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One-dimensional and (001) Facetted
Nanostructured TiO, Photoanodes for
Dye-sensitized Solar Cells

Hong Lin*, Xiao Wang, and Feng Hao

Abstract: As one of the most important components in dye-sensitized solar cells (DSCs), photoanode materials
have attracted massive interest and been greatly developed through the efforts of various research institutions in
recent years. Photoanode materials not only provide a large surface for the sensitizer to favor charge separation,
but also conduct the electrons to the collection electrode. In recent years, one-dimensional (1D) nanostructures
(nanotubes (NT), nanowires (NW) and nanorods(NR)), which offer direct pathways for electron transport, and
nanostructures (nanosheets (NS) and nanoparticles (NP)) with (001) crystal facets which possess higher surface
energies have been widely employed as photoanode materials. In this review, the progress of 1D nanostructures
and those with (001) crystal facets, as well as their photovoltaic performance in DSCs will be discussed briefly.
Further efforts are needed to provide theoretical research for 1D and (001) facet nanostructured TiO, and to
improve DSC performances based on these photoanodes.
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1. Introduction

With low-cost, high theoretical power
conversion efficiency and eco-friendly
preparation techniques, dye-sensitized so-
lar cells (DSCs) have attracted massive in-
terest and been greatly developed through
the efforts of various research institutions
in recent years.[!-71 During the initial stage,
photoanode films of the DSCs were made
up of sintered ZnO particles!®9) and tex-
tured TiO,!"% with rough surfaces, and the
efficiencies of DSCs hovered at a level
below 3% for a long time.l'!l The major
reason for the low conversion efficiency
was that the photoanode films could not
provide enough surface area for sufficient
dye adsorption to guarantee sufficient light
harvesting. It has been reported that mono-
layers of dye molecules chemiadsorbed to
the surface of the TiO, could enhance the
conversion efficiency of DSCs. However,
a further excess of dye was useless or even
had an adverse effect on the photoelectri-
cal process due to the lack of photoactivity
and the filtering effect of the dye molecules
not directly in contact with the semicon-
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ductors. Therefore, it is imperative to find
new ways to obtain a photoanode film with
a large enough surface area for sufficient
monolayer dye adsorption.[10]

DSCs based on a mesoporous TiO, film
made from nanocrystalline TiO, particles
and organic sensitizers, were first reported
by Prof. Gritzel in 1991.[121 A typical DSC
comprises conductive substrates as the col-
lection electrode, an interconnected three-
dimensional nanocrystalline film as pho-
toanode formed from wide-bandgap semi-
conductors of inorganic oxides, sensitiz-
ers, an electrolyte and a counterelectrode.
Unlike conventional solid-state semicon-
ductor photovoltaics, DSCs accomplish
the optical absorption and the charge
separation processes by the association of
the organic or inorganic sensitizer as light-
absorbing material with the mesoporous
or nanocrystalline film. Here, photoanode
materials not only provide a large surface
for the sensitizer to favor charge separation,
but also conduct the electrons to the col-
lection electrode. Therefore, photoanode
materials play a very important role, and
have become a hotspot of material chem-
istry research.l!3-161 Nanocrystalline TiO,
particles as shown in Fig. 1,31 commonly
used in DSCs these days, provide a large
surface area (more than 1000 times larger
than the projection surfacell’]) to ensure ef-
ficient dye loading and therefore improve
light-harvesting performance.!* Moreover,
the mesoporous TiO, nanoparticle (NP)
film guarantees that the liquid electrolyte
can permeate well into the interior of the
film and form a good ohmic contact at the

interfaces between them, ensuring that the
DSCs are working properly.

However, the observed diffusion coet-
ficients of electrons in the TiO, NP film are
two orders of magnitude lower than those
in the bulk crystal, which can be roughly
understood by the hypothesis of electron
traps in the porous TiO, with a broad dis-
tribution.!18.191 Defects in the porous TiO,
may act as electron traps and exist in the
grain boundaries between nanosized par-
ticles. To address these problems, vari-
ous low-dimensional nanostructures have
been proven to be effective alternatives to
enhance the performance of DSCs due to
their facilitated electron transport.

