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Abstract Considerable efforts have been devoted to the design and synthesis of low-
dimensional, nanostructured materials due to their morphology-dependent perfor-
mances. In particular, one-dimensional (1-D) TiO, nanostructures, including
nanorods (NRs), nanowires (NWs), and nanotubes (NTs), have attracted consider-
able interest due to their unique characteristics. In dye-sensitized solar cell (DSSC)
operation, 1-D nanostructure-based photoanodes can contribute to rapid electron
transport, ensuring efficient charge collection by the conducting substrate in com-
petition with recombination. Relying on the ordering of 1-D TiO, nanomaterial, the
conversion efficiency of DSSCs was affected because electron collection is deter-
mined by trapping/detrapping events at the site of the electron traps, such as defects,
surface states, grain boundaries, and self-trapping. This point has promoted research
on self-ordered, 1-D photoanodes stretched on a substrate with enhanced electron
transport properties due to their desirable features: highly decreased intercrystalline
contacts and a structure with a specified directionality. In this literature review, the
preparation of various 1-D nanomaterials from disordered to ordered states and their
electron dynamics in the application of DSSCs are reviewed.
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1 Introduction

Titanium dioxide (TiO,) is a typical wide-band gap (3.2 eV) semiconductor that has
been studied extensively in areas such as synthesis, deposition methods, crystal
structure, optical properties, phase stability, photosensitivity,and morphological
changes [1, 2]. In particular, among the various morphological phases, 1-dimensional
(1-D) TiO, nanostructures such as nanorod (NR)/nanowire (NW) and nanotube (NT)
have been widely investigated on account of their unique microstructure and
promising features, such as a high-aspect-ratio, high surface area, higher surface area/
volume ratio, increased number of delocalized carriers, and improved charge trans-
port afforded by dimensional anisotropy with the conventional properties [3—5]. Their
remarkable properties have led to their use in a variety of applications including
dye-sensitized solar cells (DSSCs), photocatalysts,and photochromic devices [6, 7].
In particular, the DSSC is a photoelectrochemical cell that converts visible light
energy into electricity and is considered an alternative to silicon solar cells due to its
attainable high efficiency, environmental intimacy, and cost effectiveness.

Figure 1 shows the operating principle of a DSSC consisting of a semicon-
ductor photoanode (electron transporting layer), dye (a photosensitizer), electro-
lyte containing I" /I3~ redox couples (an electron transfer mediator), and Pt-coated
counter electrode (a catalyst for electron transfer). The DSSC features dye mol-
ecules chemisorbed onto the surface of a semiconductor nanocrystal filled with an
electrolyte. Under light illumination, charge separation occurs at the dye/semi-
conductor interface, where photoexcited dyes inject electrons into the conduction
band of the semiconductor, after which the original state of the dye is restored by
electron donation from the electrolyte containing the I7/I3~ redox system. The
iodide is regenerated, in turn, by reduction of triiodide at the counter electrode,
with the circuit being completed through the external load. The theoretical max-
imum voltage under the illumination corresponds to the difference between the
redox potential of the redox mediator and the Fermi level of the semiconductor
photoanode. Along with these processes, as side reactions, electrons in the con-
duction band of the semiconductor may be recombined with the oxidized dye
molecules or electron acceptor species from the electrolyte. Therefore, the fol-
lowing aspects of the photoanode deserve important consideration. Firstly, injected
electrons diffuse through thousands of particles before they reach the transparent
conductive oxide (TCO) substrate, emphasizing the importance of good electronic
inter-particle connection. Furthermore, recombination plays a critical role because
of the extremely large TiO,/dye/electrolyte interface area and the proximity of
electrons to the oxidized redox species (the hole carriers), which can limit the
photovoltaic performance. In its original form, the DSSC used the mesoporous
nanocrystalline TiO, film in replacement of the previous flat TiO, electrode to
enhance the light-harvesting dye. Adsorption resulted from the highly expanded
surface area, with a reported conversion efficiency of 7% [8]. Subsequently, to
improve the conversion efficiency, both the size (<20 nm) and phase (anatase,
rather than rutile) of the TiO, nanoparticles (NPs) were optimized. The TiO, film
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thickness has a significant effect on the light-harvesting efficiency and charge
recombination in that the conversion efficiency increases linearly with increasing
TiO, thickness due to the increased dye uptake. However, above a limited
thickness, the efficiency begins to degrade as a result of dominant charge
recombination and mass transport limitations [9]. This is easily explained by the
electron diffusion length in TiO, films, which is the distance that photoinjected
electrons transport through a nanoporous network before reacting with the cations
of the redox electrolyte in the DSSC system. In general, an electron diffusion
length of approximately 15-20 um in traditional electrodes composed of nano-
sized TiO, particles (e.g., several orders of magnitude smaller than those in bulk
single crystal TiO,) is believed to limit the power conversion efficiency. This is
because electron collection is determined by trapping/detrapping events along the
site of the electron traps (defects, surface states, grain boundaries, self-trapping,
etc.) [10, 11]. This point has focused research on photoanodes comprised of
variously shaped nanoporous materials (rod, tube, wire, and tetra pad, etc.) with
enhanced electron transport properties due to highly decreased intercrystalline
contacts and structure with specified directionality. As a result, various methods
for synthesizing 1-D TiO, particles have been reported [12—14].

However, the preparation of 1-D TiO, nanomaterials strongly influences their
peculiar properties due to their enhancement or retardation in the fabrication
process of the photoanode layer for DSSCs. Figure 2 shows the simple scheme to
describe the disordered and ordered state of 1-D nanomaterials on the TCO sub-
strate for the application of DSSCs. The disordered state of 1-D nanomaterial-
based photoanode also provides additional grain boundaries or trapping sites,
while the ordered state of 1-D nanomaterial-based photoanode shows straight
electron percolation.

Herein, several approaches to prepare disordered (surfactant assisted, oriented
attachment, sol-gel reaction, and hydrothermal process) and ordered (electro-
chemical anodization and hydrothermal process) 1-D TiO, nanomaterials and their
electron dynamic properties for the application of DSSCs are summarized.
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Fig. 2 Simple scheme to describe the ordered a and disordered b states of 1-D nanomaterials
based on photoanode in the DSSCs
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2 Preparation of Randomly Oriented TiO, Nanorod
and Nanotube Films for Dye-Sensitized Solar Cells

NR-shaped TiO, nanocrystals are believed to have exceptional properties and have
been considered an alternative to NPs. NRs have a higher surface area-to-volume
ratio than NPs, thereby supplying a higher density of active sites for surface reactions
as well as a high interfacial charge carrier transfer rate. Furthermore, increased
delocalization of carriers in rods, where they can move freely throughout the length
of the NRs, is expected to reduce the ¢ /h* recombination probability. However, this
is partially compensated by the traps in the surface sites to ensure more efficient
charge separation [15]. Finally, NRs can potentially improve charge transport in the
photoanodes of DSSCs when an ordered orientation of 1-D inorganic electron
transporters is employed. Therefore, NRs offer direct electrical pathways for
photogenerated electrons and can increase the electron transport rate, which in turn
may improve the performance of DSSCs. Accordingly, a photoanode composed of 1-
D TiO, NRs is a promising approach to which the following methodologies for
synthesizing anisotropic TiO, nanomaterials have been applied: surfactant-assisted
methods, oriented attachment, sol—gel reactions, and hydrothermal reactions.

2.1 Surfactant-Assisted Method

As a stabilizing agent, surfactants prevent aggregation of synthesized NPs and
control their size and shape. With a large excess of surfactant, such as oleic acid,
lateral expansion of the crystal lattice must be suppressed to achieve anisotropic
crystal growth [16]. Oleic acid plays two roles: stabilizing solvent and chemical
modifier to control the hydrolysis rate of the precursor. For better tuning of the
growth rate of the different planes and control over the shape evolution of the
anatase nanocrystals, the use of mixture surfactants that selectively bind to
different crystal faces,and elimination of high-energy facets has been encouraged.



