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a b s t r a c t

A large clearance TiO2 nanotube arrays (LTAs) has been synthesized by a not more than 12 h

anodization duration and based on this a branched TiO2 nanotube arrays (BLTs) has been achieved

through TiO2 nanorods branch-like grown on the LTAs. Some key factors and probable mechanisms of

the fabrication processes on two novel nanoarchitectures are discussed. Exhilaratingly, it is found that

the obtained LTAs has demonstrated large pore diameter and void spaces (pore diameter �350 nm;

void spaces �160 nm; and tube length �3.5 mm), and the synthesized hierarchical BLTs, compared

with conventional TiO2 nanotube arrays, has shown a much stronger dye absorption performance and

an approximately double of the solar cell efficiency (in our case from 1.62% to 3.18% under simulated

AM 1.5 conditions).

& 2011 Elsevier Inc. All rights reserved.
1. Introduction

There is no doubt about the significance of dye-sensitized solar
cells (DSCs, also known as Grätzel cells) with the cost-effective
and relatively high photoconversion efficiency for a new renew-
able and clean energy development and utilization, and there is
either doubt about the necessity of finding optimum electrode
materials [1–10]. As one excellent semiconductor with non-toxic
and wide band gap (3.2 eV for anatase, 3.0 eV for rutile) [11], TiO2

has attracted considerable interest for its promising applications
such as DSCs [5–7,12–14], photocatalysts [15–17], photoelec-
tronchemical cells [18], sensors [19], electrochromic devices
[20], and so on. In recent years, more and more researchers have
devoted themselves to the synthesis of one-dimensional (1D)
nanostructure TiO2 with different morphological structures [21]
such as nanotubes [3,5–7,13,14,22], nanorods [23,24], and nano-
wires [25,26], in order to facilitate electron transport through the
suppression of random walk phenomena from these structures.
The tubular structure and tunable pore size of TiO2 nanotube
arrays (TNAs) have attracted special attention [12–20] including
the impressive progress made in tuning the length, wall thickness,
diameter, and building pattern order of TNAs, and the conversion
efficiencies in DSCs have steadily been improved up to approxi-
mately 3% (AM 1.5 light illumination) with better electrode
ll rights reserved.
structures [12,27–30]. At present, some attention has been paid
to re-modification of TNAs. For example, Au-coated, carbon-
doped and TiO2 nanoparticles-decorated TNAs have been synthe-
sized [31–33,6] for better performance in solar water splitting,
DSCs, and organic pollutants detection; the CNT@TiO2 core/
porous-sheath coaxial nanocables were also synthesized and used
as anode materials for lithium-ion batteries [34]. However, to the
best of our knowledge, no attention has been yet focused on the
investigation of branched TiO2 nanotube arrays (BLTs) based on
the large clearance TiO2 nanotube arrays (LTAs) for DSCs.

In this work, we report on the fabrication of BLTs via two-step
route of electrochemical anodization and hydrothermal modifica-
tion. Specifically, the first step is the synthesis of LTAs by
anodization of Ti foils in an electrolyte containing lactic acid,
NH4F and DMSO. The obtained LTAs have a large average pore
diameter of �350 nm, big void spaces among tubes of �160 nm,
and longer length of �3.5 mm, and in the synthesis process it is
formated under a very short anodization durations of about 12 h,
which is just 10% of approximately 120 h reported in the previous
references [35,36]. More interestingly, the large void spaces
facilitate intercalation of the decorating and loading materials
into the nanotubes, thus improving interfacial contact between
the TiO2 and the loading materials including sensitizing dyes for
superior exciton dissociation.

The second step is the synthesis of BLTs by hydrothermal
approach. In particular, the key factors and the probable mechan-
isms on synthesis process of BLTs are also investigated. Further-
more, using as-synthesized LTAs, BLTs and conventional TNAs as
photoanodes, their light absorption and conversion efficiencies in
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DSCs are tested and compared. Result shows that photoconver-
sion efficiencies of the LTAs and BLTs are greatly improved from
1.62% of TNAs to 1.87% and 3.18%, respectively. As a result, it
would be reasonable to believe that the LTAs and BLTs with such
large pore size will become the promising candidates for applica-
tions in sensors, photocatalysis, and drug delivery.
2. Experimental details