However, the TiO, NPs commonly ap-
plied in DSCs are much smaller than the
wavelength of visible light. The film is thus
transparent with little light scattering prop-

Fig. 1. SEM image of TiO, nanoparticle film.
Reprinted with permission from Macmillan
Publishers Ltd.: Nature 2001, 414, 338.
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erty. To address this problem, a variety of
larger sized TiO, NPs (100 to 400 nm) has
been widely employed as light-scattering
centers to increase the optical length in the
film, and an enhanced light-harvesting per-
formance especially in the long wavelength
region has been demonstrated both experi-
mentally and theoretically.20-251 Besides
these large sized nanoparticles, various
one-dimensional (1D) nanostructures have
also been shown to be effective alternatives
to enhance the performance of DSCs due
to their facilitated electron transport and
enhanced light harvesting due to the light
scattering effect.[26-281

In addition, nanostructured materials
with tailored crystalline facets have recent-
ly attracted great interest arising from their
unique geometrical and electronic struc-
tures such as high densities of atom steps,
kinks, dangling bonds, and ledges.[?9-321
In the case of TiO, crystals, according to
the principle of minimization of surface
energy (0.90 J m= for the (001) facet >
0.53 J m~ for the (100) facet > 0.44 J m
for the (101) facet), specific surfaces with
high energy are usually eliminated during
the crystal growth process.33 Under equi-
librium conditions, natural and synthetic
anatase TiO, single crystals mainly ex-
ist with a truncated octahedral bipyramid
morphology, in which the majority of the
surface is normally enclosed by energeti-
cally favorable (101) facets rather than
the more reactive (001) facets.[34 Very re-
cently, the role of fluorine has attracted in-
creased attention because of its capability
to control particle morphology and facets
of TiO,. With a much larger surface energy
than (101) facets, (001) facets can form
strong bonds with dye molecules, thus im-
proving the dye adsorption and enhancing
the performance of DSCs. 35!

Based on the above discussion, a ra-
tional design of the photoanode structure
to simultaneously enhance the light har-
vesting, electron transport and collection
efficiency is of high priority for further ef-
ficiency enhancements. Recently, massive
effort has been devoted to the 1D structure
and (001) crystal facet structure for better
electron transport performance, light scat-
tering effect and dye adsorption. In this
review, recent progress on the 1D structure
(nanotubes and nanorods) which offer di-
rect pathways for electron transport and
nanosheets and nanoparticles with (001)
crystal facets which have higher surface
energies will be discussed.

2. 1D Nanostructures

In DSCs, photo-induced charge sepa-
ration occurs by electron transport at the
TiO /dye/electrolyte interfaces, and the
charges transfer in the TiO, matrix and

electrolyte separately.”] A further increase
in conversion efficiency has been limited
by energy loss due to recombination be-
tween electrons and either dye molecules
or the oxidized electron-accepting species
in the electrolyte during the charge trans-
port process. 1D TiO, nanostructures such
as nanotubes, nanowires, and nanorods
have attracted considerable interest recent-
ly as they display unique electron transport
characteristics and great potential to be
applied in DSCs. Herein, recent progress
with 1D TiO, nanostructures and their ap-
plication in DSCs will be introduced.

2.1 Nanotubes

ID TiO, nanostructures, especially
nanotubes (NTs), have been synthesized
using various techniques such as anodiza-
tion, sol-gel methods and template-based
methods.

Anodization is a new technique to
prepare oriented NTs arrays. Grimes first
reported formation of uniform titania NTs
arrays via anodic oxidation of titanium
in a hydrofluoric electrolyte.3¢! To fab-
ricate NTs arrays, titanium foil is firstly
anodized to achieve ordered nanopores.
These nanopores initially have an amor-
phous structure, which can be transformed
to anatase TiO, upon annealing to over
450 °C. Electrolyte composition and pH,
determine both the rate of NTs array for-
mation, as well as the rate of resultant ox-
ide dissolution. In all cases, a fluoride ion-
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1133 with permission of Elsevier.

containing electrolyte is required for NTs
array formation. The dimensions of NTs
can be precisely controlled by tailoring the
electrochemical conditions. Uniform TiO,
NTs arrays are easily grown with various
pore sizes (22-110 nm), lengths (200 nm
to 1000 wm), and wall thicknesses (7-34
nm).371 A typical morphology of TiO, NTs
arrays is shown in Fig. 2.