Nanotube- and Nanorod-Based Dye-Sensitized Solar Cells 321

In this method, rod formation is usually realized when the surface free energies of
the various crystallographic planes differ significantly. The use of different surface
ligands that bind selectively to specific surface planes has been demonstrated as a
suitable approach for rod formation in a controlled manner. As a representative
example, Weller et al. reported the controlled growth of TiO, nanocrystals by
modulation of the hydrolysis rate, using oleic acid as a stabilizing surfactant at
80°C [17]. In the present study, oleic acid served as an adsorbing-chelating ligand,
restricting the growth rate along some crystallographic directions.

Moreover, the chemical modification of titanium alkoxide has been proven as a
reasonable strategy to tune the reactivity of the precursor to water, manipulating
the nanocrystal’s growth kinetics and providing shape control over the resulting
NPs. This synthetic route is a unique tool for easily functionalizing the TiO,
nanocrystals surface with different capping ligands. Furthermore, Alivisatos’s
group reported a surfactant-mediated shape evolution of TiO, anatase nanocrystals
in non-aqueous media. By using a surface selective surfactant, such as carboxylic
acid, which binds strongly to the anatase (001) facets, modulation of the surface
energies of the different crystallographic faces controlled the shape [18].

Recently, the Adachi group reported DSSCs using hydrothermally synthesized,
single-crystalline TiO, NRs with diameters of 20-30 nm and lengths greater than
100 nm [19]. They synthesized TiO, NRs using selective surfactants, since the
highest-energy facets were eliminated during crystal growth so that the progressive
addition of a selective surfactant yielded a sequence of shapes. In the case of TiO,
anatase, nucleation formed truncated octagonal bi-pyramidal seeds, exposing eight
equivalent (101) faces and two equivalent (001) faces. The surface free energy of the
(001) faces is nearly 1.4 times larger than that of the (101) faces. Therefore, the shape
evolution in TiO, anatase was realized by modifying the surface free energy and
growth rate of the nucleus with the surface adhesion of ligands. In addition, by
controlling the cetyltrimethylammonium bromide and poly(ethylene oxide);go—
poly(propylene oxide)ss—poly(ethylene oxide);op as a surfactant and triblock
co-polymer(F127), the NR shape and length were modulated. For the application of
DSSCs, the TiO, NR film was sintered at a high temperature, while retaining the rod
shape. This contributed to the achievement of a high conversion efficiency (7.29%) of
light-to-electricity (Jy.: 13.1 mA/cm?, V... 0.767 V, fill factor: 0.728) with a
thickness of 16 pm. This achievement was attributed to the increased rate of electron
transport resulting from the high crystalline anatase NR and high dye loading.

2.2 Oriented Attachment Method

Oriented attachment involves the spontaneous self-organization of adjacent par-
ticles so that they share a common crystallographic orientation, followed by
joining of these particles at a planar interface [20]. Bonding between the particles
reduces the overall energy by removing the surface energy associated with
unsatisfied bonds. Figure 3 shows how oriented attachment gives rise to
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Fig. 3 a Simple schematic drawing of the oriented attachment mechanism, b TiO, nanorods
synthesized by oriented attachment process

homogenous single crystals or to crystals separated by twin boundaries or other
planar defects. This issue of morphological evolution is of direct importance to
material science because growth and morphological evolution dramatically modify
physical properties and surface reactivity.

Penn et al. reported the formation of anisotropic TiO, nanocrystals during
hydrothermal treatment of TiO, nanocrystals under acidic conditions by oriented
attachment [21]. Oriented attachment is important in nominally dry aggregates and in
periodically wet environments. The particle movement needed to achieve orientation
within random aggregates is provided by Brownian motion and other physical and
energetic effects [22]. In addition, the researchers predicted that the particles are in
contact with a solution under pH conditions near the isoelectric point. The organic
molecules may hinder or modify oriented attachment by preventing contact between
the faces on which adsorption has selectively occurred. Furthermore, they showed
the evolution of the chains of particles, starting with the attachment of two primary
crystallites. The attachment appears to occur most commonly on (112), less com-
monly on (001), and rarely on (101). This mechanism effectively serves to reduce the
overall energy by eliminating the surfaces at which the crystallites join. In the most
common case of (112) attachment, the highest surface energy face is eliminated.

Moreover, Hyeon et al. reported highly crystalline TiO, nanocrystals with var-
ious shapes and crystal structures in aqueous media at room temperature by oriented
attachment [23]. In particular, the poly(ethylene glycol)-block-poly(propylene
glycol)-block-poly(ethylene glycol) (PEO-PPOO-PEO) (P123) template controls
the hydrolysis and condensation of the titanium tetraisopropoxide precursor. Under
various reaction conditions, TiO, nanocrystals with different sizes and shapes were
synthesized. With 1 M NaCl, spherical anatase nanocrystals with a particle size of
6 nm were produced, while in 1 M CH3;COOH solution, short anatase NRs with an
average size of 4 x 20 nm were produced. Additionally, the addition of 1 M HCI
induced the formation of long rutile NRs with an average size of 6 x 50 nm. These
results reveal the essential presence of salt or acid to synthesize TiO, nanocrystals
with unique shapes and crystal structures. In the DSSC, the photoanode comprised
of oriented attachment. TiO, NRs showed the following two main advantages: (1)
confirmation of high surface area directly proportional to the light-harvesting yield
(dye uptake) resulted from the NRs synthesized from the necking of truncated NPs
by recovering the low surface area of the general TiO, NRs, and (2) fast electron
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transport rate and degraded charge recombination from the decreased intercrys-
talline contacts between grain boundaries and specific directionality of NRs,
bringing about the improved charge collection efficiency. To demonstrate the dis-
tinguished marks, the NP- and NR-based photoanodes for DSSCs were prepared in
the same conditions (light-harvesting efficiency and charge injection yield). Only
the charge transport ability of both samples was varied for comparison [24].

Scheme 1 describes the TiO, photoanodes consisting of the NPs and NRs in the
configuration of DSSCs. At the same dye uptake (n = 2.8 x 10'®), the deposited
thickness variation between NP (5.47 pm) and NR (4.87 pm) films was small at
approximately 10%. This indirectly indicates that NRs have a large surface area.
From the photocurrent-voltage (/-V) measurements, a NP-based DSSC showed an
Voo of 0.68 V, a J.. of 6.9 mA/cm?, a FF of 0.71, and an efficiency (#) of 3.36%,
while the NR-based DSSC exhibited results of 0.7 V, 11.7 mA/cmz, 0.6, and
4.95%, respectively, under one sun condition.

To measure the electron transport and charge recombination characteristics
between NP- and NR-based photoanodes in DSSCs, the stepped light-induced
measurements of photocurrent and voltage (SLIM-PCV) was performed under
front side illumination [25]. Then, truncated NRs with a particle size of about
6 nm were prepared as a control sample using the same synthesis tool.

Figure 4 shows the electron diffusion coefficients (D) and lifetimes () of the
NP-and NR-based DSSCs as a function of Jg, as analyzed by SLIM-PCV. The
D values of both samples showed a power-law dependence on the light intensity,
indicating an aspect controlled by similar mechanistic factors [26]. The D value of
the NR film was slightly higher than that of the NP film, showing that NR films have
more favorable properties for electron transport than NP films. Considering the
condition where small TiO, NPs (<10 nm) strongly bind to each other to decrease
the unstable surface energy during thermal treatment, this minor improvement may
be caused by the reduction of electron loss in the grain boundaries resulting from
the necking of NPs, as well as by the increase of average crystallite size. From the
parallel slope of both samples, similar traps were distributed over the whole range
of the film because the slope indicates a steeper trap-state distribution. Figure 4b
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Fig. 4 Electron diffusion coefficients (D) and electron lifetimes (t) for dye-sensitized NP and
NR cells as a function J,. controlled by ND filter from 635 nm laser illumination (Reprinted with
permission from Ref. [24]. Copyright 2008 Wiley Interscience)

shows the values of 7 as a function of J,.. Over the light intensity range, the t values
of the NR films become an order of magnitude higher than those of the NP films.
The lower lifetime of the NP films might be due to the combined effect of the
downward band-edge shift, as confirmed by the relatively low V. value, and the
increased charge recombination rate, as supported by dark current measurements
(not shown here). This is mainly illustrated by the effects of the surface state, which
leads to intraband gap states and enormous electron loss between the grain
boundaries that experience tens of thousands of trapping/detrapping events during
their transit through the film [27, 28]. The phenomenon indicates that more efficient
DSSCs will be realized with a thicker TiO, NR layer than that in the NP film
because both the enhanced electron transport due to the geometry effect and the
increased electron lifetime due to the suppression of charge recombination con-
tribute to increasing charge collection efficiency.

