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Abstract

By using the vertically aligned ZnO nanorod arrays (NRAs), TiO, nanoparticles attached ZnO nanorods (TiO,@ZnO) and
TiO, nanotube arrays (NTAs) were prepared from feasible seed-induced template free sol-gel dip coating method. TiO,
NTAs were prepared by removing the ZnO nanorod cores using wet-chemical etching. By using TiO, NTAs as working
electrode, dye-sensitized solar cell with enhanced power conversion efficiency was obtained. To verify the formation of TiO,
NTAs various characterization techniques such as X-ray diffraction, UV-VIS absorbance spectra, Field Emission Scanning
Electron Microscopy (FESEM), Energy-Dispersive Spectra (EDS), and High-Resolution Transmission Electron Microscopy
(HRTEM) have been used. X-ray diffraction patterns of ZnO NRAs and TiO,@ZnO NRAs indicate that prepared films
possess both the ZnO waurtzite (002) and TiO, anatase (101) phase. FESEM image clearly shows that vertically aligned ZnO
nanorods having the diameter and length of ~180-240 nm and ~1.5 um, respectively, have been formed. The FESEM image
also clearly showed that diameter and length of TiO,@ZnO NRAs are ~250-320 nm and ~1.5 um, respectively. By using
UV-VIS absorption spectra, the band gap of vertically aligned ZnO NRAs, TiO,@ZnO NRAs, and TiO, NTAs have been
calculated and its values were 3.14, 3.20, and 3.52 eV, respectively. The dye-sensitized solar cell was prepared by using
three different working electrodes ZnO NRAs, TiO,@Zn0O, and TiO2 NTAs. The power conversion efficiency of dye-
sensitized solar cells prepared using ZnO NRAs, TiO,@Zn0O, and TiO, NTAs are 3.53%, 4.04%, and 5.18%, respectively.
TiO, NTAs with 10s HCI etching exhibited the highest photoelectric conversion efficiency of 5.18% with short-circuit
photocurrent density (Ji.) = 13.34 mA/cm? and open-circuit photovoltage (V) = 0.63 V.
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e Template free TiO, nanotube arrays were prepared from simple sol-gel method
® TiO, nanoparticles decorated/attached ZnO nanorods (TiO,@ZnO) are synthesized
e The maximum power conversion efficiency of 5.18% was obtained for nanotube based solar cell

1 Introduction

Fabrication of high efficiency and low-cost solar cell are the
prime issues in the field of photovoltaics. Comparing the
factors that affect the efficiency shows the low-surface
recombination is one of the prerequisites for the enhance-
ment of efficiency. Manufacturing of efficient photovoltaic
power products with low cost in large volumes is the main
challenging task. Among the semiconductors available TiO,
is an important candidate for working electrode in dye-
sensitized solar cells [1]. Nanocrystalline TiO, is a good
solar cell material exhibiting long life time and stability and
which when used in solar cell is capable of yielding high
efficiency [2]. Recent research is focused on enhancing the
power conversion efficiency, having a systematic under-
standing of material properties and initiating new prepara-
tion techniques.

The performance of nanocrystalline TiO, thin film based
dye-sensitized solar cell is extremely dependent on various
parameters among them crystallinity, surface morphology,
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and crystalline phase are important [3, 4]. Due to this,
intense investigation has been initiated to synthesize various
nanostructured TiO, thin films with size-related electrical
and optical properties [5, 6]. TiO, nanostructures with
various surface morphologies like nanotube [7—10], nano-
wire [11-16], nanospheroidal [17], cauliflower-like struc-
ture [18], nanorod [19, 20], brookite nanoflower like
structure [5], nanofiber [21, 22], nanobelt [23], nanocrystals
[24], nanoleaves [25], some hierarchical patterns, and so on
[26] have been prepared from diverse methods. Although,
TiO, nanocrystals with different shapes have been prepared
by using various methods, the reason for the different
structure formation mechanism is still a challenge.