The application of anodized TiO,NTs
arrays on titanium foil as a photoanode ma-
terial in DSCs was first reported in 2005.138]
The configuration of this type of DSC is
shown in Fig. 3. It has back-side illumi-
nation geometry since the titanium foil is
non-transparent. An overall photo conver-
sion efficiency (PCE) of 6.89% is achieved
under standard illumination conditions
(AM 1.5G, 100 mW/cm™), with an open
circuit voltage of 0.817 V, short circuit cur-
rent density of 12.72 mA cm, and fill fac-
tor of 0.663, while the photoelectrode film
is comprised of 20 um long TiO, NTs.[3!

The electronic transport dynamic of
the 1D NTs electrodes was investigated by
Frank and co-workers.[*01 As shown in Fig.
4, transport and recombination times for
NTs- and NPs-based DSCs as a function
of the incident photon flux (light intensity)
were compared. The thicknesses of the
NTs and NPs films (4.3 and 4.2 um, re-
spectively) in the cells were about the same,
and the recombination time constants for
the NTs arrays are an order of magnitude
larger than those for the NPs films over the

Fig. 2. Typical morphology of TiO, NTs arrays. Reprinted from Electrochem. Commun. 2005, 7,
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Fig. 3. Configuration of back-side illumination geometry DSCs and its |-V characteristics plots
Reprinted from Nanotechnology 2007, 18, 65707 with permission of IOP.
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Fig. 4. Comparison of (a) transport and (b) recombination time constants for NTs- and NPs-based
DSCs as a function of the incident photon flux for 680 nm laser illumination. Reprinted with per-
mission from Nano Lett. 2007, 7, 69. Copyright 2007 American Chemical Society.

light-intensity range investigated, result-
ing in a large charge collection efficiency
(25% larger than that for the NPs films) for
NTs electrodes. The slower recombination
could indicate that fewer potential surface
recombination sites exist in NTs arrays
than in NPs films. Therefore, the NTs films
can be made thicker than NPs films for a
higher light-harvesting efficiency.

The application of TiO, NTs grown
on Ti-foil requires back-side illumination,
which is not the optimal configuration for
DSCs because the platinum counterelec-
trode partially reflects light and the iodine
in the electrolyte absorbs photons in the
near UV region.[*!l To resolve this prob-
lem, Park et al.l*2! described a simple and
inexpensive transfer methodology. The
highly-ordered, 7~35 um-thick TiO, was
transferred onto fluorine-doped tin oxide
(FTO) glass, with two drops of 100 mM
Ti-isopropoxide to form interconnections
between the FTO glass and the TiO, film.
Under standard illumination conditions
(AM 1.5G, 100 mW/cm™), the NTs-based
DSCs with 35 pm-thick TiO, NTs arrays
exhibited a short-circuit current of 16.8
mA cm, an open-circuit voltage of 0.733
V and a fill factor of 62%, with a PCE of
7.6%.

2.2 Nanowires

In DSCs, a single crystalline and to-
pologically ordered photoanode could
provide direct electrical pathways for
photogenerated electrons and enhance the
electron transport rate. Therefore, oriented
NW and NR arrays could also be of ben-
efit to such photovoltaic devices. Here the
hydrothermal process is discussed, which
offers potential for large-scale and low-
cost production and precise control of the
nanostructures.

Lin and co-workers reported the pho-
tovoltaic performance of DSCs using TiO,
NWs arrays synthesized by a hydrothermal

process.[31 Titanate (Na,Ti,O, ) NWs ar-
rays were grown vertically on metal tita-
nium (Ti) substrates using a three-step syn-
thesis method. Then, the Na, Ti,O,, NWs
array film was immersed into an HCl aque-
ous solution to exchange Na* for H*. The
resulting hydrogen titanate (H,Ti,O, H,0)
NWs array film was postannealed at
450 °C for 2 h and transformed into a TiO,
NW array film, which still retained the in-
tact structure (Fig. 5). The NW thin film
was shed from the substrate as a mem-
brane, pasted onto a conductive glass and

assembled into a DSC. A PCE of 6.58%
for the DSC was obtained, which was 16%
higher than that of the DSC prepared using
commercial TiO, powder (P25) with nearly
the same thickness.

3. Hybrid Nanostructures of
1D Nanostructures Mixed with
Nanoparticles

Based on the discussion above, 1D
nanostructured TiO, materials have shown
excellent performance on electron trans-
port. However, the performance of most
1D nanostructured TiO, materials-based
DSCs were not as high as expected due to
the limited surface area. To solve this prob-
lem, researchers tried to construct compos-
ite photoanodes by mixing 1D nanostruc-
tured TiO, materials and TiO, NPs. Lin and
co-workers reported that a commercial P25
nanoparticle photoanode film decorated
with rutile NRs exhibited an outstanding
performance in DSCs.[28 The TiO, NRs
were obtained through a facile acidic hy-
drothermal method, and determined to
be single crystals as shown in Fig. 6. The
performance of NR-decorated P25 devices
was much better than the blank P25 de-
vices, which was especially reflected in
their magnitude of J which was ascribed
to the light scattering and fast electronic
transport of the TiO, NRs.