2.1. Synthesis of LTAs

In this paper, the LTAs was obtained through a typical anodiza-
tion approach, in which a two-electrode anodization setup was
made by ourselves with Ti foil as the anode and Pt foil as the
cathode (see Fig. 1a and b). At first, a 0.25 mm thick Ti foil sample
(Purity Z99.7%, Sigma Aldrich, about 2 cm�3.5 cm per foil), was
burnished with metallographic sand paper, immersed in the
chemical polishing solution with HF:HNO3:H2O¼1:1:2 (volume
ratio) to remove oxide layer and blot. At the same time, the sample
was cleaned with soap, acetone, and isopropanol before and after
chemical polishing. And then, the prepared Ti foil sample was
immersed in the electrolyte of lactic acid (purity 85.0%) and
10 vol% DMSO (dimethyl sulphoxide: purity Z99.0%) containing
0.35 wt% NH4F firstly under the applied voltages of 55 V for
approximately 15 min, and then at 50 V for 12 h. Temperature of
electrolyte was controlled at approximately 35 1C through the
whole anodization. After anodization, the as-prepared amorphous
LTAs were rinsed with isopropyl alcohol, soaked, and ultrasoni-
cated with acetone and alcohol, and then dried in air. Subse-
quently, the LTAs were annealed at 400 1C for 1 h and then cooled
at rate of 30 1C/min to achieve anatase structures [37] for
further use.

2.2. Formation of BLTs

The new hierarchical BLTs were achieved by growing TiO2

nanorods on the as-prepared LTAs through a conventional hydro-
thermal growth approach. The prepared LTAs were immersed in a
beaker with named as growth solution. This solution was
prepared with aqueous solutions of 0.6 M HCl (36–38%) with
constant stirring at room temperature for about 15 min. Subse-
quently, TTIP of 8 vol% was dropped (at rate 0.16 mL/s) in a
mixture solution, and kept stirring for more than 1 h [5]. And
then the beaker was sealed and placed into constant temperature
water-bath setup, maintained at 95 1C for 7–12 h to grow TiO2

nanorods on the LTAs. The BLTs were finally achieved after the
reactants were cooled freely, washed with ethanol and distilled
water, and heated at 400 1C for 2 h [32] (see Fig. 1).
Ti foil
NH4F+C3H6O3+DMSO

Ti foil 50V 12h

35°C

Pt foil

Fig. 1. Schematic of synthesis BLTs via two-step method of ele
2.3. Characterization and DSCs properties testing

The samples’ morphologies (pore size, tubes clearance, and
length) were observed by field-emission scanning electron micro-
scopy (FESEM, JOEL, JSM-6700F), and transmission electron
microscopy (TEM, JEM-2010FEF; 200 kV). And their crystal phase
structures were characterized with a Bruker D8 advance X-ray
diffractometer (XRD, Cu Ka; 1.5418 Å). DSCs were used to
characterize photoelectrochemical properties of three new
electrodes of LTAs, BLTs, and TNAs. To obtain information on
dye loading, dye desorption experiments were carried out by
immersing the samples in an alcohol solution of 0.5 mM N719
(Ruthenium 535 bis-TBA, Dyesol, Australia) for 24 h followed by
photometric dye concentration measurements [27]. After
dye-sensitization, the samples were rinsed with ethanol to
remove the excess nonchemisorbed dye. And then, the dye-
adsorbed electrodes with an active area of 0.2 cm2 were
assembled into the sandwich-type cell, with FTO glass deposited
Pt by a sputtering method as a counter electrode. The inner space
was filled up with a liquid electrolyte consisting of 0.5 M LiI,
0.05 M I2, and 0.5 M tert-butyl pyridine in methoxypropionitrile
as a redox arbiter. Photocurrent–voltage characteristics of the
cells were measured under simulated AM 1.5 illumination pro-
vided by solar simulator (1 kW Xe with optical filter, Oriel) with
an intensity of 100 mW/cm2 [27,38].
3. Results and discussion

3.1. Schematic of synthesis BLTs

The schematic diagram of fabrication BLTs by two-step method
is shown in Fig. 1. The electrochemical setup of anodization
designed by ourselves is presented in Fig. 1a. The schematic
diagram (Fig. 1a and b) is used to present lots of visual information
of synthesis LTAs, such as fabrication process, composition of
electrolyte, applied voltage, anodization duration, and so on.
Analogously, the information about growing TiO2 nanorods on
LTAs by the hydrothermal decoration approach is shown in Fig. 1b
and c. Furthermore, it is discovered in our experiment that one of
the necessary conditions to achieve BLTs of good quality is that the
TiO2 nanotube arrays framework must possess larger pore size,
more void spaces among tubes (named as large clearance), and
rougher surface area. Considering that these nanorods are directly
grown on the nanotubes, the as-prepared hierarchical BLTs will
provide both the more facilitated entrance for TiO2 crystal nucleus
and the rougher surface area to be in favour of implanting of
nucleus and then freely growing up and becoming into anisotropic
1D TiO2 nanorods along the backbones of the LTAs [32].
BLTs
LTAs

