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Abstract Nanocrystalline TiO, thin films have been
successfully synthesized by controlled precipitation route.
These films are further annealed at 623 K for 2 h. The
change in structural, morphological, optical, and wettabil-
ity properties are studied by means of X-ray diffraction
(XRD), Fourier transform infrared spectrum (FTIR),
scanning electron microscopy (SEM), optical absorption,
and contact angle measurement. From the XRD pattern it is
clear that the as-grown TiO, films are amorphous in nature
which becomes polycrystalline after annealing. The FTIR
study reveals the formation of TiO, compound. Scanning
electron micrographs shows that the as-grown TiO, film
consists of agglomerated nanograins well covered to the
substrate surface which gets converted into vertical nano-
rods after annealing. As-deposited and annealed TiO, films
showed hydrophilic behavior as water contact angles were
24° and 32°, respectively. The optical absorption study
reveals the small red shift due to annealing and attributed
to grain size. The annealed TiO, film showed conversion
efficiency of 0.037% in photoelectrochemical cell with
1 M NaOH electrolyte.

Introduction

Nanometer-sized materials have recently gained a consid-
erable amount of attention of their unique physical and
chemical properties, because of their large surface to vol-
ume ratio and quantum size effect. The physical and
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chemical properties of nano TiO, are dependent on the
size, morphology, and crystal structure. TiO, nanomateri-
als, such as nanoparticles, nanotubes, nanorods, etc., have
attracted a great deal of interest because of their unique
optical, electronic, and optoelectronic properties and prom-
ising applications in solar energy conversion, photocatal-
ysis, sensing, optoelectronic devices, and photochromic
devices [1-5]. It is well known that one-dimensional archi-
tectures such as nanorods, nanowires, and nanotubes play
prominent roles in functional devices due to their dimen-
sionality and quantum confinement phenomena. The
physicochemical properties of TiO, nanomaterials vary in
their size and morphology. TiO, has three distinct crys-
talline phases in nature: brookite, rutile, and anatase, where
rutile is the most stable phase and possesses field emission
property, and anatase has been widely used in dye-sensi-
tized solar cells and photodegradation due to its high
photoactivity.

Zhu et al. [6] found that phase transitions from the tita-
nate nanostructures prepared from TiOSOy to TiO, poly-
morphs took place readily in wet-chemical processes at
temperatures close to ambient. Yu et al. [7] synthesized
single-crystalline anatase nanorods via hydrothermal trans-
formation of H-titanate fibers prepared by an alkaline
hydrothermal reaction at 200°C. Nian et al. [8] studied the
hydrothermal treatment of sodium titanate nanotube sus-
pensions at a pH range from 2.2 to 6.9, and anatase nano-
rods with an aspect ratio up to 6 and a long axis along the
anatase (001) were obtained at a pH slightly less than 7.
Wong et al. [9] presented a size- and shape-dependent
morphological transformation during the hydrothermal soft
chemical transformation of H-titanate nanostructures into
their anatase titania counterparts in neutral solution. Per-
formance of TiO, for technical applications is strongly
influenced by its morphology, crystallite size, crystalline
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phase, and impurity type concentration. Porous nanocrys-
talline TiO, have attracted a great interest because; the
function and performance of the material are strongly
dependent on its morphology. Porosity leads to a compar-
atively large internal surface area, which are advantageous
for many applications where a good accessibility to the film
surface becomes necessary. Porous materials as electrode
material exhibit good electrochemical performance because
these materials possess both a high surface area and pores
which are adapted to the size of ions. Accordingly, the
advance of synthetic methods, in which the crystalline
phase, size, and shape of the TiO, nanocrystals can be
controlled, is of importance. In recent years, many studies
related to the synthesis of anatase TiO, have been focused
on the control of morphology as well as particle size.

TiO, thin films have been prepared by many growth
techniques, such as RF-metal-organic chemical vapor
deposition (MOCVD) [10], sol—gel process [11], electro-
depositon [12], and chemical bath deposition (CBD)
method [13]. As compared to the other deposition methods,
controlled precipitation route is an attractive one because of
its own advantages such as simplicity, reproducibility, non-
hazardous, cost effectiveness, etc. It is well suited for pro-
ducing large-area thin films at low temperature and hence
avoids oxidation or corrosion of metallic substrate [14].

