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This reported study was concerned with the synthesis of TiO2 nanoflowers as a photovoltaic material of the photoelectrochemical cell (PEC)
via the phase liquid deposition technique. It highlighted the effect of the growth time on the morphology of TiO2 samples. Three growth times
were chosen, namely 2, 4 and 6 h. The morphology was examined by scanning electron microscopy (SEM). The nanoflowers’ morphology of
the TiO2 sample grown for 4 h was then chosen to be characterised by cross-sectional SEM, X-ray diffraction, ultraviolet–visible and
photoelectrochemical measurement. The sample was crystalline with anatase phase. The sample showed the strongest absorption at 330
nm. The TiO2 nanoflowers PEC demonstrated the Jsc and Voc of 0.046 mAcm−2 and 0.26 V, respectively.
1. Introduction: Various synthesis and deposition techniques have
been applied in preparing TiO2 nanostructures, such as sputtering,
chemical vapour deposition, spray pyrolysis [1], anodic oxidation
[2, 3], hydrothermal synthesis [4], template synthesis, sol–gel
fabrication [5] and many more. Each technique produces unique
morphologies of the TiO2 nanostructures, such as nanowire [6],
nanofibre [7], nanorods and nanotube arrays [2] to overcome the
shape limitation of TiO2 nanoparticle morphology. The ability to
control the surface morphology and thickness of the TiO2

nanoparticle film on the transparent conducting substrate is
important in all applications that are based on the cells related to
the compact and dense surface of TiO2 nanoparticles.
Liquid phase deposition (LPD) was chosen for synthesising TiO2

nanoparticles in this reported study, since this technique is simple,
quick and cheap. Deki et al. [8] first reported the synthesis of TiO2

via this technique. His research group has successfully synthesised
TiO2 nanostructures by simply mixing the (NH4)2TiF6 and H3BO3

solutions. The morphology of TiO2 nanostructures could be tuned
by modifying the synthesis parameters such as deposition time,
growth temperature and precursor solution.
In this study, the morphology of TiO2 nanostructures was modi-

fied by adjusting the growth time of the LPD technique, namely 2, 4
and 6 h. The new idea of this Letter was the use of TiO2 nanoflowers
that were prepared via the above technique in a photoelectrochem-
ical cell (PEC). The objective of this study was to investigate the
effect of deposition time on the morphology of the TiO2 sample.
The TiO2 sample with the deposition time of 4 h that resulted in
TiO2 nanoflowers with the most compact and dense morphology
was chosen for cross-sectional scanning electron microscopy
(SEM) characterisation to determine the structural, optical and
photoelectrochemical properties.

2. Experimental
2.1. Materials: The raw materials for the preparation of the TiO2

nanostructure included ITO substrate purchased from Vin Karola
Instruments, USA. Ammonium hexafluorotitanate (metal-fluoro
complex) and boric acid that serve as fluoride scavengers were
purchased from Sigma-Aldrich, and Wako Chemicals, USA,
respectively. An electrolyte that contains 0.5 M LiI/0.05 M I2/0.5 M
tert-butylpyridine (TBP) in acetonitrile was purchased from Fluka
and Sigma-Aldrich. Platinum powder needed for the preparation
of the counter electrode of the PEC was purchased from Solaronix.
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2.2. Synthesis of TiO2 nanostructures: ITO substrates were cut into
a desired size and cleaned with distilled water using cotton buds to
remove any dust. The substrates were then immersed in acetone in
an ultrasonic bath for 15 min to remove particles and organic
contaminations. The substrates were then rinsed with deionised
water. The substrates were then immersed for another 15 min in
2-propanol in an ultrasonic bath, and then rinsed immediately
with 2-propanol to remove the metal contaminant and an organic
binder. The substrates were then dried with purified nitrogen gas
to ensure the substrates were cleaned and dried thoroughly. After
the cleaning treatment, the substrates were used immediately for
the deposition process. TiO2 nanostructures were grown and
deposited directly on the substrate via the LPD process. The
cleaned substrate was placed vertically in a freshly prepared
solution containing 5 ml (NH4)2TiF6 with 0.1 M concentration
and 5 ml H3BO3 with 0.2 M concentration. The substrate was
then immersed in the solution at 50°C for 4 h and then taken out
of the solution. The sample was cleaned with acetone to remove
the residual solution on the glass side. The coated substrate was
dried with a nitrogen flow at room temperature. Finally, the
sample was annealed in a furnace at 400°C for 1 h to remove any
organic binder. These procedures were repeated for the growth
times of 2 and 6 h, respectively.

