanorods in the
sample.

1 um

1 Hm

1 Hm

Fig. 2. (a-d) AFM images of TiO, nanostructures in the samples T1, T3,
T6 and T9, (e-f) line profiles across length and width of one nanorod
marked in (a).

The photocatalytic activity of the samples T1, T3, T6
and T9 towards sun light driven photocatalytic degradation
of aqueous MB dye is monitored using UV-visible
absorption spectroscopy. Fig. 4(a-d) shows the UV-visible
absorption spectra of 7.9 uM MB aqueous solutions with
2mg of different photocatalysts T1,T3, T6 and T9

following sun light irradiation for different durations of
time. It can be clearly seen that sample T6 with
anatase/rutile  mixed phase exhibits the highest
photocatalytic efficiency as compared to the samples T1, T3
and T9. The photographs of glass vials, shown as insets in
Fig. 4(a-d), clearly show systematic changes in the color of
MB with time. The glass vial appears colorless following 24
minutes of sunlight irradiation using T6 as photocatalyst
(Fig. 4(c)). Our results clearly show that the photocatalytic
activity is strongly dependent on the crystal structure and
phase content of TiO, nanorods.

Fig. 3. (a-d) Three dimensional AFM images of TiO, nanostructures in the
samples T1, T3, T6 and T9.
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Fig. 4. (a-d) Optical absorption spectra showing temporal evolution of sun

light driven photocatalytic degradation of MB in water using samples T1,

T3, T6 and T9 as photocatalysts. (€) Kinetics of photocatalytic degradation
of MB in water using samples T1, T3, T6 and T9 as photocatalysts.
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Fig. 4(e) shows the Kkinetics of photocatalytic
degradation of MB dye using samples T1, T3, T6 and T9 as
photocatalysts. It can be seen that following 24 minutes of
sun light exposure the samples T1, T3 and T9 led to
degradation of 87%, 90% and 78% of MB dye, respectively
whereas the sample T6 exhibited the highest photocatalytic
efficiency of 94% for the same irradiation time. This clearly
shows that anatase/rutile mixed-phase TiO, nanorods are
more efficient photocatalysts as compared to the TiO,
nanorods in pure anatase or rutile phase. In an earlier study,
Mishra et al. [41] reported the photocatalytic activity of
ZnO tetrapod like structures and showed that 60 mg of
photocatalyst degrades 1uM of MB in 10 minutes under
irradiation with UV light. Our results show much stronger
activity of synthesized TiO, nanostructures towards
degradation of 7.9 uM MB dye in water.

Fig. 5 shows the mechanism of photocatalytic activity of
anatase/ rutile mixed-phase TiO, nanostructures. Anatase-
rutile mixed phase TiO, has advantages over the single
phase TiO, because of the improved separation of
photogenerated charge carriers. The photogenerated
electrons in the conduction band of rutile TiO, are captured
by the anatase phase, which leads to improved charge
separation and hence stronger photocatalytic activity [42,
43]. The photocatalytic degradation of MB dye using
anatase/ rutile mixed-phase TiO, nanostructures can be
understood as follows.

01 02

Sun light Rutile Sun light

TiO,

Fig. 5. Schematic diagram showing processes leading to sun light driven
photocatalytic activity of TiO, nanostructures.

The first step involves adsorption of MB dye molecules
onto the surface of TiO, nanostructures. Sun light
irradiation leads to the generation of electron—hole (e” - h")
pairs in TiO, (egn. 5). The photogenerated electrons in the
conduction band of TiO, interact with the oxygen molecules
adsorbed on TiO, to form superoxide radicals (O;) (eqn. 6).
The holes generated in the valence band of TiO, react with
water molecules to produce highly reactive hydroxyl
radicals (OH") (egn.7). The highly reactive hydroxyl radicals
(OH) and superoxide radicals (O,) react with MB dye
molecule adsorbed on TiO, nanostructures and lead to its
degradation resulting in its colourless form (egn. 8 and eqgn.
9). The processes underlying photocatalytic degradation of
MB dye can be summarized by the following equations [11]

Ti0, + hv — e~ + h* G)
e+ 0, = 07 (ad) (6)
h* + H,0 — OH-(ad) + H* %,

OH" + organic molecule — degradation products (3)
07 + organic molecule — degradation products (9]

Photocatalytic activity is strongly dependent on the
morphology, crystallinity and the phase content of TiO,
nanostructures. Our sample contains the TiO, nanorod-like
structures which provide the higher surface area for
adsorption of MB dye molecules. Wang et al. [44]
synthesized pure rutile TiO, nanorods and studied the
photocatalytic activity towards degradation of Rhodamine B
in water under artificial solar light and showed that TiO,
nanorods exhibit higher photocatalytic efficiency as
compared to commercially available P25. Yu et al. [45]
reported the synthesis of single-crystalline anatase
TiO, nanorods by hydrothermal method and demonstrated
that the nanorods show the higher photocatalytic activity for
degrading organic pollutant. Baiju et al. [46] studied the
effect of mixed-phase on the UV light driven photocatalytic
activity of TiO,. In our case, anatase/ rutile mixed-phase
TiO, nanorods (sample T6) are found to exhibit highest
photocatalytic efficiency as compared to pure anatase TiO,
(samples T1 and T3) and pure rutile TiO, (sample T9)
nanorods. The presence of anatase/ rutile mixed-phase TiO,
nanorods in T6 leads to improved separation of charge
carriers, leading to the marked enhancement in the
photocatalytic activity.

Conclusion

In summary, TiO, nanorods were synthesized by pentanol-
assisted facile sol-gel method. The effects of thermal
annealing on the structural, optical and photocatalytic
properties of TiO, nanorods in these samples were
investigated. Nanostructured TiO, samples annealed at 600
°C exhibited highest photocatalytic activity towards sun
light driven degradation of MB dye in water. The
synthesized anatase/ rutile mixed-phase TiO, nanorods lead
to improved separation of photogenerated charge carriers
resulting in the observed highly enhanced photocatalytic
activity.
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