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Abstract

Nanostructured TiO; thin films with highly enhanced photocatalytic activity were prepared by atom beam sputtering
technique. The effects of thermal annealing on the structural, morphological and photocatalytic properties of TiO- thin films
were investigated using X-ray diffraction, atomic force microscopy, field emission scanning electron microscopy, Raman
spectroscopy and UV-visible absorption spectroscopy. X-ray diffraction studies showed that the as-deposited TiO; thin films
made up of anatase TiO; nanoparticles transformed into anatase/ rutile mixed-phase TiO. nanoparticles upon annealing. Field
emission scanning electron microscopy and atomic force microscopy studies revealed growth of TiO, nanoparticles from
16 nm to 29 nm upon annealing at 600°C. The photocatalytic activities of the nanostructured TiO; thin films were studied by
monitoring photocatalytic degradation of methylene blue in water. Our results showed that the as-deposited nanostructured
TiO; thin films exhibited highly enhanced photocatalytic efficiency as compared to the annealed samples. The mechanism

underlying the enhanced photocatalytic activity of nanostructured TiO. thin film is tentatively proposed.
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Introduction

Semiconductor photocatalysis has attracted great interest
for applications in solar energy conversion and
environmental remediation since the discovery of
photocatalytic water splitting on TiO2 in 1972 [1-3].
Semiconductors such as ZnO, TiO,, Fe;Oz, SnO,, CuO
and Cu,O act as sensitizers for light-induced redox
reactions and lead to photocatalytic degradation of
organic contaminants in water and air [4-8]. When excited
with photons with energy matching or higher than the
band gap energy of semiconductor electrons are excited to
the conduction band leaving behind holes in the valence
band. These photoexcited charge carriers can recombine,
dissipate energy as heat, get trapped in surface states or
react with electron acceptors and donors adsorbed on the
semiconductor surface. The rapid rate of recombination of
these charge carriers reduces their participation in redox
reactions leading to photocatalytic degradation of organic
contaminants and hence limits the photocatalytic activity
of semiconductor. Several approaches such as attachment
of noble metal nanoparticles [9-12], doping with
transition metal [13] and coupling of semiconductors
[14,15] have been employed to suppress the
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recombination of charge carriers in order to improve the
photocatalytic activity. Among the various metal oxide
semiconductors TiO, is considered as the best
photocatalyst because of its excellent optical properties,
good chemical stability, low cost and non-toxicity
[16-19]. Usually nanostructured TiO in powder form is
used in diverse photocatalytic applications. However, for
advanced photocatalytic applications it is important to
develop coatings of TiO, nanostructures with enhanced
photocatalytic activity on different substrates. Thin film
coatings of TiO, nanostructures are very promising for
photcatalytic degradation of organic pollutants in water
and are also attractive for applications in self-cleaning,
anti-bacterial and water splitting [16]. Therefore, the
development of nanostructured TiO, coatings with
enhanced photocatalytic activity is of immense
importance.

Several physical and chemical methods viz., chemical
vapor deposition (CVD) [20, 21], solvothermal method
[22, 23], sol-gel method [24], pulsed laser deposition
(PLD) [25, 26], anodic oxidation method [27, 28], laser
ablation [29] and sputtering [30, 31] have been employed
for the preparation of nanostructured TiO, thin films.
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In recent years, atom beam sputtering has emerged as a
novel and interesting technique to prepare nanostructured
thin films and nanocomposites with size controlled
nanostructures  [32-43]. Plasmonic  nanocomposites
consisting of metal (Au, Ag, Cu) nanoparticles embedded
in different matrices including partially oxidized Si, silica,
alumina, TiO2 and ZnO have been synthesized by atom
beam sputtering [32-43]. In an earlier study, Mishra et al.
[33] reported the synthesis of Ag nanoparticles embedded
in silica by the atom beam sputtering and demonstrated its
advantages over other ion beam based techniques.
Stefanov et al. [44] reported the preparation of TiO; thin
films on glass substrates by DC reactive magnetron
sputtering and demonstrated their photocatalytic activity
towards degradation of 100ppm of methylene blue (MB)
dye under UV light in 60 minutes. Dumitriu et al. [45]
prepared TiO, thin films on various substrates by DC
reactive sputtering and studied their photocatalytic
activity through degradation of phenol. Takeda et al. [46]
prepared TiO; thin films by DC magnetron sputtering and
studied  their  photocatalytic  activity  through
decomposition of acetaldehyde. Tavares et al. [47]
prepared polycrystalline TiO; thin films by reactive DC
sputtering and showed that UV light irradiation leads to
photocatalytic degradation of 1 uM Rhodamine B dye in
90 minutes.