In a similar context, Adachi’s group reported single-crystal-like TiO, NWs
prepared by the oriented attachment mechanism using surfactant-assisted pro-
cesses at a low temperature for highly efficient DSSCs [29]. The crystal growth
direction of the oriented attachment was controlled by changing the molar ratio of
acetylacetone to Ti, regulating the adsorption of surfactant molecules via control
of the reaction rate and the surface energy. They showed that most of the aggre-
gated particles form a wire shape with a single-crystalline (sc) structure. The
oriented attachment occurred mainly in the (101) direction and formed a network
structure. They suggested that the use of a (101) exposure plane with a network
structure of single-crystal-like anatase NWs is one of the most promising methods
because the intercrystalline titania contacts are greatly decreased by using a single-
crystal-like network structure in comparison with a porous titania thin film com-
posed of accumulated nanosized particle. This might be useful for easier electron
transfer through the titania layer and suppression of back reaction of photoinjected
electrons with I; . This also influenced the 4-fold greater adsorption of ruthenium
dye compared to P25. To summarize, a high light-to-electricity conversion rate of
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9.33% (Jo: 19.2 mA/cm?, V,.: 0.72 V, and FF: 0.675) was obtained for the cell
with a TiO, network of single-crystalline anatase NWs (Fig. 5).

Furthermore, the hydrothermal process with the transparent TiO, sol prepared
by peptization of anatase TiO, precipitates was suggested to dispersible and NR-
like TiO, nanocrystals by an oriented attachment mechanism [30]. After further
hydrothermal treatment of the mixture of NR-like TiO, nanocrystals and the
original sol, branched and nanoring-like nanostructures with diameters of 6 nm in
the anatase phase were obtained. When they were with the oriented crystallo-
graphic plane, more complex structures, such as nanoring-like and 7-type TiO,
nanostructures, were formed. By counting the number of the primary crystallites
formed in the nanoring-like structures, about 20% of the nanocrystals were ori-
entated and attached to the closed and nearly closed nanorings. They showed
2-fold higher ruthenium dye adsorption than commercial TiO, nanocrystals ST-01,
giving a DSSC efficiency of 5.75%.

2.3 Sol-Gel Method

The sol-gel process is a wet-chemical technique regarded as a powerful approach
for preparing dispersed NPs by tailoring the structure of a primary NP in which
metal atoms are uniformly distributed. Such methods are initiated as soluble
precursor molecules and are hydrolyzed to form a dispersion of colloidal particles
(sol). As the reaction proceeds, the bonding of sol particles forms the integrated
network of NPs (gel). The gel is typically heated to produce the desired materials.
During this process, the metal alkoxides and metal chlorides as a precursor
undergo various forms of hydrolysis and polycondensation reactions. To obtain
homogenous macromolecular oxide networks for qualified nanomaterials in sol—
gel processing, several factors in the reaction mixture (e.g., water, hydrolysis rate,
precursor ratio etc.) must be controlled [31]. The key parameter to form 1-D TiO,
NRs and NTs with the desired nanocrystalline structure and shape is the control of
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the hydrolysis rate, due to the high reactivity of titanium precursors such as TiCly
and alkoxide [32]. In normal sol-gel processing, gelization and calcinations are
necessary. If the calcination temperature for crystallization is not high enough,
some organic molecules will remain in the product, leading to the incomplete
crystallization of titania. On the other hand, if the temperature is too high,
aggregation and phase transformation will occur, resulting in phase-impure
product. Therefore, control over critical experimental parameters in the sol-gel
reaction can lead to the formation of crystalline 1-D TiO, NR and NT.

Niihara et al. reported the synthesis of sol-gel derived TiO, NTs [33]. Needle-
shaped TiO, crystals with diameters of 8 nm and lengths of 100 nm were obtained
when sol-gel derived fine TiO,-based powders were treated chemically with a
5-10 M NaOH aqueous solution for 20 h at 110°C, followed by the addition of
HCI and distilled water in the solution. The following formation mechanism of
titania NTs has been proposed: the crystalline raw material is first converted into
an amorphous product through alkali treatment, after which the treatment with a
distilled water and HCl aqueous solution results in the formation of titania NTs.
This report is the first evidence that oxide NTs can be obtained easily via the sol—
gel process without requiring molds for replication or templates.

Yanagida et al. reported the sol—gel synthesis of TiO, NTs with large aspect ratio
and large specific surface area from P25 NP [34]. They optimized the fabrication
conditions of DSSCs, i.e., the pH of the starting paste, sintering temperature for TiO,
electrodes, electrolyte compositions, and TiCl, treatment, to give a conversion
efficiency (7.1%) that was higher than that of the DSSC made of P25 (6.2%) due to
the higher open-circuit voltage. To investigate comprehensively the high efficiency
obtained by using the TiO, NT-based photoanode, the electron dynamic properties
(electron diffusion coefficient (D) and lifetime (7)) were examined (Fig. 6).

The D value of TiO, NTs was almost comparable with that of P25. The trend of
diffusion coefficients was explained by the charge trap site density and distribution
in the mesoporous electrode. The trap sites may have been formed mainly by grain
boundaries and crystal defects. As for the grain boundaries, the number of
boundaries across the TiO, film may not have decreased greatly because the
orientation of NTs perpendicular to the conductive substrate had not been achieved
in the TiO, NTs electrodes. On the other hand, the 7 value in TiO, NTs electrode
was about 3 times greater than that in P25, indicating that the probability of
recombination between the electron in TiO, and the I3~ in the electrolyte is
smaller than that of P25. Considering both factors affecting the electron behavior,
TiO, NTs were found to have longer diffusion length and thus more favorable
electron transport property than P25.

More recently, the non-hydrolytic sol-gel method was successfully used for the
synthesis of 1-D TiO, NRs by simultaneous modulation of the phase and size [35].
The synthesis of TiO, NRs was achieved with this reaction via the continuous
delivery of two titanium precursors using two separate syringe pumps. By varying
the injection rate of the precursors, the TiO, NRs simultaneously underwent phase
transformation and length elongation. Furthermore, the morphology of the TiO,
NRs evolved into a branched shape and their length was increased. In addition,
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Fig. 6 Electron diffusion coefficients a and electron lifetimes b in the electrodes constructed
with TiO, NTs (circles) and P25 (triangles) as a function of short-circuit photocurrent (/) per
unit TiO, volume (Ref. [34]-Reproduced by permission of the PCCP Owner Societies)

the crystalline phase of TiO, NRs was simultaneously affected by the injection
rate. Pure anatase and pure rutile NRs were produced at fast and slow injection
rates, respectively. Herein, the TiO, NRs were successfully employed as the
photoanode for DSSCs. Particularly, the photoconversion efficiency (3.83%) of the
mixture comprised of star-shaped rutile TiO, NRs and a small fraction of anatase
NRs was comparable to that of P25 (4.1%).