Fig. 5. Typical mor-
phology of TiO,NWs
arrays and its I-V
characteristics plots.
Reprinted with per-
mission from J. Am.
Ceram. Soc. 2008,
91, 628. Copyright
2008, John Wiley &
Sons, Inc.

18
(a) s Nanowire Array
? 15 (b) =—rp25
S /
g 7
£21 @
2 Jsc=15.2mAlem?
@ 991 Voc=071V (b)
s FF=0.608 Jsc=13 SmAlem?
- g Ef=6.58% Voc=0.70V
- - FF=0.60
g Area=0.16cm?® Efa8 67%
L=J 39 Area=0.16¢cm?
0 v . = i
0.00 0.15 0.30 0.45 0.80 0.75
Voltage (V)




SoLAR ENERGY HARVESTING

139

CHIMIA 2013, 67, Nr. 3

0.24 nm

Fig. 6. FESEM and
HRTEM images of
the as-prepared TiO,
nanocomposite at dif-
ferent magnifications
and the correspond-
ing SAED pattern of
the NRs. Reproduced
with permission of
the PCCP Owner
Societies. Phys.
Chem. Phys. Chem.
2011, 73, 15918.
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As presented in Fig. 7, intensity-mod-
ulated photocurrent/photovoltage spectra
(IMPS/IMVS) measurements were used to
gain information into the kinetic electron
transport and recombination processes.
Notably, introduction of the single-crys-
talline rutile NRs in the P25 matrix could
simultaneously enhance the electron life-
times and electron diffusion coefficient
of the device compared to the blank P25
device. It is reasonable that the TiO, NRs
played a role of a ‘highway’ for electron
transport, which could improve the elec-
tron transfer rate, thus reduce the charge
recombination. On the other hand, it is evi-
dent that NR-decorated P25 devices show
a light scattering effect, as demonstrated in
Fig. 7, where the arrows in grey represent
the light scattering effect of the incorpo-
rated single-crystalline NRs.

4. Nanosheets and Nanoparticles
with (001) Crystal Facets

In 2008, Yang and co-workers first
successfully synthesized uniform anatase
TiO, single crystals with a high percent-
age (47-64%) of (001) facets using hy-
drofluoric acid as a morphology control-
ling agent.[*443] In this work, a systematic
investigation was carried out with vari-
ous adsorption atoms to change the rela-
tive stabilities of (101) and (001) crystal
facets based on first-principle calcula-
tions, and the authors discovered that F
atoms not only yielded the lowest value
of surface energy for both the (001) and
(101) surfaces, but also resulted in (001)
surfaces that were more stable than (101)
surfaces. Based on this theoretical predic-
tion, titanium tetrafluoride (TiF,) aqueous

solution and hydrofluoric acid were used
as an anatase single crystal precursor and
crystal growth controlling agent, and TiO,
nanosheets with a high percentage of (001)
crystal facets were obtained as shown in
Fig. 8.

Despite progress in the practical ap-
plications of anatase TiO, containing pre-
dominantly highly reactive (001) facets in
photocatalytic materials and devices, there
are very few studies focusing on the per-
formance of DSCs fabricated with nano-
sized anatase TiO, single crystals with
high-energetic facets. Yu et al. reported
an improved PCE for a DSC fabricated
with anatase TiO, nanosheets (NSs) with
exposed (001) facets (4.56%) compared
to a DSC fabricated with traditional P25
nanoparticles (3.64%).146] The NSs were
70-80 nm in size, and only 8 nm thick,
and the J_ of the TiO, NSs based cell was
much higher than that of the P25, which is
mainly due to their enhanced light scatter-
ing properties as shown by UV-VIS diffuse
reflectance spectra.