In this article, we report synthesis of nanostructured
TiOz thin films with highly enhanced photocatalytic
activity by atom beam sputtering technique. The effects of
thermal annealing on the structural, morphological and
photocatalytic properties of nanostructured TiO, thin
films have been investigated. The photocatalytic activity
of nanostructured TiO- thin films was examined towards
sun light driven degradation of MB dye in water. We have
demonstrated that the nanostructured TiO, thin films
prepared by atom beam sputtering exhibit highly
enhanced photocatalytic activity, degrading 5 pM MB in
20 minutes upon sun light irradiation. Even though there
are few studies, such high photocatalytic activity of
nanostructured TiO2 thin films has not been reported
earlier. The mechanism underlying the enhanced
photocatalytic  activity of atom beam sputtered
nanostructured TiO; thin film is proposed.

Experimental
Materials

TiO, was used as sputtering target, while float zone
grown Si(100) was used as substrates. Methylene blue
(MB) was purchased from SRL, India. All the chemicals
used were of analytical grade and were used as received
without any further purification.

Synthesis of nanostructured TiO, thin films

Nanostructured TiO; thin films were prepared by atom
beam sputtering of TiO, target with 1.5 keV neutral Ar
atoms, using the facility [27] at IUAC, New Delhi. The
chamber vacuum was ~ 7 x 107 mbar while it reached
about 1.4 x 1073 mbar during atom beam sputtering.
Thoroughly cleaned Si(100) substrates were used as
substrates for deposition of TiO; thin films. The sputtered
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TiO2 thin film samples were annealed at different
temperatures of 400°C and 600°C in Ar atmosphere for
30 minutes. The as-deposited TiO; thin film sample and
the samples annealed at 400°C and 600°C are here after
referred to as S1, S2 and S3, respectively.

Characterizations

The structural properties of the TiO; thin films were
studied by X-ray diffraction (XRD) using Cu K, radiation
(A = 0.1542 nm). The surface morphology of the samples
was studied by atomic force microscopy (AFM) using
XE-70 Park Systems AFM facility and field emission
scanning electron microscopy (FESEM) using FESEM
NOVA NANOSEM 450 facility. Raman spectra were
recorded by Renishaw Invia Raman microscope equipped
with Ar ion laser using a spot size of 1 pm and an
excitation wavelength of 514 nm.

Photocatalytic measurements

The photocatalytic activities of the as-deposited and
annealed TiO; thin films were evaluated by monitoring
sun light driven photocatalytic degradation of MB. In a
typical experiment, TiO; thin film samples were placed
inside glass vials containing 5 mL aqueous solutions of
5 uM MB dye and kept in the dark for 60 minutes for
allowing adsorption-desorption equilibrium. The solutions
with the photocatalyst thin film samples immersed were
irradiated with sun light for different durations of time (5,
10 and 20 minutes). After sun light exposure the
photocatalyst samples were removed from the solutions
and thoroughly washed with double distilled water. The
photocatalytic activities of the samples were evaluated by
monitoring the change in the absorbance of the
characteristic peak of MB at 664 nm using UV-visible
absorption spectroscopy. UV-visible absorption spectra of
the samples were recorded in the range of 300-800 nm,
using a dual beam UV-visible spectrophotometer U3300,
with double distilled water as the reference medium. The
photocatalytic efficiency of thin films for the
photocatalytic degradation of MB dye was calculated with
the formula:

n=(C-0)/GC 1)

where, Co is the absorbance of MB dye solution before
the illumination and C is the absorbance of MB in the
solutions after sun light exposure time t.