Field-emission SEM (FESEM) model Zeiss Supra 55VP FESEM
was employed to observe the morphology in terms of the shape and
grain size of the TiO2 nanostructures. The magnification of 10 000×
was chosen to investigate the morphology of the samples. FESEM
was also employed to measure the thickness of the samples by the
cross-sectional view. The structure and phase structure of the TiO2

samples were examined by X-ray diffraction (XRD) model Bruker
D8 Advance measurements using Cu Kα radiation generated at
energy of 40 kV and current of 40 mA, which emits a wavelength
of 15.4 nm. The XRD patterns of the samples were recorded in
the range of a 10° to 60° diffraction angle. An optical spectropho-
tometer UV–vis Lambda 900 Perkin Elmer was employed to study
the optical absorption of the TiO2 sample. The absorbance of the
films was measured in the wavelength ranging from 300 to 900 nm.

2.3. Fabrication and performance study of PEC: The preparation of
TiO2 nanoflowers as a photovoltaic material has been described in
the Experimental section. Platinum film as a counter electrode was
prepared by sputtering platinum pellets on the ITO substrate. An
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electrolyte containing 0.5 M LiI/0.05 M I2/0.5 M TBP in
acetonitrile was used as a redox couple. The electrolyte was
sandwiched between the TiO2 nanoflowers film and the counter
electrode. The cell was clamped to optimise the interfacial contact
between the layers making up the cell. The performance study of
the cell was carried out by observing the current–voltage in the
dark and under illumination using an AM 1.5 simulated light
with an intensity of 100 mWcm−2. The illuminated area of the
cell was 0.24 cm2. The current–voltage curves in the dark and
under illumination were recorded by a Keithley high-voltage
source model 237 interfaced with a personal computer.

3. Results and discussion: Figs. 1a–c show the FESEM images of
the TiO2 nanostructure for deposition times of 2, 4 and 6 h,
respectively. Flower-like TiO2 nanostructures were successfully
formed onto ITO-coated glass. In Fig. 1a, flower-like structures
with a diameter in the range of 20 nm were observed, together
with big flower-like agglomerated particles with an average
diameter of 120 nm. However, the particles only partially covered
the substrate and empty spaces remained on the substrate. This
means that this growth time was insufficient to completely cover
the substrate. The morphology of the TiO2 nanoflowers for the
growth time of 4 h was described in terms of a well formed, high
density and compact structure. The TiO2 nanostructures were
observed to be grown on the large area of the substrate. On the
other hand, the morphology appeared to be slightly waved with a
flower-like structure. A large number of non-uniform
agglomerates were observed on the entire surface of the ITO
substrate. The typical morphology of the TiO2 nanostructures
shows the mixture of almost spherical and flower-like structures
with a high porosity TiO2 structure surface, which can clearly be
observed at high magnification, as shown in Fig. 1b. As observed
from the FESEM micrograph, the TiO2 nanoflowers showed
irregular shape and the grain sizes of this sample are not
identical, but are slightly larger in diameter than that of the
growth time of 2 h. The morphology of the TiO2 nanostructure
contained a large amount of closely-packed particles with a
Figure 1 FESEM images of TiO2 nanoflowers film at different deposition
times
a 2 h
b 4 h
c 6 h
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porous structure as shown in low magnification micrograph (inset
of Fig. 1b).

In contrast, the morphology of the sample for the growth time 6 h
was found to show a flower-like morphology TiO2 nanostructure
with a sharper tip and agglomerate formed on the surface of TiO2

nanostructure. Additionally, compact nanoparticles TiO2 substrate
coverage and cracks were observed. The increase in surface
tension of the TiO2 nanoflowers could be linked to increase in
the growth time [9–11]. Flower-like TiO2 nanostructures were
mainly observed for the growth time 2 h until 6 h, but differ in
density and grain size. The particle size of TiO2 nanoflowers
films was in 10–25 nm range. The grain size of this sample was
smaller than that reported by Gutierrez-Tauste et al. [12] and
Liao et al. [13] and higher than TiO2 samples prepared by
Mathew et al. [14]. In conclusion, the growth time of 4 h demon-
strated the best morphology, as shown in Fig. 1b; the TiO2 nano-
flowers film was found to cover the entire substrate surface,
which produced a high porous structure. The morphology and
density of TiO2 nanostructure depend on deposition time as
reported in [9]. The high-density TiO2 nanostructure synchronised
with a compact structure without any cracks and cavities enhanced
the contact between the TiO2 nanostructure and the ITO to provide
more electron pathways for photo-regenerated electrons [15]. This
condition is demanded in PEC application for facilitating a more
efficient redox reaction.