2.4 Hydrothermal Method

Hydrothermal synthesis has been considered the most powerful technique to
prepare single-crystalline 1-D TiO, nanomaterials that rely on the solubility of the
precursor in hot water under high pressure. In particular, this method enables the
growth of crystalline phases, which have unstable melting points, and materials
showing high vapor pressure at their melting points can also be grown. Normally,
the hydrothermal process is performed in an autoclave (steel pressure vessel) with
Teflon® liners under controlled temperature and pressure. The hydrothermal
process of TiO, nanomaterials under various experimental conditions (tempera-
ture, pH, and additives) yielded different morphologies and structural forms such
as anatase, rutile, and even brookite. In general, the TiO, nanopowder is used as a
precursor to form a suspension sol in the alkaline solution, and is subsequently
hydrothermal treated to form TiO, NTs. On the other hand, alkaline titanate NTs
were grown hydrothermally in alkaline solution, by exchanging the alkaline ions
with protons to convert the alkaline titanate NTs to hydrogen titanate NTs.
Afterward, TiO, NTs were produced by the thermal dehydration in air at high
temperature or the hydrothermal reaction of hydrogen titanate NTs.
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Initially, the production of uniformly nanosized rutile and anatase particles was
carried out via the hydrothermal method [36]. Anatase and rutile phase TiO, were
achieved by controlling the precursor ratio, hydrothermal conditions, and salt
incorporation [37-39]. In addition, the hydrothermal synthesis of single-crystalline
anatase TiO, NRs from NTs as the precursor in the absence of surfactants or
templates was reported. In the strong basic solution (10 M NaOH), the pH of the NT
suspension was controlled at different values by HNOj concentration. The crystal
size of the anatase NPs obtained from the hydrothermal treatment increased with
pH, and NRs with aspect ratios up to 6 and long axes along the anatase (001) were
obtained at a pH slightly below 7. The mechanism of the tube-to-rod transformation
was indicated by the local shrinkage of the tube walls to form anatase crystallites
and the subsequent oriented attachment of crystallites to form NRs.

Subsequently, the hydrothermal synthesis (130°C for 72 h) of trititanate
(H,Ti30,)-type NTs, with diameters of 9 nm and lengths of 100 to several hun-
dreds of nanometers, using a single alkali treatment was suggested. In this method,
TiO, reacts with a NaOH solution to form a highly disordered intermediate phase
containing Ti, O, and Na [40, 41]. Single sheets of the trititanate Ti3072_ started to
grow inside the disordered phase. Afterward, when such trititanate sheets grew
two-dimensionally, they simultaneously rolled up into NTs. When this recon-
struction took place three-dimensionally, they suggested that H,Ti;O; plates with
several trititanate layers were formed. The utilization of trititanate NTs with a
multiwall structure as an electrode material in DSSCs was reported. These layered
trititanate NTs showed highly efficient DSSC performance (7.5%: V. of 0.78 V,
Jsc0f 12.8 mA/cm?, FF of 0.75) with a thickness of 14.4 um. The incident photon
to current efficiency (IPCE) at a wavelength of 520 nm was 61%. This indicated
that the physicochemical characteristics of the trititanate NTs, including the high
surface area, afforded a higher photocurrent density and a network structure useful
for easier electron transfer through the titania layer, thereby suppressing the charge
recombination between photoinjected electrons from the dye to the conduction
band of the TiO, electrode and the I3~ ions in the electrolyte.

Aydil et al. hydrothermally synthesized randomly oriented, anatase TiO, NWs on
a titanium substrate using 10 M NaOH as an alkaline source [42]. During the
hydrothermal reaction, the top surface of the titanium foil transformed to
Na,Ti,O4(OH), NTs. Subsequently, the Na,Ti,O4(OH), NTs were converted by an
ion exchange reaction to Na,Ti,O4(OH), NTs, which were in turn converted to
polycrystalline anatase NWs through a topotactic transformation. The prepared TiO,
NW film showed a photoconversion efficiency of about 1.8% (Jy.: 5.6 mA/cm?, V.
0.62 V, FF: 0.52). Additionally, IPCE as a function of wavelength typically reached
50% at 530 nm (the maximum absorbance of the dye). Furthermore, the researchers
investigated the electron transport time constant using intensity modulated photo-
current/voltage spectroscopy (IMPS/VS) and photocurrent decay methods. Figure 7
shows the charge recombination and transport time constants for TiO, NW DSSCs as
a function of J (light intensity) [43].

The magnitude of the electron transport time (107>~107> s) and its dependence
on the illumination intensity were similar to those reported for DSSCs made from
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TiO, NPs, which exhibited a power-law dependence on J.. This indicated that the
electron capture and release by surface traps determine transport times even in
NWs, although the ratio of the electron recombination time to the electron col-
lection time in NR solar cells was ~ 150, larger than that observed in the NP
DSSCs, resulting in an electron collection efficiency of nearly 100%. They pre-
sented two reasons for the longer recombination times observed in NWs relative to
NPs. First, the diameter of the TiO, NWs is larger than both the diameter of typical
TiO, NRs used for assembling DSSCs and the semiconductor’s Debye length. This
larger diameter and the cylindrical geometry allow the wires to support radial
electric fields that keep the electrons away from the NW surface, thereby reducing
surface electron densities and recombination. A second possibility is that the NWs
and NPs have different spatial distributions of electron traps. In nanowire, a fraction
of the traps may be at the internal grain boundaries, not exposed to the electrolyte.

Utilizing the TiO, NRs, several approaches to increase the specific surface area,
and thereby improve the photoconversion efficiency, were tried by several
researchers [44—46]. At first, the DSSC photoanode was composed of a composite of
anatase TiO, NPs and single-crystalline anatase TiO, NWs [44]. The composite
electrode showed a high surface area from NP aggregates and the fast electron
transport rate and light scattering effect of NWs. At the optimum content (20 wt%)
of TiO, NWs, the conversion efficiency (1 = 8.6%) was improved more than that
(n = 6.7%) of pure NP cells. In addition, they indirectly showed that the improved
electron diffusion length of the composite electrode was caused by the continuous
increase in the current density with increasing film thickness over the whole
thickness range up to 17 um. In addition, in the situation where the TiO, NWs baked
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Fig. 8 FE-TEM image of the
TiO, nanobranched structure
(Reprinted with permission
from Ref. [46]. Copyright
2010 American Chemical
Society)

at 450-500°C showed a significant morphology change to NP, the niobium treat-
ment of TiO, NWs acted to decrease the Na™ content effectively and increase the
thermal stability of NWs [45]. DSSCs composed of a mixture of TiO, NPs (P25) and
the niobium-treated NWs (1:1 wt%) showed a photoconversion efficiency of 5.15%
(Voo: 0.78 V, Joo: 11.2 mA/cm?, FF: 0.59) compared to 4.73% (V. of 0.73, Jy.:
9.52 mA/cm2, FF: 0.68) of P25-based DSSCs. In addition, the branched TiO, NPs
were synthesized by seeding with TiO, NWs, thereby transforming from NWs to a
nanobranched shape [46]. Figure 8 shows the field-emission transmission electron
microscopy (FE-TEM) image of the synthesized nanobranched structure.

Relative to a typical TiO, NW with few dye adsorption sites, the nanobranched
TiO, showed the high roughness factor up to two times and thus the enhancement
of charge harvesting efficiency. In the fabrication process of TiO, film, the high-
temperature annealing did not affect the morphological modification of nano-
branched TiO,, so that the photocurrent and cell efficiency were enhanced from
6.25 mA/cm? (TiO, NW) to 12.18 mA/cm? (nanobranched TiO,) and from 2.6 to
4.3%, respectively.