Results and discussion
Morphology and crystal structure

The evolution of surface morphology of TiO thin films
upon thermal annealing was studied by AFM. Fig. 1 (a-c)
shows AFM micrographs of the as-deposited TiO; thin
film and samples annealed at 400°C and 600°C. Figure
1(a) depicts AFM micrograph of as-deposited TiO; thin
film sample S1 grown on Si substrate. The as-deposited
TiO, thin film consists of a high density of small
nanoparticles. The AFM images of samples annealed at
400°C and at 600°C are shown in Fig. 1(b) and (c),
respectively. It can be clearly seen that annealing resulted
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in the growth in size from 15 to 29 nm along with
decrease in the number density and aggregation of
nanoparticles.

Fig. 1. AFM images of samples (a) S1 (b) S2 and (c) S3.

The dimensions of nanoparticles were extracted using
line profiles from AFM images. Fig. 2(a-c) shows the
FESEM images of the samples S1, S2 and S3. In addition
to the growth in size of nanoparticles upon annealing, the
presence of aggregates of nanoparticles was also observed
in the samples S2 and S3 annealed at 400°C and 600°C,
respectively. The size distribution histograms of
nanoparticles corresponding to the samples S1, S2 and S3
are shown in Fig. 2(d-f). The average size of
nanoparticles in the as-deposited sample S1 has been
estimated to be 16 nm, while the average nanoparticle size
increased to 24 nm for the sample S2 annealed at 400°C
and to 29 nm for the sample S3 annealed at 600°C. Both
AFM and FESEM results clearly show growth of
nanoparticles in addition to the formation of nanoparticle
aggregates upon annealing.

The structural properties of the samples S1, S2 and S3
were studied by XRD. Fig. 3(a) shows the XRD patterns
of the samples S1, S2 and S3. In the XRD spectrum of
sample S1, peak marked (101) with very low intensity
was observed, which clearly shows that the as-deposited
thin film is made up of anatase TiO, nanoparticles
embedded within amorphous TiO,. Annealing at 400°C
(sample S2) resulted in the formation of nanocrystallites
of rutile and anatase TiO,. This can be clearly seen from
the XRD spectrum of S2, which reveals (210) peak
closely matching with rutile TiO, (JCPDS card
No0.761940) and (105) peak corresponding to anatase
TiO, (JCPDS card N0.211272).

For the sample S3, the diffraction pattern shows peaks
(101), (200) and (105) corresponding to the anatase phase
of TiO, (JCPDS card N0.211272). It can be seen that
annealing at 600°C led to the emergence of a stronger
(101) peak characteristic of anatase TiO; indicating the
transformation of the nanostructured TiO; thin film into a
sample with larger fraction of anatase TiO».
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Fig. 2. (a-c) FESEM images of samples S1, S2 and S3. (d-f)
corresponding size distributions of nanostructures in the samples S1, S2
and S3.

In an earlier study, Mohanty et al. [48] reported the
structural transformation of TiO, thin films under
different oxygen partial pressure and showed that anatase
TiO2 is formed from rutile phase with an increase in
partial pressure.
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Fig. 3. (@) XRD patterns of samples S1, S2 and S3, (b) Raman spectra of
samples S1, S2 and S3.

Raman spectroscopy was used to study thermal
annealing induced structural transformation of TiO,
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nanostructures in the atom beam sputtered TiO, thin
films. TiO, with anatase phase belongs to the space group
D% [49] and has six Raman active modes (1A + 2B1q +
3Eg) [50]. Anatase TiO, exhibits six Raman active modes
at 144 cm? (Eg), 197 cm? (Eg), 399 cm? (Byg), 516 cm?
(A1g + Big), and 639 cm (Eg) [51]. Fig. 3(b) shows the
Raman spectra of the as-deposited TiO- thin film sample
S1 and annealed samples S2 and S3. In all the samples the
observed peaks at ~ 303 cm® and 520 cm? originate from
the Si substrate used for deposition of thin films and
correspond to the longitudinal acoustic (LA) mode of a-Si
and asymmetric transverse optical mode of c-Si,
respectively [52]. For the sample S1, the presence of a
very small peak at 617 cm™ indicates the presence of
small content of rutile TiO, nanoparticles within the
amorphous TiO; film, as seen from our XRD results. The
observed peak at 617 cm™ corresponds to the A:g mode of
rutile TiO,, which increased in intensity upon annealing at
400°C (sample S2). As the annealing temperature is
further increased to 600°C (sample S3), the Raman
spectrum reveals distinct peaks at 145 cm™ and 634 cm
corresponding to the Ey and Eq modes of anatase TiOs,
respectively [53].