Recently, Wu et al. reported that with
an increased percentage of exposed (001)
facets (10%, 38%, and 80% as NSCT-c,
NSCT-b and NSCT-a respectively), the
PCE increased sequentially (7.47%, 8.14%
to 8.49%).1351 In this work, the surface ar-
eas of the as-prepared samples NSCT-a,
and NSCT-b were determined to be similar
(89.2 m¥g and 91.4 m%g), while the dye
loading of NSCT-a (0.95 x 107mol cm™)
was larger than that of NSCT-b (0.84 X
10mol cm), which means that exposed
(001) facets in the TiO, play a very impor-
tant role in determining the dye adsorption
capability of the photoanode.

The dye loading capacity of nanocrys-
tals with high-energetic (001) facets was
further studied by Lin and co-workers.[47]
Nanoparticles with (001) crystal facets
which had a similar surface area (46.50
m?/g) to P25 nanoparticles (50.08 m%/g)
were obtained through a green hydrother-
mal method in which ammonium fluoride

Fig. 8. Typical morphology of TiO, NSs with
(001) crystal facets. Reprinted with permission
from Macmillan Publishers Ltd.: Nature 2008,
453, 638.
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(NH,F) was used as shape-capping reagent.
Unexpectedly the derived dye-loadings of
the two different kinds of photoanodes
were quite different, 6.74 x 10~ mol g~!
for the P25 photoanode and 7.91 x 107
mol g™' for the (001)-faceted single crys-
tal photoanode, demonstrating a 17% en-
hancement of the dye-loading capacity for
the (001)-faceted electrode. According to
previous studies, the anatase (001) surfac-
es with high surface energy have a strong
ability to absorb a (COOH) group.[4849]
During this process, the carbonyl O atom
binds to 5-fold-coordinated Ti atoms (Ti, )
on the (001) surfaces, while the hydroxyl is
transferred to 2-fold-coordinated O atoms
(0,.).5% Moreover, on the basis of the ab
initio density-functional computation, the
densities of the 5-fold-coordinated Ti at-
oms on the (101) and (001) facets were 5.1
x 102 and 7.0 x 102 A2, respectively.[5!!
This might be the primary reason for
the notably enhanced dye-loading of the
electrode with the exposed (001) facets.
Moreover, as shown in Fig. 9, it was con-
firmed that incorporation of the (001)-fac-
eted single crystalline nanoparticles into
the working electrode had little influence
on the electron collection time (T ); howev-
er, as compared with the P25-based device,
the electron lifetime (7) in the device with
(001) facetted single crystalline nanopar-
ticles was increased by almost 2-fold in
magnitude, which was mainly ascribed to
the different surface configuration in the
single crystals exposed with high energet-
ic (001) facets, such as plentiful dangling
bonds and surface defects.

However, Kavan et al. reported that the
anatase (001) facets adsorbed a smaller
amount of sensitizer (C101) per unit area
than the (101) facet,[52! while an enhance-
ment of Voc was achieved for (001) facet-
based DSCs which was due to the negative
shift of the flatband. In addition, Pan et al.
concluded that the conduction band edge
of (001) facet was upshifted.[53 Therefore,
further theoretical and experimental re-

search is needed for a better understand-
ing of the high energy facets of the photo-
anodes in DSC.

5. Conclusions and Outlook

The nanostructured TiO, materials for
photoanodes in DSCs have undergone
a great development in recent years, and
various morphology systems have been de-
veloped in the search for superior electron
transport kinetics and better photovoltaic
performance. The requirements of an ideal
photoanode material for highly efficient
DSCs are mainly reflected in the follow-
ing aspects: i) high specific surface area
to ensure sufficient dye adsorption capac-
ity; ii) directional structure to improve
electron transport, and reduce the energy
loss caused by charge recombination; iii)
light scattering caused by the larger size
nanostructured assembles to increase the
optical length in the photoanode film; iv)
high energy surfaces such as anatase (001)
facets to form a strong bond with dye mol-
ecules, thus improving the dye adsorption.

At present, 1D structures (nanotubes,
nanowires and nanorods), as well as
nanosheets and nanoparticles with (001)
crystal facets display good performance
when incorporated into DSCs. 1D struc-
tures show an obvious advantage in the
electron transport and a certain light scat-
tering effect when mixed with nanopar-
ticles. Nanosheets and nanoparticles with
high energy (001) crystal facets have
become a hot topic in the past few years
stemming from their unique electronic
structures. These high-energetic facet-
based nanocrystals can form a strong bond
with dye molecules and thus improve dye
adsorption. Further efforts are needed
to provide a theoretical basis for 1D and
(001) facetted nanostructured TiO, and to
improve DSC performances based on these
photoanodes.
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