In the present work, we demonstrate the formation of
controlled TiO, nanorods, on indium-tin-oxide (ITO)
coated glass substrates in a template-free controlled pre-
cipitation route. The TiO, nanorods are found to be well
aligned and perpendicular to the ITO substrate. X-ray
diffraction, Fourier transforms infrared spectroscopy, and
scanning electron microscopy techniques are used to elu-
cidate crystal structure, chemical bonding, and surface
morphology. In addition, extensive photosensitive studies
of these TiO, nanorods have been performed.

Experimental

An aqueous solution composed of titanium trichloride,
hydrogen peroxide was first prepared. In brief, 0.1 M
TiCl;, 15% HCl was added dropwise to a well-stirred
hydrogen peroxide (H,O,, Molychem, 30 wt%) and water
solution. The pH was adjusted between 2.0 and 3.0 using a
mixture of 30% liquid ammonium hydroxide with constant
stirring. A transparent solution with a reddish-yellow color
was obtained after vigorous stirring for 30 min at room
temperature. Glass and ITO coated glass substrates were
washed with chromic acid and in an ultrasonic bath at room
temperature for 30 min. These cleaned substrates were
immersed in the above bath and the bath was heated. When
the bath attains the temperature of 343 K, the precipitation
was started in the bath. During the precipitation,

heterogeneous reaction occurs on the substrate and depo-
sition of TiO, took place on the substrate. The TiO, films
were annealed in air at 623 K for 2 h and used for further
characterizations.

The thickness of the TiO, film was measured by weight
difference method using sensitive microbalance. The crys-
tallinity of as-grown and annealed TiO, films was analyzed
with Philips X-ray diffractometer (Philips PW 3710) with
Cr K, radiation (A = 2.2896 A). The Fourier transform
infrared (FTIR) spectrum of the sample was collected using
Perkin Elmer, FTIR Spectrum one’ unit. Detailed surface
images were obtained by means of field emission scanning
electron microscope observation on a (FE-SEM, Model:
JSM-6160) electron microscope. The optical absorption
studies were carried out within the wavelength range
350-850 nm for as-grown and annealed TiO, films using
Systronics spectrophotometer-119, with glass substrate as
reference. In order to study interaction between liquid and
thin film surface, contact angle measurement was carried
out by Rame-hart, USA equipment with CCD camera. The
photoelectrochemical properties of films were investigated
using the 263A EG&G Princeton Applied Research
Potentiostat forming a three-electrode system comprising
TiO, film as working electrode, graphite as counter elec-
trode and SCE as reference electrode in 1 M NaOH.

Results and discussion
Film formation and reaction mechanism

In controlled precipitation method, reaction takes place
between the dissolve precursors generally in aqueous
solution at low temperature. When the solution is saturated,
the ionic product of anion and cation is equal to solubility
product of metal chalcogenide/oxide and when it exceeds,
precipitation occurs and ions combine on the substrate and
in the solution to form nuclei. Generally metal ions are
complexed and chalcogenide ions are chosen in such a way
that reaction take place between slowly released metal ions
to form product in powder or thin film form. Depending
upon the optimized preparative conditions such as bath
temperature, pH of resultant solution, deposition tempera-
ture, solution concentration, the film growth can takes
place by ion-by-ion condensation on the substrate.

In present investigation, titanium (III) chloride is first
hydrolyzed by H,O in a mixture solution of H,O and H,0,,
which then immediately reacted with H,O, to form a
peroxotitanate solution. It was found that the initial pH, just
after addition of H,O and H,O, to the titanium (III) tri-
chloride solution, was ~ 1.00; this increased to ~3 after
complete digestion of hydrolyzed titanium hydroxides. The
reaction mechanism is as follows

@ Springer
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Ti** + H,0 — Ti(OH)*" + HT (1) JCPDS- 21-1276
2H202 — 2H20 + 02 (2)

The resulting peroxotitanate solution further dissociates
with increase in pH of the solution to form TiO, solid film
onto the substrate.

Ti(OH)*'+ 0, — TiO, + 20H" (3)

Thus, the uniform and well-adherent TiO, films are
deposited on the glass substrate.

