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Introduction
Searching of alternative energy source is a vital issue in the modern 

civilization for many reasons which include depletion of conventional 
energy sources like coal, oil, natural gas etc. and burning of these 
energy fuels leading to a global air pollution problem. Hence there 
has been increasing interest during the last few decades to find out 
an alternative cost effective renewable energy sources to fulfill the 
future energy needs of mankind. In this respect synthesis of tailored 
morphological Transitional Metal Oxide (TMO) semiconducting thin 
films because of their widespread applications in optoelectronic fields 
of science and technology leading to drastic cut in the production cost 
of semiconducting devices. Exploring novel approaches to produce 
low cost, high efficiency photovoltaic cells has attracted attention of 
researchers because of the urgent need for the clean and renewable 
energy sources. 

TiO2 is a wide band gap (3.2 eV) transition metal oxide (TMO) 
semiconductor has received increasing attention due to its unique 
properties such as high chemical stability, high refractive index, optical 
transparency in UV and visible range, semiconducting behavior, 
photocatalytic activities, high PEC efficiency, biocompatibility, long 
term photostability, non-toxicity and low cost etc [1-5]. Because of all 
these properties TiO2 become a common multifunctional material used 
in variety of applications in many fields such as dye sensitized solar 
cells [6], energy storage, gas sensors and biosensors [7], photocatalytic 
water splitting [8], photodegradation of organic pollutants, hydrogen 
generation [9,10], self-cleaning coatings [11], supercapacitors [12], 
electronic components [13], chemical catalysis [14], glass and ceramics 
[15], paintings, medicines, bactericides [16], cancer therapy [17] 
etc. Nanostructures of TiO2 can exist in three crystal structures; two 
tetragonal forms (anatase and rutile) and one rhombic form (brookite). 
Among them the (110) surface of rutile TiO2 has been shown to be 
highly active for photocatalytic water splitting and numerous other 
applications in photochemistry and catalysis [11,18]. In particular 
due to their higher surface to volume ratio, TiO2 nanomaterials 
demonstrate high performance levels for these applications compared 
to their bulk form.

Number of methods have been reported to fabricate TiO2 single 
crystal [19], nanorods, nanowires [20], tube arrays and nanospheres 
[21] that include template-assisted method [22], electrochemical 
anodic oxidation method [23], spray pyrolysis technique [24], chemical 
vapor deposition (CVD) [25], hydrothermal method [26], anodized 
aluminum oxide (AAO) template assisted sol-gel method [27], AAO 
template-assisted electrodeposition method [28], electrochemical 
anodic oxidation of pure titanium sheet [29], egg shell membrane 
template [30], electro-spinning [31] and chemical treatment of fine 
TiO2 particles [32]. Among these diverse conventional methods, 
hydrothermal method is a simple and cost effective method for 
synthesis of well aligned nanostructures with easily obtained single-
crystalline material having high specific surface areas [33]. It may 
provide a better opportunity for controlling the size and morphology 
of TiO2 material for better photoconversion efficiency. 

Various kinds of nanostructured TiO2 such as nanoparticle, 
nanorods, nanotubes, hollow sphere, mesoporous and macroporous 
TiO2 have been synthesized and used as a photoanode for the PEC 
application. Among this nanorod structured photoelectrodes are 
capable for improving the PEC performance due to their special 3D 
nanostructures [34]. It has been observed that for pure 1D nanorod 
arrays the unabsorbed light penetrates precisely through nanorods 
without being scattered for the enhancement of light absorption in the 
improvement of PEC performance [35]. Concerning the advantage 
of 3D nanorod flowers over 1D nanorods is not only multi reflection 
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Abstract
In the present investigation, we report facile hydrothermal synthesis of TiO2 nanorods with high density rutile phase 

