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and high-crystallinity anatase nanowire arrays with smooth, hierarchical or hyperbranched
architectures, thanks to oriented attachment and crystallization as well as a self-assembly
growth mechanism. The proposed hyperbranched arrays, consisting of long TiO, nanowire
trunks, short TiO, nanorod branches as well as tiny TiO, nanorod leaves (recall a tree with
luxuriant foliage) and thus possessing a microscopic feature size, overcome typical shortages of
insufficient dye adsorption for conventional 1D smooth nanowire arrays or prototype hierarch-
ical nanowire arrays when applied to DSSC, which achieved for the first time similar dye uptakes
(i.e. 90.10 nmol cm~2 vs 88.62 nmolcm~2) as nanoparticle counterparts under the same
thickness. Dye-sensitized solar cell fabricated with an ~8 um long novel hyperbranched
nanowire arrays photoelectrode yields an impressive power conversion efficiency (PCE) of
8.11%, which was much greater than that of anatase TiO, nanoparticle (20 nm in diameter)
counterpart due to synergistic effects of high dye uptakes and superior broadband light
scattering for improved light harvesting as well as fast charge transport for efficient charge
collection for the former.
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Introduction

In recent years, the assembly of various vertically aligned
nanomaterials has attracted intense attention because of
their promising wide range of applications in solar cells,
Li-ion batteries, sensing, optoelectronics, photocatalytics,
water splitting, field emission, etc. [1-7]. To date, various
types of one-dimensional (1D) TiO, nanostructures including
nanowires, nanorods, nanotubes, and nanofibers have been
extensively employed as promising alternatives of most
commonly TiO, nanoparticles for dye-sensitized solar cells
(DSSCs) as they offer a direct transport pathway for photo-
generated electrons, thereby efficiently enhancing charge
transport, hampering charge recombination and markedly
improving the charge collection efficiency [8-16]. Generally,
improved electron transport and reduced charge recombi-
nation are two crucial characteristics for ideal nanomater-
ials when applied in energy-related applications [17].
Despite their undisputed advantages of efficient charge
transport, the power conversion efficiency of DSSCs using
normal 1D nanostructured photoanode is still lower than the
standard mesoporous TiO, nanocrystalline photoanode
mainly due to severe limitations in dye-loading capacity,
which results from insufficient surface area and consider-
able free space between adjacent 1D nanostructures [5,18].
In this sense, lower photocurrent is generated compared to
the nanoparticles' counterparts [19]. Moreover, photoanodes
with prominent light trapping and scattering architecture
can guarantee a high photon-recycling, which can also lead
to higher generated currents [20-28]. A common strategy
for improving the performance of TiO, nanowire-based
DSSCs is to decorate nanowires with a large number of
smaller dendritic nanorod branches [29-36]. These hierarch-
ical structures with anisotropic branches increase the
nanowire surface area for anchoring more dye molecules
and thus boost the power conversion efficiency of DSSCs.
Recently, we reported the pioneer fabrication of our
first generation of hierarchical anatase TiO, nanowires for
DSSCs application [29]. Although interesting results were
obtained, performances still lagged behind the standard
nanocrystalline TiO, photoanode with similar film thickness
due primarily to their insufficient roughness factor and
relatively low dye-loading capability. Another approach to
increase the surface area of nanowire is to prolong its
length. In this regard, we demonstrated the second genera-
tion of ultra-long anatase TiO, nanowires up to ~47 pm,
which showed a better photovoltaic performance than the
TiO, nanoparticle photoelectrode with similar dye-loading
[37]. Building on previous observations and experiences,
nanowire array still has plenty of space for further decora-
tion with an increased packing density of the branches and
even luxuriant foliage. Although the nanowire array is able
to couple superior light-trapping, scattering and prominent
electron transport, the roughness factor is much lower than
the nanoparticles photoanode at similar film thickness.
Herein, we develop a facile, green and cost-effective
strategy to synthesize the hyperbranched anatase TiO, nano-
wires (HBTNW) on FTO glass substrates. Such a novel morphol-
ogy is formed by multiscale combination of elongated 1D
features - recall a wide-spreading tree having trunk, branches
and leaves simultaneously - namely, a 1D long vertical TiO,

nanowire trunk coated with numerous 1D slender TiO, nanorod
branches on which tiny 1D TiO, nanorod leaves were anchored.
For comparison, smooth TiO, nanowires (STNW) and hierarch-
ical TiO, nanowires (HTNW) were also synthesized in the same
hydrothermal system containing potassium titanium oxide
oxalate dehydrate (PTO), diethylene glycol (DEG) and water
by carefully adjusting the hydrothermal parameters. It is worth
noting that all nanowires with various morphologies were
produced in a PTO/DEG/water hydrothermal system, which
provided low cost, great simplicity as well as high reproduci-
bility. Interestingly, the tree-like hyperbranched TiO, nano-
wires with higher hierarchical level resulted in a synergistic
effect of high dye-loading for improved optical absorption,
superior light scattering ability for enhanced broadband scat-
tering and light harvesting, as well as fast charge transport, in
turn yielding higher Js. and V. and thus markedly enhanced
power conversion efficiency (PCE) of 8.11% with respect to the
reference anatase TiO, nanoparticles photoanode (6.32%). To
the best of our knowledge, no reports have been demonstrated
on the hydrothermal synthesis of a family of vertically aligned
TiO, nanowires with comparable smooth, hierarchical and
hyperbranched architectures for DSSCs applications.

Experimental
Synthesis of various TiO, arrays architectures

Firstly, TiO, blocking layer was spin-coated on an FTO glass
substrate (2.5 cm x 3 cm), which was cleaned with acetone,
ethanol and water, respectively. Vertically aligned TiO,
nanowire arrays were fabricated on the surface of the
TiO,-coated FTO in a surfactant-free hydrothermal reaction
in three cheap commercially available components: potas-
sium titanium oxide oxalate dehydrate (PTO), diethylene
glycol (DEG) and water. To fabricate a family of vertically
aligned anatase TiO, nanowire arrays, a certain amount of
PTO was dissolved in a mixed solution containing DEG and
deionized water. After stirring for 30 min, the mixture
solution was transferred to a 50 mL Teflon-lined stainless
steel autoclave. Then TiO,-coated FTO glass was placed at
an angle against the wall of the Teflon-liner with the
conducting side facing down. The hydrothermal synthesis
was carried out at 160 °C or 180 °C for 9 h. After reaction, the
samples were rinsed with water and ethanol several times and
then heated to 550 °C for 1 h in air to remove the possible
organic residual and improve the crystallization of TiO,.
Specifically, to synthesize the smooth (STNW) or hierarchical
(HTNW) TiO, nanowires, 0.35 g PTO was dissolved in a mixed
solution containing 17.5 mL DEG and 2.5 mL deionized water,
followed by hydrothermal reaction at 160 °C (STNW) or 180 °C
(HTNW) for 9 h, respectively. To fabricate the hyperbranched
samples (HBTNW), the as-prepared hierarchical TiO, nano-
wires (HTNW) were immersed in another precursor solution
with different DEG/water volume ratios (0.35g PTO was
dissolved in a mixed solution containing 15 mL DEG and 5 mL
deionized water) and the reaction was kept at 180 °C for 9 h.

TiO, nanoarrays solar cells assembly

To fabricate DSSCs, all of the TiO, nanowire arrays on FTO
glass were used as photoelectrodes. The TiO, films were
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