Thickness measurement

The thickness of the TiO, film was measured by a gravi-
metric weight difference method in terms of the weight of
TiO, deposited on the glass substrate per unit area
(mg/cmz), since the accurate measurement of TiO, film
thickness was not possible due to the rough morphology
and porosity of the film [15]. Figure 1 shows the film
thickness variation of TiO, thin film with deposition time.
The rate of increase in the thickness is nonlinear, which has
been attributed to the growth by nucleation and coales-
cence process. More nucleation sites contribute to coagu-
lation during the growing procedure. Furthermore, slight
decrease in film thickness observed could be attributed to
the formation of outer porous layer and/or the film which
may develop stress to cause delamination, resulting in
peeling off the film after the film reaches at maximum
thickness. The terminated thickness at which the highest
amount of TiO, deposited on the substrate was 1.29 pm.

Structural study

Figure 2a and b shows typical X-ray diffraction patterns of

as-deposited and annealed TiO, thin films on glass sub-

strate, respectively. It is evident from XRD patterns that

TiO, thin films are polycrystalline and has rutile phase.
14

1.2 /\.

1.0 1

0.8

Thickness (um)

0.6

0.4 4

T T T T T T
20 40 60 80 100 120 140 160
Deposition time (Min.)

Fig. 1 Variation of TiO, film thickness with deposition time
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Fig. 2 XRD patterns of (a) as-deposited and (b) annealed TiO, thin
films

The XRD pattern indicates the presence of (110), and (101)
planes of TiO, material which is in good agreement with
JCPDS cards no. 21-1276. The XRD pattern of as-depos-
ited films probably means that the film consisted of
hydrous TiO, colloidal particles with low crystallinity.
Intensity of (110) and (101) peaks is increased as an effect
of annealing, which attributed to the improvement in
crystallinity. The grain size was estimated using Scherrer’s
formula

0.94
- pcosb “)

where, f is the broadening of diffraction line measured at
half maximum intensity (radians) and 4 = 2.2897 A is the
wavelength of the Cr K, X-ray. The grain size was found to
be 56 nm for (110) plane.

FTIR study

Figure 3 shows FTIR spectra of the (a) as-deposited and (b)
annealed TiO, samples within the wavelength range
400-4000 cm ™. The absorption at 3409 cm™ ' indicates the
presence of hydroxide group [16]. The absorption peak
around at 1634 cm ™' may be due to the bending vibration of
hydroxyl groups of molecular water [17]. The absorption
peak at around 1000 cm™' is assigned to characteristic
stretching vibration of peroxo groups. The strong absorption
peak around at 649 cm™" is associated with the character-
istic vibrational mode of anatase TiO, [18]. As-deposited
TiO, showed the higher depth at 3409 cm™' than annealed
one, which attributed to removal of hydroxide after heat
treatment. Hence, results indicate the presence of Ti-O
bond, peroxo groups, and —OH groups for as-deposited film,
whereas after annealing the peaks attributed to the peroxo
groups and —OH groups were almost disappeared. Less
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Fig. 3 FTIR spectra of (a) as-deposited and (b) annealed TiO,
samples

intense hydroxide and hydroxyl groups from water found in
the annealed TiO, may be due to the fact that the spectrum
was not recorded in situ and some readsorption of water from
the ambient atmosphere might have occurred.

Surface morphological study

Figure 4a and b shows the field emission scanning electron
micrographs (FE-SEM) of as-deposited and annealed TiO,
thin films at 50,000x magnification, respectively. From
micrograph (Fig. 4a) it is seen that the deposits consists of
well defined agglomerated multigrain structure having
irregular shapes and sizes due to the low temperature depo-
sition method. The approximate size of this multigrain
structure is about 140 nm. Some pores and overgrowth is
also seen in the micrographs. Mane et al. [19] prepared TiO,
by CBD method and reported the formation of spherical,
compact, and randomly oriented grains. After annealing this
multigrain structure completely gets converted into well-
defined conical nanorods. The approximate length and
diameter of these nanorods is ~ 110 and 25 nm, respectively
(Fig. 4b). The barrier effect of intercrystalline TiO, is
greatly decreased by using long nanorods instead of a porous
TiO, thin film composed of accumulated nanosized parti-
cles. This might contribute to the easier electron transfer and
decrease the Ohmic loss through the TiO, layer in dye-
sensitized solar cells [20].