on Transparent Conducting Oxide (TCO) for enhanced solar cell application. The structural, optical, morphological, 
compositional and electrochemical properties are investigated by detailed XRD, UV-Vis-NIR spectrophotometer, 
FESEM, TEM, EDAX, XPS and photoelectrochemical studies. It is demonstrated that, the deposited TiO2 thin film 
shows pure rutile phase with tetragonal crystal structure. Optical spectra showed strong light absorption in UV region 
and FESEM images confirm the time dependent growth of TiO2 nanorods. EDAX and XPS Spectra confirm the formation 
of pure TiO2 nanorods. Photoelectrochemical performance with respect to time dependent growth of TiO2 nanorods 
showed highest photoconversion efficiency ɳ = 5.1%.  
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but also number of times scattering of incident light for better light 
harvesting and results in improvement in efficiency.

On the basis of above consideration, we have intent to develop a 
simple synthetic strategy to fabricate nanorod microstructure for the 
PEC cell performance. In this paper, we have demonstrated a time 
dependent hydrothermal evolution of TiO2 nanorod microstructure 
with varying the reaction time from 2 h to 8 h. As the reaction time 
prolonged formation of nanorod flowers with increased diameter takes 
place. The nanorods are dense and uniformly covered the surface of the 
substrate. Such TiO2 nanorods provide a large surface area and higher 
absorption of incident photons, which leads to more photogenerated 
electron-hole pair, causes higher PEC performance. 

Method and Materials
Fluorine doped tin oxide (FTO) coated glass substrates with a 

sheet resistance of 25 Ωcm-2 used as a conducting substrate support for 
deposition of TiO2 thin films. All chemical reagents used in this work 
were analytical reagent (AR) grade, and they were used without further 
purification. Titanium tetraisopropoxide (TTIP) (99.98% Spectrochem, 
India), hydrochloric acid (HCl) used as the Ti precursor. The aqueous 
solution was prepared using double distilled water. The substrates were 
washed with detergent and then cleaned in double distilled water and 
acetone separately in an ultrasonic bath. 

Thin film synthesis

In a typical synthesis 0.5 ml titanium tetra isopropoxide (TTIP) 
was added in aqueous solution containing 30 ml 1:1 HCl and stirred 
vigorously for 30 min. to obtained clear and transparent solution. The 
resultant solution was added into teflon lined stainless steel autoclave. 
The conducting FTO glass substrate is immersed into autoclave 
solution inclined to the wall with conducting side facing up and the 
autoclave was sealed and placed in an oven at 160°C for 2 h followed by 
natural cooling to room temperature. The substrate was removed from 
autoclave, cooled at room temperature and rinsed thoroughly using 
double distilled water. Thus the obtained TiO2 sample designated as 
T1. Using the same procedure, in order to study the effect of reaction 
time on structure, morphology and PEC performance, the synthesis 
were carried out at different reaction time such as, 4 h, 6 h and 8 h and 
samples were designated as T2, T3 and T4 respectively. Temperature and 
precursor concentration maintained constant throughout the series of 
hydrothermal experiments.

Characterizations

The deposited TiO2 thin films were characterized for their optical, 
structural, morphological, compositional and PEC properties. The 
film thickness was measured with surface profiler (contact mode XP-1 
Ambios Technology) having 1 Å resolution. The optical absorption 
spectra were recorded at room temperature using UV-Vis-NIR 
spectrophotometer (Shimadzu, UV-1800) in the wavelength range 
of 350-800 nm. The room temperature photoluminescence (RTPL) 
spectra of the thin films were recorded by using JASCO (Japan, FP-
8300). The crystal structure was investigated by X-ray diffraction 
(XRD) (Rigaku, D/MAX Uitima Japan) using Cu Kα radiation (λ 
= 1.54 Å) in 2θ range 20º to 80°. Crystallographic characterization 
was done by using transmission electron microscopy (TEM), 
high resolution transmission electron microscopy (HRTEM) and 
corresponding selected area electron diffraction (SAED) pattern by 
using TECNAI F20 Philips, operating at an acceleration voltage 200 
kV. The surface morphology of the thin film was analyzed with Field 
emission scanning electron microscope (FESEM). FESEM (Model 