3 Preparation of Self-Ordered TiO, Nanorod/Nanotube Films
for Dye-Sensitized Solar Cells

1-D TiO, NRs or NTs synthesized by chemical approach showed a randomly
oriented, nanostructured electrode after the thin film formation for DSSCs. This
randomly mixed film caused the degradation of the originally unique properties
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in the electron transport, similar to in the NP system [43]. The structural disorder
at the contact between two crystalline NRs or NTs leads to enhanced scattering
of free electrons, thus reducing electron mobility. Accordingly, to benefit from
the improved electron transport in elongated nanostructures, it is necessary to
assemble nanostructures directly on the surface of the electrode. More recently,
ordered and strongly interconnected TiO, NTs on the Ti substrate has attracted
attention as a fascinating material that offers a large internal surface area without
damaging the geometrical and structural order. The precisely oriented nature of
TiO, NT arrays makes them excellent electron percolation pathways for vertical
charge transfer between the interfaces. Furthermore, TiO, NTs arrays show
outstanding charge transport and carrier lifetime properties, and have been found
to be suitable for a variety of applications, including Li-ion batteries, photo-
electrolysis, and DSSCs [47, 48]. Furthermore, arrays of single-crystalline TiO,
NWs on Ti foil were prepared by a novel alkali hydrothermal growth process.
DSSCs using TiO, NWs arrays are promising prospects in research in this field.
To minimize the light loss from back-side illumination, the TiO, NWs were
prepared on an FTO substrate under hydrothermal conditions. This research is
closely correlated with application to various types of solar cells, including
DSSCs, heterojunction, hybrid, and organic solar cells [49-51]. The control of
diverse experimental conditions such as film growth time, substrate, initial
reaction concentration, acidity, titanium precursor, and surfactants or salts was
reported for the DSSCs. As another synthesis tool, large oriented arrays and
continuous films of TiO,-based NTs were prepared by hydrothermal process on
the Ti substrate. Several methodologies (electrochemical anodization and
hydrothermal reactions) to form self-ordered TiO, NRs/NTs on the substrate are
summarized in detail below.

3.1 Electrochemical Anodization of TiO, NTs on Ti for DSSCs

3.1.1 Electrochemical Anodization in Aqueous Electrolyte

In 1999, Zwilling et al. first reported titania films with porous surfaces formed by
anodizing Ti metal in an F~ ion-based electrolyte [52]. Approximately
300 nm-thick TiO, NTs were formed on the Ti foil. The thin TiO, NTs were
restricted to applications to other fields. Afterward, the tubular shape and length
were optimized in the F~ ion-based electrolyte by tuning the pH, electrolyte
concentration, and precursor species [53-55]. Schmuki et al. reported the fabri-
cation of a 2.5 um-thick TiO, NT array using NH4F as a fluorine source [53] and
Grimes et al. also succeeded in forming a longer TiO, NT (up to 4.4 um) array
using KF and NaF instead of HF as a precursor [54]. The key to achieve high-
aspect-ratio growth is adjustment of the dissolution rate of TiO, by localized
acidification at the pore bottom while a protective environment is maintained
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along the pore walls and at the pore mouth [55]. Figure 9 shows the current density
as a function of the anodization time in 10 min intervals.

In the initial stage of anodization (up to 30 s), an abrupt decrease of the current
related to the formation of a barrier layer was followed by a sudden increase of
current due to the active chemical dissolution reaction of the oxide layer formed by
F~ ions from the electrolyte, leading to the formation of a porous structure. In the
final stage, a relatively constant equilibrium state was maintained with increasing
anodization time, while the current density slightly increased, showing an oscil-
lation curve. In the equilibrium condition between the electrochemical formation
of TiO, at the pore bottom and the chemical dissolution of this TiO, layer in the
F~ ion-containing electrolyte, the TiO, NTs were grown continuously. The related
mechanistic process for the formation of self-ordered titanium dioxide has been
reported [56].

Ti** + 2H,0 — TiO, + 4H' (Hydrolysis of Ti) (1)

TiO, + 6HF — [TiFe]> + 2H,0 + 2H"(Dissolution of TiO;)  (2)

The above reactions proceed alternatively in the overall reaction. Because the
key to achieve longer TiO, NTs is control of the dissolution rate of TiO,, which is
highly dependent on the pH value, for the growth of high-aspect-ratio TiO, NTs.
Figure 10 shows the field emission scanning electron microscope (FE-SEM), top-
and cross-sectional views of TiO, NTs for various electrolyte pH values adjusted
by a NaOH reagent.

The length of the TiO, NTs is dependent on the electrolyte’s pH [57]. The
length of the nanotubular layer gradually increases with increasing pH, being
1, 1.3, 1.7, and 2.6 pm at pH 1.5, 2.3, 3.6, and 4.2, respectively. In a strongly
acidic electrolyte, there are enough H" ions to increase the chemical dissolution
rate of the thin titanium dioxide layer formed on the pore bottom. If the chemical
dissolution reaction is dominant, it limits the growth of the nanotubular TiO, layer
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Fig. 10 FE-SEM top- and cross-sectional views of TiO, NTs for various electrolyte pH values
adjusted by a NaOH reagent: a pH 1.5, b pH 2.3, ¢ pH 3.6, and d pH 4.2

because the anodic electrolyte-containing F~ ions is directly connected to the bare
Ti substrate, instead of the titanium dioxide layer, which terminates the anodic
reaction. On the other hand, in a weakly acidic electrolyte, the chemical disso-
lution rate is retarded because the quantity of H* ions is decreased by Eq. 2, and is
accompanied by a slight increase in the rate of the chemical oxidation reaction so
that thicker anodic TiO, NTs are formed. In this condition, thicker TiO, NTs were
grown. Above pH 5, thick TiO, layers with densely connected NPs were grown,
instead of self-ordered TiO, NTs. In this case, the surface morphology exhibits a
dendrite structure, which is formed due to the limited ion concentrations (not
shown here). These are influenced by the limited ion concentration of the elec-
trolyte and duration of anodization. The reduced number of H* ions at the pore
bottom degrades the chemical dissolution rate and causes the formation of a thick
and compact TiO, layer with dendrite-shaped surface morphology. All of the
grown TiO, NTs were interconnected with a constant strain maintained among
them to impede the formation of the exceptionally dominant grown TiO, NT that
leans in the downward direction and limits the thickness of TiO, NTs.
Employing the TiO, NTs as a photoanode, the DSSCs were fabricated under the
back-side illumination condition. Scheme 2 shows a representative diagram of a
back-side illumination, NT-array dye solar cell [58]. Approximately 6 pm-thick
TiO, NTs, grown in an electrolyte composed of 0.1 M KF, 1 M NaHSO,, and 0.2 M
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Scheme 2 Simple diagram describing a back-side illumination nanotube array dye-sensitized
solar cell (Reprinted with permission from Ref. [58]. Copyright 2006 IOP Publishing Ltd.)

trisodium citrate with NaOH added to adjust the pH 5.0, were applied to the DSSCs
with a resultant conversion efficiency of 4.24% (V,.: 0.84 V, Jy.: 8.79 mA/cm?,
FF: 0.57) in the N719 dye dissolved in acetonitrile solvent. By adjusting the
anodization conditions, such as the electrolyte composition and the anodization
methods, different TiO, NTs with thicknesses of 1-2.5 um (potential-sweeping) and
30 um (rapid breakdown) were fabricated for the DSSCs [59]. The conversion
efficiency was about 0.05% with 1-2.5 pm-thick TiO, NTs and 0.54% with 30 pm-
thick TiO, NTs under back-side illumination. In addition, solid-state DSSCs with
TiO, NTs electrodes were also made to use the easy penetration of viscous elec-
trolyte along the large inner pores. At first, straight-stranded anatase TiO, NTs were
produced by anodic oxidation on a pure titanium substrate in an aqueous solution
containing a 0.45 wt% NaF electrolyte at a fixed pH of 4.3 [60]. The average length
of the TiO, NTs was approximately 3 um. To improve the conversion efficiency by
retarding the charge recombination between the TiO, NT film and redox electrolyte,
a thin ZnO shell was coated on the TiO, NT film, which increased V. (0.64-0.71 V)
and J. (2.38-2.68 mA/cmz), but similar FF (38-37%). Scheme 3 shows the inter-
facial charge-transfer process at the ZnO-coated TiO,/dye/electrolyte of DSSC. To
increase the FF, chemical etching was performed using hydrogen peroxide to reduce
the compact TiO, layer formed between TiO, NT and the Ti foil, giving a final
conversion efficiency of 0.906% (V,.: 0.693 V, Jy.: 2.67 mA/cm?, FF: 49%) with
ZnO coating and chemical etching effect, compared to 0.578% for bare TiO, NT-
based solid-state DSSCs.
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Following from this result, the influence of ZnO coating in the charge-transfer
process on the term of electron lifetime was investigated using open-circuit voltage
decay (OCVD) [61]. Figure 11 shows the OCVD result from bare and ZnO-coated
TiO, NTs. After 10 s of illumination, exponential decay of the photovoltage
occurred immediately, followed by a steady decease. The ZnO-coated sample
showed no significant change, while the bare TiO, film showed an irregular curve in
the low photovoltage region. From the decay curve of the photo-voltage, the
electron lifetime was calculated by applying Eq. 3, where kgT is thermal energy, e is
the electronic charge, and dV,./dt is the derivative of the open-circuit voltage

transient.
kpT (Vo)
= —— 3
! e ( dr ) 3)