The existing titanium precursors, such as chloride or
alkoxide are extremely reactive with water; making shape
control of TiO, very difficult. Recently, Qui [27, 28] and Na
et al. [29] have reported a novel approach to fabricate TiO,
nanoparticles attached ZnO nanorods (TiO,@Zn0O). Com-
pared with all other nanostructures, tube like structure is
the most appropriate structure to attain great enhancement
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in the surface area without increasing the geometric area.
This structure is also suitable for unidirectional electron
transport. A dense network of TiO, nanotubes should be
favorable for electron collection, because this nanotube
structure alone provides more direct conduction path for
electrons to travel from the point of injection to the col-
lection electrode. A theoretical study says that nanotubes
have high-dye molecule absorbing area compared to nano-
crystals [30]. Recently, Adachi et al. [11] reported that
the DSSC with TiO, nanotube (TiO, NT) arrays gave
more than twice the photocurrent of DSSC with TiO,
nanoparticles. TiO, nanotube structures have been synthe-
sized by large number of techniques, such as anodic oxi-
dation [31], sol-gel [32], microwave irradiation [33],
hydrothermal [34], and template synthesis [35]. Among
them, sol-gel method is a comparatively simple technique
for the preparation of aligned TiO, nanotube arrays.

Gritzel and their research group successfully developed
thick spin coated nanoporous TiO, films as photoelectrode
in DSSCs and have reported high-power conversion effi-
ciency (PCE) of about 10.4% [36]. One of our previous
work demonstrated that TiO, nanoparticles deposited on
ZnO nanorods can be used as a photoanode and resulted in
an enhanced PCE of 3.25% [37]. In particular, Kuang et al.
[38] studied the importance of TiO, nanotubes as working
electrode in dye-sensitized solar cell and they achieved a
maximum PCE of 3.6%. Recently, Madhavan et al.
assembled DSSC consisting of g-C3N4/TiO,, a composite
material comprising graphitic carbon nitride and titania as a
photoanode with 2-aminopyrimidine incorporated polymer
electrolyte and achieved an improved PCE of upto 4.73%
[39]. Hence, most of the recent research is focussed on to
study the influence of redox electrolyte mixed with potas-
sium iodide (KI), iodine (I;), and 4-tert-butylpyridine (TBP)
on the power conversion enhancement.

Most of the researchers prepared TiO, nanotubes by
using alumina as template and synthesizing nanotubes
without template is challenging one. In this study, we have
made an attempt to prepare template free TiO, NTAs using
ZnO nanorods. The crystallinity, structure, and morphology
of ZnO NRAs and TiO, NTAs have been studied. Dye-
sensitized solar cell was assembled by using TiO, NTAs as
working electrode and platinum coated counter electrode
and their characteristics has been studied.

2 Experimental details
2.1 Preparation of ZnO nanorod arrays
All the chemicals used in this experiment are of high purity

purchased from Aldrich and were used without further
purification. Milli-Q water has been wused for the

experiments. Fluorine doped tin oxide (FTO-10 Q) glass
substrates were cleaned in ultrasonic bath with acetone and
2-propanal successively for 30 min and then by drying in
nitrogen atmosphere.

ZnO NRAs were grown perpendicular to the FTO sub-
strates. Briefly, ZnO seed layer has been prepared by using
sol-gel dip coating method. To prepare ZnO seed layer, 4.0
g of zinc acetate dihydrate (Zn(CH3COO),.2H,0) was
dissolved in a mixture of 0.4ml of 2-methoxyethanol
(CH;0CH,CH,0OH) and 0.3ml of monoethanolamine
(HOCH,CH,;NH,) at room temperature. The solution was
stirred at 60 °C for 30 min to yield a homogeneous solution,
finally the FTO glass substrate was dipped in the solution
and withdrawn from the solution at a rate of 1.5 cm/min.
The prepared seed layers were annealed at 550 °C for 1 h to
form ZnO seed layer on the FTO glass substrates. Subse-
quently, an aqueous precursor solution was prepared by
dissolving 0.4 g of zinc nitrate hexahydrate (Zn(NOs)
2.6H,0) and 0.9 g of hexamine ((CH;)¢N4) in 30ml of
Milli-Q water. The ZnO seed layer was immersed in the
mixed solution at 90 °C for 5h without magnetic stirring.
ZnO seed layer surface was covered by ZnO nanorod
arrays. Then the resultant FTO glass substrate was washed
by Milli-Q water to remove the remaining salt from the
surface of the film and annealed at 550 °C for 1h in air
atmosphere and the schematic diagrams of ZnO seed layer
and ZnO nanorods are shown in Fig. la, b.