Hitachi S4800, Japan) was employed for closer insight into the TiO2 
morphology. The elemental composition of the deposited thin film was 
determined by Energy dispersive X-ray spectroscopy analysis (EDS). 
The valence states of elements deposited on sample surface was studied by 
X-ray photoelectron spectroscopy (XPS; VG Multilab 2000, Thermo VG 
Scientific, UK). The PEC performance of TiO2 thin films were measured 
in the dark and under UV illumination by forming simple two electrode 
system, with the deposited thin films as a working electrodes and graphite 
as a counter electrode in 0.1 M NaOH electrolyte. 

Results and Discussion
Possible reaction and growth mechanism

The mechanism for the formation of well aligned rutile nanorods 
can be explained by considering the results of the present study and 
the literature survey. The FTO substrates were used for the growth 
of 3D nanostructures, because due to the lattice mismatch bare glass 
substrates have been unsuccessful for this purpose. The addition of 
aqueous HCl causes the hydrolysis of the inorganic moieties. HCl 
adjusted the pH value of the reaction solution and retard hydrolysis 
of the precursor in the presence of water at low temperatures and 
reduces the surface energy of the crystal plane side wall and promoting 
anisotropic growth in the (110) direction. Under acidic conditions, the 
transformation of Ti2+ from Ti4+ avoided and stabilizes the oxidation 
state of Ti4+. The TiO2 thin film deposition follows heterogeneous 
nucleation which was achieved by low degrees of supersaturation [36]. 
Initially the TTIP hydrolyzed to titanium hydroxide and alcohol in 
aqueous acid medium. Titanium hydroxide form a complex with water 
and the rate of complex formation is controlled in acidic medium. The 
chemical reactions involved in the formation of TiO2 is as follows,

Ti(OR)4 +4H2O  Ti(OH)4 + 4ROH (hydrolysis)(1)

Ti(OH)4  TiO2xH2O + (2−x) H2O (condensation)      (2)

At high temperature and pressure condition hydrolysis rate was 
accelerated and deposited hydroxide dimerises on the surface of FTO 
coated glass substrates with internal proton transfer leads to corner-
sharing octahedral chains (Ti3O bridges) characteristics of the rutile 
structure. The Cl- ions adsorbed at the (110) facets having higher 
density of Ti atoms.

Hence there would be an interaction between Ti atoms and 
n-donor base Cl-. This facilitate the anisotropic growth along (110) 
facets and decreases the growth rate along (001) facets which leads to 
the formation of rutile phase TiO2 nanorods instead of particles. 

The nanorods are aggregated and connect with one root leading to 
formation of 3D nanorod flowers. With increasing the reaction time 
plenty of TiO2xH2O and large amount of nanorods were aggregated 
leading radial growth of nanorods. Further increase in the reaction 
time leads to increases the average diameter and length of nanorods 
and large number of nanoparticle aggregates on the top of nanorods 
ascribed to formation of blocking layers which decreases the PEC 
performance of the material.

Optical absorbance study

Figure 1 shows an optical absorption spectra of TiO2 thin films 
hydrothermally grown at temperatures 160°C for different reaction 
times (2 to 8 h). Fundamental of absorption corresponds to electron 
excitation from the valence band to the conduction band using 
ultraviolet and visible radiation. The absorption coefficient (α) as a 
function of photon energy (hʋ) can be expressed by the Tauc relation,
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formation of rutile phase of TiO2 material. The intense peak at 27.550 is 
the representative peak for (110) plane of rutile TiO2 (Figure 3).