From this result, the ZnO-coated TiO, film showed a longer electron lifetime in
the scanned potential range, indicating that more electrons were survived from the
back-reaction, improving the photocurrent. On the other hand, the linear curve of
the bare TiO, NT arrays showed some deviation in the low potential region, from
0.25 to 0.35 V, indicative of the formation of interfacial charge transfer from the
trap/surface states to the cations of the redox electrolyte [62].
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Fig. 11 The curves of the open-circuit voltage decay (OCVD) of the bare and ZnO-coated TiO,
NTs: a the profile of the V,,. decay as a function of time, and b the log-plot of the electron lifetime
as a function of V,. (Reprinted with permission from Ref. [60]. Copyright 2007 American
Chemical Society)

3.1.2 Electrochemical Anodization in the Organic Electrolyte

In the next step, the research focused on the growth of longer TiO, NT arrays in a
polar organic-based electrolyte containing F~ ions. In the aqueous electrolyte, the
thickness of the growing TiO, NTs was limited by a fast chemical dissolution
process with the F~ ions and the concurrent chemical etching process on the top
region of the tubular structure. In addition, the walls showed considerable disorder,
like sidewall ripples and other etch effects. However, in the organic media con-
taining the fluoride source, very long TiO, NTs with significantly improved tube
wall roughness (smooth and high-aspect-ratio NTs) were formed on the Ti foil by
controlling the high power potential and solvent species [63, 64]. In general, the
anodization process occurred simultaneously in the three processes and was
governed by (1) the field-assisted oxidation of Ti metal to form TiO,, (2) the field-
assisted dissolution of Ti metal ions in the electrolyte, and (3) the chemical dis-
solution of Ti and TiO, due to chemical etching by F~ ions [65].

Figure 12 shows the current transient as a function of anodization time in the
ethylene glycol-based electrolyte containing 0.25 wt% NH4F and 2 wt% water. In
the initial stage (<100 s), gas evolution dominated from electronic conduction,
which was attributed to the formation of a thinner oxide layer in the organic
electrolyte. This is indicative of electronic conduction’s dominance in the early
part of the process. The current drops steeply thereafter due to the initial formation
of an insulating oxide layer. In this region, electronic conduction decreases due to
the blocking effect of the formed oxide layer and ionic conduction through the
TiO, increases. Once the oxide layer is completely formed over the entire exposed
surface of the anode, electronic conduction through the TiO, barrier layer becomes
negligible and ionic conduction dominates the mechanistic behavior. The thinner
oxide layer allows much greater ionic conduction than in aqueous electrolytes and
faster movement of the Ti/TiO, interface into the Ti substrate, ultimately enabling
substantial increases in NT length. Moreover, the higher anodization potential
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exerts a greater driving force for both electronic and ionic conduction. As the
anodization proceeds and the real surface area available for anodization is reduced,
the current density is decreased in the final state.

Figure 13 displays the FE-SEM images of 10 pm-long TiO, NTs grown in
ethylene—glycol-based electrolyte for 1 h anodization. Compared to TiO, NTs
grown in aqueous electrolyte, well-aligned TiO, NTs with smooth wall were
produced [66]. Depending on the anodization time, the length was controlled by a
linear dependence. Furthermore, self-standing, 720 um-thick TiO, NTs were
fabricated using a double-sided electrochemical oxidation of Ti in an electrolyte
comprised of water, NH4F, and ethylene glycol [67]. From the effects of elec-
trolyte composition, applied potential, and anodization duration on the length and
diameter of the NTs, it was suggested that the reduced hydroxyl ion injected from
the electrolyte, which enables faster high-field ionic conduction through the barrier
layer, is responsible for the high NT growth rates.

Frank et al. studied the microstructure and dynamics of electron transport and
recombination in DSSCs incorporating oriented TiO, NT arrays with a TiO, NP
film as a control sample [68]. The arrays consisted of closely packed NTs several
micrometers in length according to the anodization time, with typical wall
thicknesses and intertube spacings of 8—10 nm and pore diameters of about 30 nm.
The calcined material was fully crystalline with individual NTs consisting of
approximately 30 nm-diameter crystallites. The transport and recombination
properties of the NT and NP films used in DSSCs exhibited comparable transport
times, while recombination was much slower in the NT films, indicating that the
NT-based DSSCs have significantly higher charge-collection efficiencies (25%)
than the NP-based films (Fig. 14).

This indicates that NT films can be made thicker than NP films for a given
recombination loss. Besides, NT films exhibit higher light-harvesting efficiencies
because of their stronger light-scattering effects. Accordingly, the conversion
efficiencies of NT-based DSSCs were comparable or superior to those of NP
film-based DSSCs of the same thickness.



338 Y.-E. Sung et al.

Fig. 13 FE-SEM images of TiO, NT arrays grown in ethylene—glycol-based electrolyte
(Reprinted from Ref. [66]. Copyright 2008 with permission from Elsevier)
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Fig. 14 Electron transport properties of TiO, NP and NT based DSSCs (Reprinted with
permission from Ref. [68]. Copyright 2007 American Chemical Society)

However, with increasing anodization duration, the surface morphology
became rough after an ultrasonic cleaning. Since the rough surface morphology
affects light absorption and scattering under the illumination, uniform and self-
ordered TiO, NTs, which look like anodic aluminum oxide, were formed by
pretreatment of the Ti substrate [69]. Figure 15 shows the pretreated Ti substrate
and the surface morphology after two-step anodization process. The TiO, NTs
grown by two-step anodization showed a uniform surface morphology and thinner
walls with a united wall structure between the pores like an aluminum oxide
membrane, while one-step TiO, NTs showed a separated wall structure. The
dependence of the electron behavior on the surface morphology of TiO, NTs in the
DSSC was investigated. Anodically grown TiO, NTs, approximately 13 pm
thick, were prepared on an ethylene glycol-based electrolyte. The TiO, NTs
grown on the pretreated substrate showed uniform surface morphology with an
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Fig. 15 FE-SEM images of pretreated Ti substrate and TiO, nanotube grown on pretreated
Ti substrate (Reprinted with permission from Ref. [69]. Copyright 2009 IOP Publishing Ltd.)

interconnected nanotubular structure, while the surface morphology of the TiO,
NTs formed on the bare substrate was quite rough. The photocurrent (8.4 mA/cm?)
of two-step TiO, NT-based DSSC was improved by 14% compared to that
(7.2 mA/cmz) of one-step TiO, NT-based DSSC. This improvement was attributed
mainly to the increased light-harvesting efficiency (21%), that is, the light
absorbance by a dye-sensitized TiO, NT film.