The formation and growth mechanism of TiO;
nanoparticles in the as-deposited thin film prepared by
atom beam sputtering is schematically depicted in Fig. 4
and can be understood as follows. Irradiation of TiO;, with
1.5 keV Ar atoms leads to the sputtering of Ti and O
atoms with energies of the order of few eV to hundreds of
eV, as estimated using the SRIM program [54]. These
energetic sputtered Ti and O atoms get deposited on the Si
substrate. The formation of TiO, nanoparticles in the
deposited thin film involves processes such as surface and
bulk diffusion of deposited O and Ti atoms leading to
nucleation and growth of TiO; nanoclusters and
adsorption/ desorption of atoms from the TiO;
nanoclusters on surface of the TiO; thin film growing on
the Si substrate. The energy of the sputtered Ti and O
atoms deposited in the film facilitates the growth of TiO;
nanostructures leading to the growth of nanostructured
TiO; thin film.

o 0 atom
* Ti atom
(O TiO, nanoparticle

LS —f L

Deposition of Diffusion and clustering of Formation of
Tiand O atoms Tiand O atoms Ti0, nanoparticles

Energetic
Tiand O atoms

Fig. 4. Growth mechanism of TiO, nanostructures on Si substrate by
atom beam sputtering method.

Photocatalytic studies

The photocatalytic activities of as-deposited and annealed
nanostructured TiO, thin films were evaluated by
monitoring sun light driven photocatalytic degradation of
MB in water. Fig. 5 (a-c) shows the UV-visible
absorption spectra of 5 uM MB aqueous solutions with
the as-deposited and annealed TiO. thin films upon sun
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light irradiation for different durations. The intensity of
the characteristic peak of MB at 664 nm was monitored
and was found to drastically decrease with increase in the
sun light irradiation time in all the three samples. From
the optical absorption spectra it can be clearly seen that
the sample S1 exhibits the highest photocatalytic
efficiency for photocatalytic degradation of MB as
compared to the samples S2 and S3. Fig. 5(d) shows the
kinetics of photocatalytic degradation of MB by using
samples S1, S2 and S3 under sun light exposure. It can be
seen that following
20 minutes of sun light exposure the samples S2 and S3
led to degradation of 61% and 84% of MB dye,
respectively, whereas the sample S1 exhibited the highest
photocatalytic efficiency of 95% for the same irradiation
time.
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Fig. 5. (a-c) UV-visible absorption spectra showing sun light driven
photocatalytic degradation of MB in water using samples S1, S2 and S3
as photocatalysts, (d) Kinetics of photocatalytic degradation of MB in
water using samples S1, S2, and S3 as photocatalysts, (e) Variation of
photocatalytic efficiency of samples S1, S2 and S3 for the photocatalytic
degradation of MB dye in water.

The photocatalytic degradation of MB dye in water by
nanostructured TiO; thin films follows first-order kinetics
and the rate constants were calculated using the formula
given by

C = Cyexp(—kt) 2

where, k is the first-order rate constant. The rate constants
(k) have been calculated by linear fitting to the In(C/Co)
versus time plots. For the samples S1, S2 and S3 the
values of k are found to be 0.162 min, 0.06 min? and
0.114 min’?, respectively. The photocatalytic efficiency of
the samples towards photocatalytic degradation of MB
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was found to follow an order S1 > S3 > S2, which can
also be clearly seen from the Fig. 5(e). It can be clearly
seen that the atom beam sputtered nanostructured TiO,
thin films exhibit very strong photocatalytic activity for
degradation of MB in water, which opens up possibilities
for promising practical applications of these advanced
photocatalytic coatings.

The mechanisms involving the charge transportation
processes underlying the highly enhanced photocatalytic
activity of nanostructured TiO; thin films towards
photocatalytic degradation of MB dye are depicted in
Fig. 6.