Fig. 2 shows the cross-sectional FESEM image of the TiO2 sample
deposited for 4 h at 50°C on ITO-coated glass substrate. The cross-
sectional view shows that the thickness of the TiO2 nanoflowers
film was about 350 nm. The cross-sectional image also confirmed
that the TiO2 nanoflowers with the growth time of 4 h produced a
high density and porous structure surface. The porous structure of
the TiO2 sample can absorb more ions from the electrolyte.

Fig. 3 shows the XRD pattern of the TiO2 sample deposited for
4 h. The sample exhibited the formation of a single phase with a
body-centred tetragonal. All the peaks were indexed with their
index Miller (hkl). After annealing at 400°C for 1 h, the sample
was converted into anatase phase. The structure of the sample
was crystalline with a high degree of crystallinity indicated by
sharp and broad peaks diffraction with low noise observed. The
growth orientation was towards the [101] and [004] direction crys-
talline phase with preferred anisotropic growth along the c-axis of
the anatase phase. Meanwhile, the diffraction peak of the anatase
phase at the [101] direction indicated the strongest intensity and
broadest peak. On the other hand, the [004] peak was relatively
lower in intensity than the [101] peak. The intensity ratio of
[101] to [004] was 2:1, indicating a high degree crystallinity of
the sample and dominant growth at the [101] direction plane. The
Figure 2 Cross-sectional FESEM image of TiO2 nanoflowers deposited for
4 h
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Figure 3 Typical XRD pattern of TiO2 nanoflowers deposited for 4 h

Figure 4 UV–vis spectrum of TiO2 nanoflowers deposited for 4 h
result agreed well with that reported in [16]. The crystallite size of
the sample was found to be 25 nm.
Fig. 4 shows the UV–vis absorption spectrum of the sample

deposited for 4 h. The curve indicates the appearance of the absorp-
tion spectrum in the wavelength ranges from visible light to near in-
frared. It is observed from the Figure that the sample shows strong
absorption at the wavelength less than 370 nm, similar to the TiO2

sample that absorbed UV light at the wavelength less than 350 nm
Figure 5 J–V curve of the PEC fabricated with TiO2 nanoflowers under
light illumination
reported by Wang et al. [17]. The spectrum of the sample deposited
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for 4 h displays a prominent absorption near the blue region (350–
400 nm).

Fig. 5 shows the current density–voltage curve of the PEC under
light illumination. The analysis on the curve indicated that the Jsc
and Voc of the device were 0.046 mA and 0.26 V, respectively.
The fill factor obtained from the curve was 0.28. The small
current generated in the device was due to a large bandgap of
TiO2, resulting in a poor response to the light in the visible
region, as depicted in Fig. 4. A small amount of light was absorbed
by the TiO2 layer, leading to a small number of electron-hole pairs
generated in the cell. The Jsc and Voc of the cell were larger than
those of TiO2 PEC reported by Rahman et al. [18], which were
0.95 µAcm−2 and 180 mV, respectively. The Jsc was about 48
times higher than reported in the literature since the ionic conduct-
ivity of the liquid electrolyte used in this study was much higher
than the solid polymeric electrolyte of PVC-PC-LiClO4 used in
the PEC reported in [18]. Higher conductivity resulted in a faster
redox reaction at the interface of the electrolyte/TiO2. Electrons
were replaced with other electrons more quickly, thus improving
the performance of the cell [18].

4. Conclusion: TiO2 nanoflowers were successfully synthesised via
the LPD technique for various growth times, namely 2, 4 and 6 h. It
was found that the sample grown for 4 h possessed the most
compact and dense morphology. The sample was crystalline with
anatase phase. The sample showed the strongest absorption at
330 nm. The cell utilising the TiO2 sample demonstrated the
photovoltaic effect with the Jsc and Voc of 0.046 mAcm−2 and
0.26 V, respectively.
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