This was confirmed by a dye desorption experiment in NaOH after dye uptake.
The discrepancy between the increasing light-harvesting yield (21%) and the
overall photocurrent (14%) was attributed to the slow electron transport rate, a
result of the large surface area and lateral movement along the 3-D network.
Figure 16 shows the electron diffusion coefficient (D) and lifetimes in the DSSCs
based on the one- and two-step TiO, NT electrodes with thicknesses of
7.5 & 2.84 um. The D values of the one-step TiO, NT-based DSSC were higher
than those of the two-step TiO, NT-based DSSC over the light intensity range
because the electrons in the two-step TiO, NT electrode were transported through
a 3-D network instead of a 1-D conducting path. Generally, charge transport along
a 3-D conducting path is slower than that along a 1-D conducting path because
lateral movement reduces the transport rate significantly. The second explanation
is that traps are located on or near the surface of the TiO, NPs, which are known as
near-surface states. These reduce the electron transport rate with increasing
internal surface area, which increases the number of traps sites. The mean surface
area of the two-step TONT film was 21% higher than that of the one-step TiO, NT
film. A third possible cause for inhibited electron diffusion is the wall thickness
(electron pathway). The two-step TiO, had thinner walls and the jointed wall
structure between the inner pores, while the pores of one-step TiO, NTs were
divided separately. This means that the wall structure of the two-step TiO, NTs is
unfavorable for electron transport.

On the other hand, the t of the one-step TiO, NTs was lower than that of the
two-step TiO, NT, possibly because of the distribution of traps near the surface
region. In the case of the one-step TiO, NTs, the separation of each NT changes
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Fig. 16 a D and b 7 in the DSSCs based on the one- and two-step, TONT electrode with a
thickness of 7.5 £ 2.84 um (Reprinted with permission from Ref. [69]. Copyright 2009 IOP
Publishing Ltd.)

the transport mechanism to a mixture of one and three dimensions because each
NT is bound strongly. The decrease in internal surface area is closely related to the
decrease in trap site density. Photoinjected electrons were trapped preferentially on
the energetically stable trap sites below the Fermi level. Electron transport to the
contact involves multiple trapping events, which were modeled as the trapping and
detrapping (thermal release) of the electrons along the distributed trap states.
Unstable electrons in the conduction band leave after occupying the limited trap
sites and can react easily with the cations from the redox electrolyte to maintain an
energetically stable state. This might reduce the electron lifetimes on the one-step
TiO, NT. Although the L value of two-step TiO, NT-based DSSCs is lower than
that of one-step TiO, NT-based DSSCs, the L value is considerably higher than
that of the NP-based DSSCs, suggesting that the nanotubular structure can support
a thicker TiO, film for more efficient DSSCs. Therefore, the improved photo-
current of the two-step TiO, NT-based DSSC led to an enhancement (12.5%) of
the overall power conversion efficiency.

Moreover, the diverse experimental conditions for electrochemical anodization
affect the geometry and surface properties of the NT arrays [70-73]. Using
appropriate alternating voltage switches between conditions, enabling tube growth
and leading to a compact layer named the bamboo type structure [70]. By using
different alternating voltage pulse durations, the distance between the bamboo rings
can be adjusted. This structure resulted in an improved conversion efficiency of
DSSCs due to the higher dye loading per unit volume by the bamboo ring, com-
pared to normal NT structure where the carrier transport and recombination kinetics
of bamboo and normal NT structure showed similar trends. The top surface mor-
phology of the TONT was adjusted by several methods because this region is
closely associated with electron transport and electrolyte penetration in DSSCs. To
prevent the bundling and microcracks of oriented, NT film arrays, the supercritical
CO, drying technique and the deposition of blocking layer composed of rutile-type
oxide layers were widely used to grow the uniform self-ordered TiO, NT film [71].
Based on basic research on the TiO, NTs, the improvement of the photoconversion
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efficiency of the TiO, NT-based DSSC was also attractive because its maximum is
about 4%. The main disadvantage of the TiO, NT electrode in DSSCs is the low
surface area, especially in the case of TiO, NTs composed of large pores
(>100 nm). Therefore, a TiCl, treatment of all areas of TiO, NTs was used to
increase the dye adsorption area. Recently, the DSSC efficiency was doubled from
1.9 to 3.8% by such a treatment [72]. Then, 3 nm-sized TiO, nanocrystallites were
uniformly coated on the surface region and annealed afterward. The amorphous
TiO, NTs were transformed to anatase TiO, NTs by annealing at about 350°C,
followed by the TiCl, treatment and, finally, annealing again at 450°C for 30 min.
This research showed the potential for TiO, NT-based DSSCs to achieve a high
efficiency. In addition, MgO was “coated” on the TiO, NT surface as an energy
barrier to increase the efficiency by an order of magnitude higher than that of the
MgO using bare TiO, NTs [73]. This was elucidated by the reduction of charge
recombination between the TiO, and electrolyte and the improvement of dye
adsorption due to the basicity of the MgO surface.

3.1.3 Electrochemical Anodization of Sputtered Grown Ti Metal
on TCO Substrate for DSSCs

The micron-length TiO, NTs grown on opaque Ti foil should utilize back-side
illumination from the counter electrode side to measure the DSSC efficiency.
This structure decreases the total absorbing visible light because the light must
pass through the counter-electrode and the light-absorbing electrolyte. Approx-
imately 25% of the incident solar energy that is lost from the counter side can be
recovered from the Ti metal film on the TCO substrate [74]. Grimes et al.
reported highly ordered transparent TiO, NT arrays on TCO substrates in DSSCs
[75]. The critical point to form transparent TiO, NTs on the FTO is the fabri-
cation of a high quality Ti thin film grown at a high substrate temperature
(500°C) and a slow sputtering rate during the sputtering process. After the
electrochemical anodization at a constant potential of 12 V in an electrolyte of
0.5% HF and acetic acid mixed in a 7:1 ratio (constant temperature: 5°C), highly
ordered NT arrays of 46 nm pore diameter, 17 nm wall thickness, and 360 nm
length were grown perpendicular to a FTO-coated glass substrate. The TiCl,
treatment on TiO, NTs enhanced the photocurrent in the commercial DSSC
structure using ruthenium-based dyes. A photocurrent efficiency of 2.9% was
attained with 360 nm-thick TiO, NTs. Furthermore, it was revealed that the
highly ordered TiO, NT arrays, in comparison to nanoparticulate systems, have
superior electron lifetimes and provide excellent pathways for electron perco-
lation from voltage-decay measurements (Fig. 17). Furthermore, they succeeded
in growing the highly ordered TiO, NTs (above 30 um) on the FTO substrate
3 years later [76]. By employing several advantages of the TiO, NT structure,
enhanced charge harvesting in the near-infrared region of the solar spectrum was
thereby enabled. Three challenges remain to be overcome in the fabrication of
transparent TiO, NT array films with extended lengths. The first is the formation
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Fig. 17 Response time 10 r——~~—~—7r+r—+r—r—+7rr—r—rrrrrrrrr—rrryrrr
according to V,,. decay for a -
transparent TiO, NT array —e— Nanoparticles
DSSC as well as the response —&— Nanotubes
time for a TiO, NP DSSC
(Reprinted with permission
from Ref. [75]. Copyright
2006 American Chemical
Society)
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of uniform, nonporous TiO, films with thicknesses of tens of micrometers and
sufficient adhesion to the FTO glass layer. Second, the anodization of these thick
TiO, films until uniform optical transparency is achieved. Finally, the third is the
absence of any debris or clumping of the very long NTs after the anodization in
the fluorine-containing, non-aqueous organic electrolytes. These challenges were
overcome by the growth of a high quality Ti metal film on a FTO substrate and
an appropriate electrolyte conductivity was selected to minimize interface
etching and the surface debris problem, thus yielding long, uniform, non-clum-
ped,and debris-free transparent NT array films. DSSCs were then fabricated
using these TiO, NTs. Depending on the TiO, NT thickness, the efficiency
ranged from 2.57% (1.2 um) to 6.86% (20 pm). Even though the TiO, NT
thickness was increased up to 33 pum, the efficiency remained low relative to that
of NP DSSCs (10-11%). The major limitation of the power efficiency of NT
DSSCs is their low FFs, which are about 25% lower than those of NP DSSCs.
This was attributed to the degradation of the FTO film occurring during the
extended, high-temperature treatment of the NTs for improving crystallinity and
oxidizing trace metals under the NT film. It is expected that more efficient
DSSCs will be fabricated after these problems are eliminated.