95°C 9h

Under stirring

Stir bar

HCl+TTIP
+H2O

ctrochemical anodization and hydrothermal modification.
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Fig. 3. Characterization images of the LTAs: (a) Low-magnification (insets are

enlarged), (b) high-magnification, (c) cross-section SEM images, (d) TEM image of

individual LTAs, insets are its HRTEM and SAED images of the marked areas,

respectively, (e) optical images, and (f,g) general SEM images.
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3.2. Fabrication investigation of LTAs

To obtain optimal nanoarchitecture LTAs, many influencing
factors, such as electrolyte composition, anodization duration,
applied voltage, temperature of electrolyte, chemical polishing
process of Ti foil, ultrasonic treatment of amorphous nanotubes,
and so on, were systematically investigated. Two key factors
deserve special discussion here: one is the concentration of added
DMSO in NH4F/C3H6O3 electrolyte, and the other is the applied
voltage, as-shown in Fig. 2. With anodization time of 12 h and
DMSO concentration of 10 vol%, the performances of the voltage-
dependent pore sizes are shown in Fig. 2a. It is no surprise that
the pore diameter increases as anodization potential [35,36], but
it is also discovered that the morphologies and structures of
formed tubes can be destroyed (see the SEM images in Fig. 3f)
with voltage of more than 60 V and anodization time of more
than 12 h. Otherwise, the nanotube arrays with 380 nm pore
diameter were achieved under 60 V for about 8 h (Fig. 3g), but the
length of nanotube is not more than 1.5 mm, which is not
expected because stronger internal light-scattering effects and
enhanced charge-collection efficiencies come from longer TiO2

nanotuble arrays [39]. In our electrolyte system, 50 V is the
optimum applied voltage, and the largest pore diameter is about
350 nm. As for another key factor, Fig. 2b is employed to present
the result of the variation of tube length as a function of
anodization time under different concentrations of DMSO:
7 vol%, 10 vol%, and 14 vol%. From the function curves, we can
clearly observe that the largest length of tube is 3.5 mm coming
from the DMSO content 10 vol% and anodization time of 12 h.
Through the processes of 50 V for 12 h after 55 V anodization
15 min, we can obtain optimized LTAs. The cause may be easily
conceived that foregoing applied voltage of 55 V for 15 min is
used to form the larger pore core at the beginning. Otherwise, it is
worth noticing that there are few reports concerning the synth-
esis of large pore diameter TiO2 nanotube arrays by anodizing
methods in past two years [35,36]. But, in those reports, the
anodization duration is more than 120 h, which is ten times of
12 h (in our anodization approach).

3.3. Morphologies and microstructures of LTAs and BLTs

Fig. 3(a–e) presents characterization images of the optimized
nanoarchitecture LTAs. Specifically, Fig. 3a is the top view SEM
image of low-magnification, with the inset as its significantly
enlarged image; Fig. 3b and c shows images of high-magnification
and a cross-section, respectively; Fig. 3d is TEM image of
individual tube with the insets as its HRTEM and SAED images
of the marked areas; and Fig. 3e is a optical image of as-obtained
LTAs; Fig. 3f and g shows images of the excessive voltage and
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Fig. 2. (a) Pore sizes of TiO2 nanotubes as a function of voltage and (b) lengths of n

electrolyte, voltage is 50 V.
oxide etching, respectively. From Fig. 3a–c and 3e, it can be clearly
found that the LTAs not only show very good morphologies
characterization (self-organized, high-ordered, free-standing,
etc.), but show the optimized geometrical architectures and the
large clearance: large external pore diameter �350 nm; long tube
length �3.5 mm; big void spaces �160 nm; and very rough
surface structure. Furthermore, we can find in Fig. 3d that the
obtained LTAs show at least local single-crystalline structure (see
inset of the SAED in Fig. 3d), the (101) crystal facet and the
0.35 nm interplane distance of a typical anatase TiO2 [21,39] (see
inset HRTEM in Fig. 3d).