All other peaks observed at 36.79°, 39.12°, 41.42°, 44.29°, 55.40°, 
62.72° and 64.29°, represents (101), (200), (111), (210), (220), (002) 
and (310) planes respectively which confirms the tetragonal crystal 
structure of TiO2. The samples are well-crystallized in rutile TiO2 single 
crystals, where the growth direction is along (001) orientation and 
the side surfaces exhibit (110) facets. All peaks are in good agreement 
with the standard JCPDS data (Card No. 00 001-0562) [38] and with 
the HRTEM and SAED results. The other peaks shown by asterisks 
are due to the FTO substrate marked by *. No other impurity peak in 
XRD pattern indicating no traces of secondary phases such as anatase 
or brookite were observed. The presence of broad XRD peaks is an 
indication of small crystallite size in the range of nanoscale, affirming the 
nanocrystalline nature of the TiO2 samples. The rutile phase of TiO2 is 
tetragonal and exhibits symmetry characters of the space group with two 
TiO2 molecules per unit cell. Average crystallite size of TiO2 samples were 
calculated by using Scherrer’s formula shown in equation (4).

αhʋ = α (hʋ ˗ Eg)n                    			                  (3)

where ‘hʋ’ is photon energy, ‘α’ is constant, ‘Eg’ is band gap energy 
and ‘n’ is the exponential index determined by the nature of the 
electron transition during the absorption process. It is well known that 
there are fundamental optical transitions, namely direct allowed (n = 
1/2) and indirect allowed (n = 2) transitions. Figure 1 inset shows plot 
of (αhν)2 vs. hν of the TiO2 thin films. Extrapolating the straight line 
from the linear portion of the curve to the zero absorption edge gives 
the band-gap of the samples. The observed band gap energy of T1-T4 
samples ranging from 2.93 to 2.97 eV respectively (Figure 1).

Photoluminescence study

Figure 2 Shows PL spectra of the T1 to T4 samples prepared by varying 
the reaction time and obtained over the wavelength range of 310-600 
nm. The PL emission intensity can be related to the recombination 
dynamics of the excited electron and hole pairs. It is the emission of 
light, initiating from the recombination of photogenerated electron 
hole pairs. The PL spectrum of the TiO2 nanostructures exhibits blue 
shift. All the samples possess the first intense peak at 322 nm assigned 
to direct transition of electron from conduction band to valance 
band. Higher the PL emission intensity, lower is the electron hole 
pair separation consequently lower the PEC performance. Therefore, 
the above observations can be understood the PL emission spectra of 
T1 to T4 samples at exciting wavelength of 325 nm. Among the entire 
samples, T3 sample possess low PL intensity, suggesting longer life 
time for photogenerated charge carriers and higher PEC performance. 
Furthermore the other peaks appeared at longer wavelength 487, 450 
and 409 nm corresponds to 2.51, 2.56 and 3.03 eV respectively can 
be attributed to the recombination that occurred at oxygen vacancies 
which are formed on the surface of TiO2 due to crystal defects formed 
during hydrothermal synthesis and these defects act as the traps to 
cause luminescence [37] (Figure 2).

Structural study

The crystallite size and crystal structure of TiO2 thin films was 
confirmed from the XRD analysis. Figure 4 shows XRD pattern of 
T1-T4 samples deposited at different reaction times. XRD patterns 
exhibited strong diffraction peaks at 27.55°, 36.79°and 55.40° indicating 

 

Figure 1: Shows an UV-Vis-NIR absorption spectra of TiO2 thin films 
hydrothermally grown at temperatures 160°C for different reaction times, 
inset: shows plot of (αhν)2 vs. hν of the TiO2 thin films.

Figure 2: Shows photoluminescence (PL) spectra of theT1 to T4 samples 
prepared by varying the reaction time and obtained over the wavelength 
range of 350-600 nm.

Figure 3: Shows XRD pattern of TiO2 nanostructure samples (T1–T4) 
prepared by varying the reaction time.
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0.94   
cosβ θ

=    D λ 			               		                 (4)

Where ‘D’ is the crystallite size, ‘θ’ is peak position of X-ray used, ‘β’ 
is full width at half maxima (FWHM) of (110) plane of rutile TiO2 and 
‘λ’ is wavelength of X-ray used (0.154 nm). The increase in crystallinity 
size and intensity of reflections is observed with the increase in 
deposition time from 2 h to 8 h. The calculated crystallite size of TiO2 
for (110) planes are found to be 10, 16.13, 16.47 and 16.68 nm for T1-
T4 samples respectively. The increase in crystallinity and intensity of 
reflections is observed with increase in deposition time. 