Sun light

Sun light

Fig. 6. Schematic diagram showing underlying charge transfer processes
leading to photocatalytic degradation of dye.

The first step involves the adsorption of MB dye
molecules on to the surface of nanostructured TiO; thin
films. When TiO; thin film samples with MB dye
molecules adsorbed on their surfaces are exposed to
sunlight, TiO, nanostructures absorb photons leading to
the generation of photoexcited electrons in the conduction
band and holes in the valance band of TiO; (Eg. 3). In
addition, the MB dye molecules get excited by sun light
resulting in the transfer of electrons into the conduction
band of TiO,. The electrons in the conduction band of
TiO, react with oxygen molecules present at the surface
and form super oxide radicals (O2" ) (Eg. 4). The holes
generated in the valance band interact with water
molecules to form hydroxyl radicals (OH") (Eq. 5). Some
of the super oxide radicals react with H* to form HOy",
which get converted to hydrogen peroxide (H20>) (Eg. 7),
which leads to an enhancement in the photocatalytic
activity. The highly reactive super oxide and hydroxyl
radicals interact with the MB dye molecules adsorbed on
the surface of nanostructured TiO, thin films and lead to
their photocatalytic degradation involving the following
reactions [55].

TiO, + hv - ez + hig 3)
(02)aas + ez = 05 4)
(Hy0)qas + hys — H' + OH' (5)
05 + H* > HOy (6)
2HO, > H,0, + 0, 7)

OH- + Organic dye — degradation product (8)
05 + Organic dye - degradation product (9)

Photocatalytic efficiency of nanostructured TiO, thin
films is strongly dependent on the size, surface area and
crystal structure of the TiOz nanostructures. Results of our
photocatalytic studies show that the as-deposited
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nanostructured TiO- thin film sample exhibits the highest
photocatalytic activity for sun light driven photocatalytic
degradation of MB in water. Sample S1 contains anatase
TiO2 nanoparticles with smallest average size of 15 nm,
which provide a relatively higher surface area for
adsorption of MB dye molecules leading to the enhanced
photocatalytic activity. Thermal annealing leads to growth
in size of TiO, nanoparticles and significant change in the
crystal structure of nanostructured TiO; thin films, both of
which affect the photocatalytic activity. Sample S2
annealed at 400°C contains TiO; nanoparticles with larger
average size as compared to the sample S1. Moreover, it
is clear from our Raman spectroscopy and XRD results
that the sample S2 contains rutile TiO, nanostructures,
which is not favorable for achieving enhanced
photocatalytic activity [56]. The nanostructured TiO;
sample S3 annealed at 600°C contains larger aggregates
of TiO, nanoparticles with anatase phase, which result in
improved photocatalytic activity [57]. Due to this the
sample S3 exhibits stronger photocatalytic activity
towards degradation of MB as compared to the sample
S2. We have demonstrated that nanostructured TiO; thin
film prepared by atom beam sputtering leads to highly
efficient photocatalytic activity towards photocatalytic
degradation of MB dye in water, which is promising for
developing advanced photocatalytic coatings for practical
applications in environmental remediation.

Conclusion

In summary, we have synthesized nanostructured TiO;
thin films with highly enhanced photocatalytic activity by
atom beam sputtering technique. The effects of thermal
annealing on the structural, morphological and
photocatalytic properties of nanostructured TiO; thin
films have been investigated. The as-deposited
nanostructured TiO, thin film prepared by atom beam
sputtering exhibits highly enhanced photocatalytic
activity towards sun light driven photocatalytic
degradation of MB dye in water, as compared to the
annealed samples. The enhanced photocatalytic activity of
as-deposited nanostructured TiO- thin film prepared by
atom beam sputtering is attributed to the combined effects
of anatase phase and smaller size of TiO, nanoparticles
providing higher surface area for enhanced dye adsorption
and efficient photocatalytic degradation upon sun light
irradiation. The nanostructured TiO, thin films lead to
almost complete degradation of MB dye in water in only
20 minutes and are very promising for use in advanced
photocatalytic  coatings for practical applications
environmental remediation.
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