Optical studies

Figure 5a and b shows optical absorption spectra for as-
deposited and annealed TiO, thin films within 350-850 nm
wavelength range. The absorption edge was found to be
450 nm as seen from inset of Fig. 5. These spectra reveal
that TiO, film has low absorbance in the visible region,

t

Fig. 4 Scanning electron micrographs of a as-deposited and
b annealed TiO, thin films at x50,000 magnification
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Fig. 5 Plot of (¢hv)* vs. photon energy hv of (a) as-deposited and
(b) annealed TiO, (inset shows variation of absorption («f) with
wavelength (1) of (a) as-deposited and (b) annealed TiO, on glass
substrate)

which is a characteristic of TiO,. The optical band gap
(E,) for as-deposited and annealed TiO, film is calculated
on the basis of optical absorption using the following
equation,
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Fig. 6 Water contact angle
measurement of a as-deposited

and b annealed TiO, thin film

A(Eg — hv)"

= hv

where hv is the photon energy, and A is constant. The
exponent ‘n’ depends upon the type of transition and has
values of 1/2 and 2 for direct and indirect transitions,
respectively. By plotting the graph of (ahv)? versus hv
(Fig. 5), it becomes possible to determine the nature of
transition involved. The extrapolation of straight line por-
tions of the plot (hv greater than E) to the zero absorption
coefficient gives measurement of energy gap. Both plots
show a linear dependence at hv greater than E,, therefore
extrapolation of the straight line portions of the curves to
the zero absorption coefficient gives band gap of 3.1 and
3.0 eV for as-deposited and annealed TiO, films, respec-
tively. Due to the improved grain size of annealed, the
absorption edge showed red-shift up to some extent.
The widened band gap of the TiO, films is attributed to
the contribution of quantum size effect [21].

Wettability test

Controlling and/or modifying the surface wettability are
important, which involves the interaction between a liquid
and a solid in contact. Measurement of surface water
contact angle is inversely proportional to the wettability
and can be determined by Young’s relation [22]. Figure 6
shows the water contact measurements for (a) as-deposited,
and (b) annealed TiO, thin films. Interestingly, as-depos-
ited TiO, exhibits hydrophilic behavior (24°), as water
contact angle is less than 90°. The shape of water droplet
on the film is shown in Fig. 6a. Further, for annealed films,
the water contact angle slightly increases to 32°. The
droplet shape on the surface of annealed TiO, film was
more spherical (Fig. 6b). Increase in water contact angle
after annealing attributed to (a) non-spherical nature of the
grains and (b) topographical change in structure. Due to the
conversion from spherical nanograins to nanorods after
annealing prevents the water from adhering to the film
results into increase in water contact angle. Similar type of
result has been reported by More et al. [23].

Photovoltaic response
A photoelectrochemical cell (PEC) is based on the junction

between semiconductor and an electrolyte. The current—
voltage (/-V) characteristic of a typical ITO/TiO,/1 M

@ Springer
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Fig. 7 I-V characteristics of annealed TiO, film under illumination
of white light (50 mW/cm?). Inser shows the I-V characteristic under
chopped light

NaOH/graphite cell in the dark and under illumination
(50 mW/cm?) is shown in Fig. 7. In the dark, the nonlinear
nature of /-V curve predicts that the TiO, makes rectifi-
cation contact with the electrolyte. Inset of Fig. 7 shows
the photosensitivity under chopped light conditions carried
out to study the response of the TiO, films. The photo-
current is obtained in the order of pA/cm®. The photo-
conversion efficiency 0.037% with fill factors 0.44 and flat
band potential —400 mV/SCE were observed. In present
investigation, low efficiency is attributed to less absorption
of visible light in TiO, due to its wide band gap.

Conclusion

Here, we have successfully synthesized TiO, nanorods by
simple and inexpensive controlled precipitation route and
further used for photoelectrochemical application. XRD
pattern reveals that TiO, thin films are polycrystalline and
has rutile phase. The TiO, compound formation was con-
firmed from FTIR study. Scanning electron micrographs
reveals that the multigrain structure of as-deposited TiO,
thin films completely gets converted into well-defined
conical nanorods due to annealing. The optical absorption
study reveals the small red shift due to annealing and
attributed to grain size. Both the as-grown and annealed
TiO, thin films are hydrophilic in nature as water contact
angle is less than 90°. The strong influence of this electrode
in spite of its wide band gap and substrate resistance on
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photoelectrochemical performance with fill factor (0.44)
and device conversion efficiency (0.037%) can motivate to
check its feasibility in DSSC’s devices.
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