To investigate the detailed structure and crystallinity of TiO2 
nanorods, TEM examination is performed. Figure 4a shows the TEM 
image focused on a single nanorod. A nanorod possesses 100 to 150 nm 
diameter and a tetragonal architecture with a smooth surface. The sharp 
SAED pattern shown in Figure 4b indicates that the nanorod is single 
crystalline. The Figure 4c shows the HRTEM pattern of TiO2 nanorods. 
It indicates that the nanorods are completely crystalline along the 
entire lengths with the lattice spacing 0.344 nm, corresponding to the 
d-spacing of the (110) plane of rutile TiO2. The predominant growth 
direction of (110) also agrees with the shape of crystal in rutile phase 
which is in good agreement with the XRD pattern (Figure 4a-4c).

Morphological study

Figure 5a-5d shows FESEM images of the TiO2 thin films. During 
the hydrothermal reaction, the orientation, size, shape and morphology 
of the deposited material is mainly dependent on the reaction time, 
reaction temperature, precursors concentration, media and nature of 
substrate. In the present work a series of hydrothermal experiments 
with different reaction times were carried out to investigate the time-
dependent morphological evolution of the TiO2 thin films. We found 
that the formation of nanostructures was strongly dependent on the 
reaction time. As shown in Figure 5a, when the reaction time was 
as short as 2 h. nanorods were uniformly deposited on the substrate 
surface, (sample T1). The lower reaction time results in the small 
growth of TiO2 nanorods due to immature termination of growth 
process. When the reaction time was prolonged to 4 h the nanorods 
uniformly deposited to compact and large size 1D nanorod structure 
(Figure 5b). It is observed that the growth of nanorods on the surface 
of FTO substrate became larger and increased by about 30-40 nm per 
2 h increase in reaction time. At the 4 h. reaction time (sample T2) the 
nucleation process in the hydrothermal synthesis is fast which results 
in formation of well grown and well aligned nanorods. The FESEM 
image of the sample T3 (Figure 5c) shows the compact arranged and 
well aligned nanorods. On the top surface of nanorods, aggregation of 
nanorod bunches connects with one root to form 3D nanorod flowers. 
Thus sample T3 shows smooth, completely grown and regularly 
arranged nanorods with irregularly arranged nanorod flowers on their 
top surface. These irregularly arranged nanorods are smaller than the 
regularly arranged nanorods. Thus, at the reaction time 6 h (sample 
T3) there is transformation from initially grown and orderly arranged 
nanorods to completely grown TiO2 nanorods. There is formation of 
3D nanorod flowers with diameter 2 µm aggregated on the surface of 
the substrate, which exhibit step by step growth process. This kind of 
nanorods and flowers on the top of nanorods are densely and uniformly 
covered the whole surface of the substrate. Such TiO2 nanorod flowers 
provide a large surface area and higher absorption of incident photons, 
which leads to more photogenerated electron-hole pair, causes higher 
PEC efficiency [50]. Thus, the well grown nanorod flowers inhibit 
the electron hole pair recombination rate which is beneficial for 

improvement in PEC performance. Further increase in reaction time to 
8 h the size, length and diameter of nanorods increases (Figure 5d). The 
sample obtained at this stage shows impulsive aggregated nanorods 
and nanoparticle which lower the photoelectrochemical performance 
due to its compactly arranged structure (Figure 5a-5d). 