2.2 Preparation of TiO, @ ZnO nanorods

In brief, 9ml of n-tetrabutyltitanate (Ti(OC4H9n)4 was
mixed in the blend solution of 40 ml ethanol (C,HsOH) and
2.5ml of di-ethanolamine NH(C,HsOH),. The blended
solution was stirred at room temperature for 3h,
the obtained solution was hydrolyzed by adding blend of
0.5 ml Milli-Q water and 5 ml of ethanol drop wise under
continuous stirring. Again after 3h continuous stirring,
TiO, solution was saved in bottle for a period of 48h.
ZnO nanorod coated FTO substrate was dipped inside the
prepared TiO, solution (Fig. 1c) and the FTO substrate
was removed with a withdrawal speed of 3 cm/min.
TiO, nanoparticles attached ZnO thin films were dried
at 90 °C for 15 min, and annealed at 550 °C for 1h at
3 °C/min in air to obtain TiO,@ZnO NRAs and it is shown
in Fig. 1d.

2.3 Eliminating the ZnO nanorod arrays

TiO,@ZnO NRAs were dipped in 4% (v/v %) HCI acid
solution at room temperature for 5 and 10s. Finally, the
prepared TiO, NTAs were washed thoroughly with milliq
water to remove the unwanted residual materials and dried
in open air atmosphere and it is shown in Fig. le.

@ Springer
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Fig. 1 Schematic illustrations of a ZnO seed layer, b ZnO NRAs, ¢ ZnO NRAs immersed in TiO, solution, d TiO,@ZnO NRAs, e TiO, NTAs

after wet-chemical etching, and f fabricated device using TiO, NTAs

2.4 Assembling the dye-sensitized solar cells

To prepare dye-sensitized solar cells, the prepared working
electrodes, such as ZnO NRAs, TiO,@ZnO NRAs, and
TiO, NTAs (Fig. 1f) were immersed in 0.3 mM N719 dye
solution for 24 h. After that period, the dye-sensitized
electrodes were rinsed with ethanol and dehydrated. The
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dye adsorbed working electrode was placed over the com-
mercially available platinum coated FTO electrode, and the
cell edges were sealed by using a sealing sheet (PECHM-1,
Mitsui- Dupont Polychemical) with hot plate at 110 °C for
3 min. To make a contact between working electrode and
counter electrode a redox electrolyte was used and it was
prepared by mixing 0.5 mol KI with 0.05 mol I, and 0.5 mol
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Fig. 2 Top-view FESEM images of a vertically aligned ZnO NRAs, b ZnO NRAs coated with TiO,, TiO, NTAs after wet-chemical etching atc¢ 5 s

and d 10s

4-tert-butylpyridine. A drop of liquid electrolyte was
injected into the platinum coated counter electrode and was
driven into the cell. Finally, the holes of the counter elec-
trode were sealed by using scotch tapes and the size of the
working electrode was 0.4 (0.5x0.8) cm’.

2.5 Characterization

The surface morphology of prepared thin films was
observed using a field emission scanning electron micro-
scope (FESEM: S-4700, ZEISS). X-ray diffraction (XRD)
analysis was performed by using Bruker AXS (DS
ADVANCE) X-ray diffractometer under Cu Ko (30kV,
30 mA) radiation. Transmission electron microscopy (TEM:
JEM200CX, JEOL) with an energy-dispersive X-ray ana-
lyzer (EDX: OXFORD) was used to observe the crystal
structure of the TiO, NTAs. UV-VIS double beam absor-
bance spectra of the prepared films were recorded using a
Hitachi Corporation UV-2700 spectrophotometer. The
photocurrent—voltage (I-V) curves were recorded using
white light from a xenon lamp (max. 150 W) using a sun

2000 solar simulator (ABET Technologies). Light intensity
was adjusted by using Si solar cell to ~AM-1.5. Incident
light intensity and active cell area were 100 mW/cm?* (one
sun illumination) and 0.4 cm?, respectively.