3.2 Hydrothermal Reaction for Growing TiO, NWs/NTs
on Ti and TCO Substrates for DSSCS

Recently, several fascinating results related to TiO, NWs directly grown on the
substrate were produced by hydrothermal process. The first is the growth of oriented,
single-crystalline TiO, NW arrays on Ti foil [77]. After the formation of single
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crystal, sodium titanate NWs (Na,Ti,Os5-H,0), protonated bititanate NWs were
formed by ion-exchange process without changing their morphology or crystal
structure. The final calcination process led to the formation of the single-crystalline
anatase TiO, NWs. This sequential process yielded 2-50 pm-long, single-crystalline
NWs that oriented in the (100) direction and primarily normal to the Ti foil. The
DSSC:s fabricated using 12 um-thick TiO, NW films on Ti foil showed a low-energy
conversion efficiency (~ 1.4%), which was explained by five times lower roughness
factor compared to the NP film and the formation of a thick, resistive TiO, layer
between the NWs and Ti foil during the calcinations step. In a similar context, TiO,
NWs were grown on a spiral-shaped titanium foil, synthesized by hydrothermal
reactions at 230°C for 4 h to form NWs with diameters of 20-23 nm and lengths of
2-5 um [78]. The TiO, NWs were randomly oriented and entangled to form a
macroporous structured film. The TiO, NW film provided sufficient porosity for
efficient dye adsorption and fast diffusion of redox couple. Accordingly, the DSSCs
composed of TiO, NWs grown on the spiral-shaped titanium wire showed a con-
version efficiency of 0.85% (V.: 0.616 V, Jy.: 2.3 mA/cm?, FF: 0.61).

Furthermore, in a similar hydrothermal process using TiO, NPs as seeds, ori-
ented TiO, NTs were formed on the Ti foil [79]. After the preparation of a dilute
TiO, suspension by dispersing 1.0 g of Degussa P25 powder in deionized (DI)
water, the TiO, NPs were deposited onto a Ti foil through dip coating in the
suspension. The Ti foil containing the predeposited TiO, NPs reacted with an
alkaline solution in a sealed Teflon® reactor containing 10 mL of 10 M NaOH
solution. After reaction, the Ti foil, now covered with the newly formed film, was
washed with DI water. The film showed an oriented texture and titanate structure
composed of multilayered sheets.

Recently, single-crystalline rutile TiO, NRs or NWs were formed on FTO by
adjusting parameters such as growth time, growth temperature, initial reactant
concentration, acidity, and additives to control the diameters and lengths of the
single-crystalline TiO, NRs [80]. The key factor in growing single- crystalline rutile
TiO, NRs is a small lattice mismatch (epitaxial relation) between the FTO substrate
and rutile TiO,, driving the nucleation and growth of the nanorods. Figure 18 shows
FE-SEM images of oriented, single crystal TiO, NWs on the FTO substrate. The
entire surface of the FTO substrate is covered very uniformly with TiO, NRs with
lengths of 90 & 5 nm and diameters of 1.9 &= 0.1 um. The NRs are nearly perpen-
dicular to the FTO substrate. For application to DSSCs, an array of 4 pm-long TiO,
NRs was used as the photoanode. To increase the dye adsorbing area, TiCl, treatment
was carried out to give a photoconversion efficiency of 3% (V,.: 0.71 V, Jg:
6.05 mA/cm?, FF: 0.7). However, the single-crystalline TiO, NWs didnot show any
improvement in the electron dynamics relative to the TiO, NP systems due to the
intrinsic properties of rutile TiO, [81] and a dependence on the slow and light
intensity-dependent electron transport rate, indicating that trapping and detrapping,
mostly in surface traps, still play an important role in electron transport [82]. Besides,
a c-axis, highly oriented, sandwiched TiO film was grown by hydrothermal process,
in which one TiO, NP interlayer acted as the seed layer [83]. Two layers of TiO, NRs
were grown toward both directions of the bulk solution and the substrate. Figure 19
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200 nm

Fig. 18 FE-SEM images of oriented, rutile TiO, NR film grown on an FTO substrate at 150°C
for 20 h: a top, b cross-sectional, and ¢ and d tilted cross-sectional views (Reprinted with
permission from Ref. [80]. Copyright 2009 American Chemical Society)

shows a schematic illustration of the formation mechanism of the sandwiched TiO,
film. The high supersaturation degree of the solution leads to homogenous nucleation
of TiO,, which is precipitated on the FTO surface as seeds for further growth. From
these seeds, subsequent crystal growth proceeds radially in the directions of the bulk
solution and the substrate along with FTO etching. The density and length of the TiO,
NRs can be tuned on both sides simply by controlling the reaction temperature and
time.

Furthermore, Miyauchi et al. later reported a hydrothermal method for growing
TiO, nanotubular arrays directly on the Ti substrate without the use of TiO, seeds
[84]. The resultant nanotubular array structure exhibits superhydrophilic proper-
ties. Furthermore, the use of branched titanate NTs to grow a 3-D nanotubular
network directly on the Ti substrate was reported [85]. The resultant 3-D nano-
tubular network exhibits a unique, three-dimensional, uniform, and porous struc-
ture. The 3-D nanotubular network structure was formed by the joining of
branched NTs, as opposed to the previous vertical growth on the substrate. The
inner and outer tubular diameters of the branched titanate NTs were approximately
6 and 12 nm, respectively. Branched titanate NTs were formed on the Ti substrate
(Fig. 20). Therefore, a continuous seed formation-oriented, crystal growth mech-
anism was proposed for the branched titanate nanotubular network formation.
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Fig. 20 FE-SEM and TEM images of hydrothermally prepared, nanobranched TiO, nanotubes
(Reprinted with permission from Ref. [85]. Copyright 2010 American Chemical Society)

When implemented in a DSSC, this morphology produced a Ji. of 5.58 mA/cm?,
and V. of 0.74 V, and a FF of 60%. An overall photoconversion efficiency was
3.0%, compared to only 0.33% with a J,. of 1.01 mA/cm?, an V. of 0.65 V, and a
FF of 0.42 for the DSSCs constructed using a TiO, porous film photoanode. From
these results, the conversion efficiency of the 3-D titanate NT network photoanode
cell was nine times higher than that of the TiO, porous film photoanode cell, which
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was attributed to the textural and structural properties of the 3-D nanotubular
network architecture.

4 Future Outlook

One of the challenges in the fabrication of highly efficient DSSCs is the control of
the charge recombination that occurs in the interfacial region between the TiO,
photoanode and dye/redox electrolyte. To overcome this problem, the use of a 1-D
NR/NT photoanode instead of the previously applied NP film has been researched
to increase the electron transport properties. Despite active investigations of var-
ious DSSC photoanodes from NPs to 1-D NR/NT, the electron dynamics remain
comparable to those of the NP system. To further enhance the electron transport
properties, four promising photoanode designs have been proposed: (1) single-
crystalline TiO, NRs or NTs directly grown on the substrate will hinder charge
recombination due to the fast electron transport rate, (2) the development of a self-
assembly method to deposit the 1-D TiO, nanomaterials, (3) the use of single wall
carbon NT scaffolds to increase the charge separation and transport, and (4) the
fabrication of a core-shell structure with a core material showing fast electron
transport rate, such as ZnO, Cu, Sn, Ti, and doped TiO,, and a shell material
mainly consisting of TiO, due to the consideration of the electronic bandgap. The
significant enhancement of electron transport ability in the DSSC photoanode that
is expected to be achieved from these research efforts will contribute to the
blocking of photogenerated electron loss, and hence the improvement of photo-
conversion efficiency in the DSSCs.
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