Compositional analysis

An elemental composition of TiO2 thin films was analyzed by EDS. 
Figure 6 shows the EDS pattern obtained for representative T3 sample. 
There is no trace of any other impurities could be seen within the 
detection limit of the EDS as presented in Figure 6. The corresponding 
EDS result indicating that the deposited films mainly consist of Ti and 
O with an approximate atomic ratio of 1:2 which is in consistent with 
the stoichiometry of TiO2. Hence EDS analysis confirms the formation 
of TiO2 (Figure 6). 

The XPS analysis of TiO2 thin films was performed to identify the 
composition and valence state of elements. The survey spectrum of 
sample T3 is presented in Figure 7a which shows presence of Ti, O and 
a small amount of adventitious carbon. The carbon peak is attributed 

 

Figure 4: (a) Shows TEM image, (b) SAED pattern and (c) HRTEM image 
of sample T3.

 

Figure 5: a to d Shows FESEM images of TiO2 nanostructure samples (T1–
T4) prepared by varying the reaction time.
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to the residual carbon from XPS instrument itself [39]. The peak at 
binding energy 284.87 eV corresponds to amorphous carbon. Ti 2p 
spectrum is shown in Figure 7b consists of the distinct Ti /2p1/2 and Ti 
/2p3/2 signals that are located at 464.4 and 458.6 eV respectively. The 
spin orbital splitting between these peaks is 5.8 eV which is comparable 
with that of 5.74 eV reported values, indicates Ti4+ oxidation state of 
titanium in TiO2 [40]. Both Ti 2p signals are highly symmetric, and no 
shoulders were observed on the lower energy sides of Ti 2p3/2 signal, 
which indicate that the rutile TiO2 nanocrystals are stoichiometric 
and the concentration of lattice defects is extremely low [41]. The core 
level spectrum of oxygen is shown in Figure 7c divided into two peaks 
at binding energy 529.98 and 531.21 eV. The peak located at 529.98 
eV attributed to oxygen originating from lattice oxygen while peak at 
531.21 eV suggesting the presence of surface hydroxyl groups [42]. The 
peak at 533.11 eV due to C=O or C-OH group corresponding to the C 
/1 s species at binding energy 284.87 eV. Thus XPS spectrum confirms 
the Ti and O species in TiO2 thin film with rutile phase (Figure 7a-7c).

Photoelectrochemical property

The TiO2 can absorb large amount of light radiation to form 
photogenerated electron-hole pair. The photogenerated electrons 
can transport directly through crystallites and compact layers to the 
conducting substrates with minimum loss. This photogenerated 
electrons travel through the external load and completes the circuit by 
entering back through the counter electrode (Figure 8).

PEC performance of TiO2 nanorods deposited on FTO substrate 
is determined by measuring the photocurrent density with a two-
electrode configuration under UV (25 W) illumination in 0.1 M NaOH 
electrolyte. Graphite was served as counter electrode and deposited 
TiO2 film as the photoanode. Basically the photocurrent could not 
be detected unless nanostructured TiO2 photoanode illumines with 
UV light, as shown in Figure 8. When the nanostructure photoanode 
were illuminated under UV light, photovoltage were rises rapidly to 
a constant value causes shift in the fourth quadrant indicating the 
generation of electricity, which are typical solar cell characteristics. 
Following cell configuration was used to record the J-V plots,

Glass - FTO / TiO2 / NaOH / graphite: The PEC parameters such 
as fill factor (FF) and PEC efficiency (η%) was calculated by Equation 
(5) and (6) given below,

  
 

JmaxVmaxFF
JscVoc

= 				                 (5)

η% = 
 100 JscVoc FF

Pin
× ×  				                 (6)

where, ‘Vmax’ is maximum voltage, ‘Jmax’ is maximum current 
density, ‘Jsc’ is short circuit current density, ‘Voc’ is open circuit voltage 
and ‘Pin’ is intensity of incident light.

The J-V characteristic curves of all the TiO2 samples are shown 
in Figure 8. It was found that with increasing reaction time the PEC 
efficiency increases from 2.9 to 5.1%. The low PEC efficiency for sample 
T1 (2 h) is due to immature growth of nanorods. In this case the light 

 
Figure 6: Shows Energy Dispersive X-ray (EDX) spectrum of TiO2 
nanostructure prepared at 6 h reaction times.