3 Results and discussion
3.1 FESEM analysis

Figure 2 depicts the FESEM images of ZnO NRAs,
TiO,@ZnO NRAs, and TiO, NTAs. Figure 2a exhibits the
surface top view of vertically aligned ZnO nanorods, the
diameter and length of the ZnO NRAs are ~180-240 nm
and ~1.5 um, respectively. Figure 2b shows the FESEM
image of ZnO NRAs coated with TiO, nanoparticles. The
diameter and length of ZnO NRAs coated with TiO,
nanoparticles are ~250-320 nm and ~1.5 um, respectively.
These results indicate that the TiO, nanoparticles are
attached on the outer surface of the ZnO NRAs. In order to
optimize the wet-chemical etching time, the grown ZnO
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NRAs were etched with 3% (v/v%) diluted HCI. Initially,
TiO, NTAs are etched using diluted HCL solution for ~ 5's
and the corresponding SEM image is shown in Fig. 2c. The
image clearly shows that there is a partially top-opened ZnO
NRAs and it cannot be totally removed. It shows that 5s
etching cannot produce hollow TiO, NTAs. So the etching
time is increased to 10 s and its SEM image is shown in Fig.
2d. The image shows that there is subsequently stable TiO,
NTAs grown on the substrate. TiO, NTAs are of ~1.5 pm
length and ~260—410 nm in inner diameter with open-ended
hexagonal tube-like structure covering the entire surface of
the FTO substrate.

3.2 XRD analysis

Figure 3 portrays the XRD patterns for vertically aligned
ZnO NRAs, TiO,@ZnO NRAs, and TiO, NTAs. The
peaks present at 31.8°, 34.5°, 36.3°, 47.6°, 56.6, 62.9°, and
68.0° corresponds to (100), (002), (101), (102), (110),
(103), and (112) planes of ZnO wurtzite structure (JCPDS
no. 36-1451) [40]. The strongest peak at 20 = 34.5° cor-
responds to (002) plane and it is observed in both the XRD
patterns of ZnO NRAs and TiO,@ZnO NRAs. It clearly
indicates that the preferential crystal growth along the c-
axis direction is due to the typical crystal habit and growth
form of ZnO wurtzite structure [41, 42]. ZnO NRAs coated
with TiO, exhibit a pattern, which is shown in Fig. 3b and
it reveals that there is a small peak at 20 =25.4° which
corresponds to (101) plane of polycrystalline TiO, anatase
phase (JCPDS no. 21-1272) [43, 44]. These results indicate
that ZnO NRAs coated with TiO,, possess both the ZnO
wurtzite (002) and TiO, anatase (101) phase. Figure 3c
shows the diffraction pattern of TiO, NTAs on the
FTO substrate. Here, TiO, anatase stands in form of NTAs
due to is higher acid resistance. After wet-chemical
etching, no characteristic peaks corresponding to
ZnO NRAs is observed in the pattern. The peaks detected
on the as-synthesized TiO, NTAs can be indexed to anatase
TiO,.

3.3 UV-visible analysis

UV-vis absorption spectra of vertically aligned ZnO NRAs,
ZnO NRAs coated with TiO, and TiO, NTAs are shown in
Fig. 4. The absorption edges are around 394.5, 386.9, and
351.3 nm for ZnO NRAs, ZnO NRAs coated with TiO, and
TiO, NTAs, respectively. This reveals that all the samples
exhibit sharp absorption in the UV region. The absorption
edge is shifted toward lower wavelength region when ZnO
NRAs surface morphology is modified into TiO, NTAs.
The values of band gap were calculated by extrapolation of
absorption edge on to the x-axis. The observed band gap of
the vertically aligned ZnO NRAs, ZnO NRAs coated with
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Fig. 4 UV-Visible absorption spectra of a vertically aligned ZnO
NRAs, b ZnO NRAs coated with TiO,, and ¢ TiO, NTAs after wet-
chemical etching

TiO, and TiO, NTAs have been calculated and its values
were 3.14 eV, 3.20, and 3.52 eV, respectively.

3.4 HRTEM analysis

Figure 5 depicts the HRTEM and SAED images of the
typical TiO, nanotube. From Fig. 5a, we can find that after
wet-chemical etching, TiO, NT with open-end and hex-
agonal tube-like structure with diameter of ~300nm has
been formed with identical wall thickness of ~20nm,
respectively. Figure 5b is the HRTEM image taken from the
part of single nanotube consisting of small crystallites with
a size of 4-5nm. The observed average d-spacing values
0.354 and 0.238 nm agree well with the standard d-spacing
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Fig. 5 a, b HRTEM image, ¢ SAED Pattern, and d EDS spectrum of the synthesized TiO, NTAs after 10 s HCI etching

values and it corresponds to (101) and (004) planes of
anatase phase (JCPDS no. 21-1272) [45, 46], confirming
that the nanotube is TiO,. This result is in good agreement
with the XRD pattern shown in Fig. 2c. Figure 5c shows the
SAED pattern of TiO, nanotube and it exhibits diffraction
rings. Bright diffraction rings correspond to (101), (004),
and (200) planes of TiO,, and it indicates that TiO, nano-
tubes of anatase phase is formed. Energy dispersive spec-
trum analysis (EDS) was carried out to identify the
elemental composition of TiO, nanotube and it is shown in
Fig. 5d. The figure clearly shows that TiO, nanotube is
composed of O and Ti only and the remaining peaks are due
to the Cu grids which are used for TEM analysis.