Fig. 4 shows us the very nice images on the morphologies and
microstructures characterization of BLTs (see Section 2.2). Speci-
fically, Fig. 4a and 4b present the top view SEM images of
low-magnification and significantly enlarged BLTs; Fig. 4c and d
are its cross-section images; Fig. 4e is TEM image of individual
BLTs, with the inset in Fig. 4e and f as its SAED and HRTEM images
in the marked areas, respectively. By observing the morphologies
of the top view, cross-section, especially enlarged images, we can
find that numerous TiO2 nanorods (with very proper length,
density, and diameter) branch along the entire surface of LTAs
skeleton. Considering that the nanorods are directly aligned on
the surface of nanotubes array LTAs to form hierarchical arrays
that will provide both large active surface areas for dye absorp-
tion and good electron transport for fast redox kinetics, which is
just expected to boost higher solar cell efficiency. Furthermore, by
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Fig. 5. XRD patterns of three as-obtained samples: (a) BLTs, (b) LTAs, and (c) TNAs.

Table 1
Photovoltaic performance parameters of DSCs under simulated AM 1.5 solar light

illumination.

Photoanodes Jsc (mA/cm2) Voc (V) FF Z (%) Dye loading (mM)

BLTs 6.48 0.76 0.58 3.18 88

LTAs 3.86 0.73 0.60 1.87 66

TNAs 3.72 0.72 0.54 1.62 58
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Fig. 6. I–V characteristics of DSCs for three different photoanodes: (a) BLTs,

(b) LTAs, and (c) TNAs) under simulated solar light illumination.

A. Hu et al. / Journal of Solid State Chemistry 184 (2011) 2936–2940 2939
analyzing the SAED and HRTEM images, result shows that BLTs is
the polycrystalline structure composed of the anatase-dominated
LTAs skeleton and the branched TiO2 nanorods, which is rutile
phase with (110) crystal facet and the 0.32 nm interplane
distance of a typical rutile TiO2 [5].

3.4. XRD analysis

The XRD patterns (Fig. 5a–c) are employed to characterize the
properties of three obtained arrays: BLTs, LTAs, and TNAs. With
comparison, it can be found that the dominant diffraction peaks
of three samples (a–c) are identified as the (101) peak at 2y 25.31.
Especially, the XRD patterns in Fig. 5b and c match very well with
the crystal structure of the anatase phase TiO2 (see JCPDS Card No.
21-1272) [40] except for one peak of the Ti (101). The results
attribute to thermal treatment process of not more than 400 1C
for 2 h. Otherwise, it is noteworthy that the two peaks [R (110)
and R (211)] of BLTs in Fig. 5a just match with the crystal
structure of the rutile TiO2 (JCPDS Card No. 21-1276) [5,30], and
it is not difficult to be imagined with those rutile phase TiO2

nanorods grown on the TNAs. The conclusions are accordance
with those from SAED patterns and HRTEM images (Fig. 4e and f).

3.5. Photovoltaic characteristics of DSCs

Three as-synthesized samples (BLTs, LTAs, and TNAs) were
annealed and dye-sensitized under the same conditions. For a
detailed evaluation of their solar cells properties, their I–V char-
acteristics of DSCs were measured under simulated AM 1.5 solar
light illumination. By comparison, many photovoltaic performance
parameters (FF, dye loading, I–V characteristics) are summarized
in Table 1 and Fig. 6. We can evidently find that, from Table 1 and
Fig. 6, the BLTs presents the highest solar cell efficiency of 3.18%,
which is approximately doubling of 1.62% from TNAs in our case.
Quite interestingly, the FF values of BLTs and LTAs are both higher
than that of TNAs and their I–V curves show much better rectangle
shapes accordingly (see Fig. 6a–c). One of the causes may be
associated with the different dye loading from three electrodes [6].
By observing Table 1, it can also be found that the dye loading of
the sample BLTs is significantly higher than that of sample TNAs
(88–58 mM). We can imagine that the tremendousness of
dye absorption of sample BLTs results from the significantly
increased surface areas provided by the huge amounts of TiO2

nanorods. Otherwise, the relatively higher values of dye loading
(66–58 mM), conversion efficiency (1.87–1.62%) and better FF
values (60–54) of sample LTAs can be attributed to its larger pore
diameter and void spaces than that of sample TNAs.
4. Conclusions

We have achieved an electrode material (BLTs) with higher
dye absorption performance and significantly solar cell efficiency,
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and the BLTs is synthesized by TiO2 nanorods branch-like grown
on fast-synthesized large pore diameters and void spaces TiO2

nanotube arrays (LTAs). Interestingly, the as-synthesized BLTs and
LTAs with beautiful morphologies and large clearance show both
larger and rougher surface areas. Moreover, the improvement of
about double of the photoconversion efficiencies from 1.62% of
TNAs to 3.18% of BLTs is also achieved. As a result, we believe that
the LTAs and BLTs with such large void spaces will become the
promising candidates for applications in sensors, photocatalysis,
drug delivery, and so on.
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