 

 

 

Figure 7: (a) Experimental survey spectrum of TiO2; (b) Core level spectrum 
of Ti2p and; (c) Core level spectrum of O1s of TiO2 thin film.
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directly transported through nanorods without scattering results in 
low PEC efficiency (2.9%). While as the reaction time prolonged 
to 4 h (sample T2) it shows 97 µA/cm2 photocurrent and 265 mV 
photovoltage leading to 3.6% PEC efficiency. A sample T3 (6 h) shows 
the increased open circuit voltage is 557 mV and short circuit current 
density is 490 µA/cm2 resulting in highest 5.10% PEC efficiency. The 
increased PEC efficiency contributed by well-developed scattering 
layers related with 3D TiO2 nanorod flowers. The advantage of 3D 
TiO2 nanorod flowers over 1D nanorods is multireflection, high 
surface area causes high PEC efficiency [42]. After prolonging the 
reaction time from 6 h to 8 h there is substantial decrease in current 
density and results in decrease in photoelectrochemical efficiency 
up to 3.8%. The decrease in PEC efficiency is due to the compact 
and aggregated nature of overgrowing nanorods and nanoparticle 
(Table 1). 

These PEC parameters with respect to reaction time are 
summarized in Table 1. Figure 8 shows plot of conversion efficiency 
of TiO2 nanorod flowers synthesized at 160°C for samples 
deposited at different reaction times. As the deposition time 
increases the photoconversion efficiency increases up to sample T3 
(5.10%) after that for sample T4 it again decreases. The enhanced 
photoelectrochemical performance can be attributed to improved 
charge-separation by superior charge transportation through 
crystalline 3D TiO2 nanorod flowers. This approach may concrete 
the way to synthesize better TiO2 electrodes for hybrid solar cells. 
Transient photoconductivity was studied by exposing the samples 
with UV-light for 10 s and the response current is measured (Figure 
9). 

An open circuit voltage-decay measurement is conducted to 
investigate the recombination kinetics of the nanostructure and 
is shown in Figure 9. Adopting the technique reported by Zaban 
et al. open circuit voltage-decay measurements are performed by 
monitoring the Voc transient during relaxation from an illuminated 
quasi equilibrium state to the dark equilibrium. The response of 
these electrodes to UV illumination was very prompt. Hence the 
TiO2 nanostructure electrode exhibited superior performance with 
greater photocurrent generation efficiency.

Figure 8: J-V characteristic curve of TiO2 nanostructure samples (T1–T4) 
prepared by varying the reaction time.

Figure 9: An open circuit voltage-decay measurement of TiO2 nanostructure 
sample T1 and T4 prepared by varying the reaction time.

Sample
code Voc (mV) Vmax (mV) Jsc (mA/cm2) Jmax (mA/cm2) FF η %

T1 834 452 0.528 0.328 0.33 2.9
T2 893 454 0.685 0.404 0.30 3.6
T3 794 488 0.872 0.527 0.37 5.1
T4 747 414 0.654 0.463 0.39 3.8

Table 1: The PEC output parameters of TiO2 samples.

Conclusions
We have successfully demonstrated a simple and low cost 

synthesis method for TiO2 thin films having well aligned nanorod 
morphology using single step hydrothermal synthesis. The 
PEC measurements showed that TiO2 thin films had maximum 
photoelectrochemical efficiency of 5.10%. The enhanced PEC 
performance has been attributed due to stronger light scattering 
effects, faster electron transportation and electrolyte diffusion in 
nanorod sample. The results showed that the reaction time plays 
important role on morphology and PEC performance of TiO2 
samples. Therefore present method is a promising alternative for 
deposition of TiO2 thin films with a superior PEC performances 
therefore it may be allowed for the development of low cost 
photoelectrochemical devices in future. 
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