3.5 J-V Characteristics
The photocurrent density—photovoltage (J-V) character-

istics of the prepared dye-sensitized solar cell are shown in
Fig. 6a, b. The dye-sensitized solar cells prepared using

ZnO nanorod as photoanode shows the short-circuit
photocurrent  density (Js) =9.35 mA/cm?, open-circuit
photovoltage (V,.) =0.58 V and power conversion effi-
ciency =3.53%. TiO, nanoparticles attached ZnO
nanorods shows the power conversion efficiency of 4.04%
with Ji. = 10.69 mA/cm?® and V,. = 0.629 V. However, for
TiO, NTA based DSSCs, the J.-values obviously increased
to 13.34 mA/cm’.

A maximum power conversion efficiency of 5.18% is
achieved for the TiO, NTAs with 10s HCI etching. This
may be attributed to the formation of open-ended hexagonal
hollow tube-like structures on the working electrode and
this has resulted in more dye molecule adsorption. Whereas
the working electrode prepared using 5 s HCI etched TiO,
NTAs shows only 4.7%, which may due to the partially top-
opened ZnO nanorods. Compared with partially top-opened
ZnO nanorods, open-ended hexagonal hollow tube-like
structures provide large specific surface area, which absorb
more dye molecules and produces more photo-electrons.
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Fig. 6 J-V Characteristics of DSSC prepared using a ZnO NRAs and TiO,@ZnO NRAs b TiO, NTAs

Even though TiO, NTAs with 5 s HCI etching shows higher
Jo (13.34 mA/cm?) than the TiO, NTAs with 5s HCI
etching (12.86 mA/cm?), the reduced power conversion
efficiency may be due to the variation in V. The V.
reduction in TiO, NTAs with 5 s HCI etching may be due to
the faster charge recombination at the partially top opened
TiO,@ZnO/electrolyte interface [47].

The obtained efficiencies are better than the efficiency of
TiO, NTA based DSSCs prepared by Na et al. and Kim
et al. [29, 48] and is the best power conversion efficiency
reported so far for TiO, NTA based dye-sensitized solar
cells in which the TiO, NTA were grown using a template
free method. Kim et al. have prepared conical islands
shaped TiO, NTAs and have reported a maximum power
conversion efficiency of 1.8%. Na et al. have reported about
the preparation of vertically aligned TiO, nanotubes using
electrochemically deposited ZnO nanorods. They have
reported that the maximum power conversion efficiency for
TiO, nanotube based dye-sensitized solar cell is only
0.20%.

4 Conclusion

By using simple sol-gel dip coating template free method
TiO, NTAs have been prepared using vertically aligned
ZnO nanorods. The TiO, nanotube arrays are successfully
prepared by removing the ZnO nanorod cores using wet-
chemical etching and the effect of chemical etching has also
been analysed. X-ray diffraction patterns of ZnO NRAs and
TiO,@ZnO NRAs indicates that the prepared films possess
both the ZnO wurtzite (002) and TiO, anatase (101) phase.
FESEM image clearly shows that vertically aligned ZnO
nanorods having the diameter and length of ~180-240 nm
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and ~1.5 pm, respectively. The FESEM image also clearly
showed that diameter and length of TiO,@ZnO NRAs are
~250-320nm and ~1.5um, respectively. By using the
prepared ZnO NRAs, TiO,@ZnO NRAs and TiO, NTAs as
working electrode dye-sensitized solar cells have been
fabricated. The power conversion efficiency of dye-
sensitized solar cells prepared using ZnO NRAs,
TiO,@ZnO, and TiO, NTAs are 3.53, 4.04, and 5.18%,
respectively. The maximum power conversion efficiency of
5.18% with short-circuit photocurrent density (Ji.) = 13.34
mA/cm? and open-circuit photovoltage (Vo) =0.63 V was
obtained for the dye-sensitized solar cells prepared using the
TiO, NTAs working electrode etched using HCI for 10s.
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