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Abstract One of the greatest challenges for human society and civilization is the
development of powerful technologies to harness renewable solar energy to satisfy
the ever-growing energy demands. Semiconductor nanomaterials have important
applications in the field of solar energy conversion. Among these, TiO2 represents
one of the most promising functional semiconductors and is extensively utilized in
photoelectrochemical applications, including photocatalysis (e.g., H2 generation
from water splitting) and photovoltaics (e.g., dye-sensitized solar cells, DSSCs).
As such, many efforts have focused on developing and exploiting cost-effective
nanostructured TiO2 materials for efficient solar energy applications.

1 Introduction

With worldwide economic development and population growth, global energy
demands have increased dramatically. Today, such demands largely depend on
nonrenewable oil and fossil fuels. The continuous rise in the price of oil and gas
has motivated people to pay closer attention to issues concerning our energy
supply and demand [1]. In the twentieth century alone, the world population
quadrupled and energy demand went up 16 times. The exponential energy demand
is exhausting fossil fuel supplies at an alarming rate. The mean global energy
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consumption rate was 4.1 9 1020 J, or 13 terawatts (TW) in 2000. By year 2050,
the number will have doubled to 28 TW and tripled to 46 TW by the end of the
century based on current estimates of population growth and energy consumption
[2]. Currently, this huge energy demand is supplied by oil (35 %), coal (23 %) and
natural gas (21 %), which in total yields a ratio of around 79 % from fossil fuels.
While biomass provides only 8 % of the energy supply, nuclear energy only
6.5 %, and hydropower a mere 2 % share [1]. Excessive extraction is leading to
gradually decreasing reserves of conventional, nonrenewable, energy resources,
such as oil, coal, and natural gas. Moreover, the increasing energy production
concurrently impacts the environment through the production of greenhouse gases
(i.e., carbon dioxide, methane, nitrous oxide, and other gases) from fossil fuels,
which contribute to climate change and even global warming concerns [3].
Therefore, in order to deal with the increasing energy demand and provide a long-
term solution to the energy crisis in the future it is essential to develop environ-
mentally and economically clean alternative energy resources in order to achieve a
globally sustainable society.

Renewable energy resources, including hydroelectricity from tides and ocean
currents (2.5 TW), geothermal energy (12 TW), wind power (24 TW), and solar
energy striking the earth (170,000 TW) are considered highly promising options
[3]. Among these, solar energy is clean, endlessly abundant, and has the largest
potential to satisfy the future global demand for renewable energy sources (under
ideal conditions, radiation power on a horizontal surface is 1000 Wm-2) [2].
However, to date, the energy converted from sunlight remains far less than that of
the total energy demand. For instance, the total average annual installed energy
capacity in 2009 was about 7 gigawatts (GW), which only contributed to 0.2 % of
global electricity usage [4]. Thus, the efficient, direct conversion of solar energy
into electricity and fuels should, and must, be one of the most important scientific
and technological pursuits of this century [5].

1.1 Applications for Solar Cells

First of all, to become a major contributor to future renewable energy, solar energy
must be cost-effective and priced competitively relative to conventional energy
resources, nuclear power, and other renewable energy resources [6]. Currently, the
direct conversion of incident solar photons to electricity is achieved through pho-
tovoltaic (PV) devices (or solar cells) [7, 8]. Single crystal silicon-based PV devices
are the first-generation solar cells, which are commercially available for installa-
tion, deliver power with a 15 % efficiency and make up about 90 % of the current
PV market. However, first-generation solar cells still suffer from several inherent
deficiencies as a result of the complicated and energy intensive fabrication process,
inevitable use of toxic chemicals, heavy cell weight, and the high cost of manu-
facturing and installation [9]. A retail price of about $2 per peak watt (Wp) with a
corresponding production price of about $0.5/Wp could make PV cost-competitive
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with electricity produced from coal. But the production cost of these first-genera-
tion solar cells is presently around $3.5/Wp, which is highly dependent on the price
of the silicon material [10].

Second-generation solar cells, including amorphous (or nano-, micro-, poly-)
silicon, CuInGaSe2 (CIGS), and CdTe, are based on thin film technologies. These
thin film solar cells possess some advantages, such as relatively simple manu-
facturing processes which reduce the production cost to about $1/Wp, multiple
choices of applied materials, and the possibility of flexible substrates. However,
second-generation solar cells face several shortcomings as well such as the toxicity
(e.g., Cd) and low abundance (e.g., In and Se) of the component materials.
Moreover, it is necessary to further increase their efficiency for practical utilization
[11]. Both the first- and second-generation solar cells are based on single junction
devices which must obey the Shockley-Queisser limit with a maximum thermo-
dynamic efficiency of 31–33 % when the optimum band gaps fall between about
1.1 and 1.4 eV [12].

Significantly, the third-generation solar cells, including tandem cells, hot carrier
cells, dye-sensitized solar cells, and organic solar cells can overcome this ther-
modynamic efficiency limit. The most important thing is that these third-generation
solar cells are promising to convert solar energy into electricity at a highly com-
petitive price, that is, less than $0.5/Wp [2, 10].

Among these third-generation solar cells, DSSCs offer many attractive features
that facilitate market entry. They afford low production cost (i.e., inexpensive to
manufacture, possibility of roll-to-roll processing and low embodied energy), low-
toxicity, earth-abundant materials (except Pt and Ru), good performance in diverse
light conditions (i.e., high angle of incidence, low intensity and partial shadowing),
lightweight, flexible, and design feasibility (i.e., transparent, bifacial and selected
colors) [2, 13]. Since the first DSSC was reported with efficiency of 7.1 % in 1991
[14], much attention has been devoted to this promising electrochemical device.
After two decades of concentrated efforts, DSSCs have developed into a powerful
photovoltaic technology with a recorded efficiency as high as 12.3 % [15].

Typically, a DSSC is made of five components: a conductive mechanical
support (e.g., transparent conductive glass or Ti foil), a semiconductor film (e.g.,
TiO2), a sensitizer (e.g., ruthenium dye N719), an electrolyte (e.g., iodide/triiodide
couple), and a counter electrode (e.g., Pt-coated electrode). The operating prin-
ciples of DSSCs are further described in Fig. 1a [16]. In DSSCs, electricity is
created at the semiconductor film on which a monolayer of visible light absorbing
dye is chemisorbed. Photo-excitation of the absorbed dye molecules generates
excited electrons which are further injected into the conduction band of the
semiconductor and quickly migrated to the external circuit through the conductive
substrate. The original state of the dye is subsequently restored by electron
donation from the electrolyte, usually an organic solvent containing a redox sys-
tem, such as the iodide/triiodide (I-/I3

-) couple. The regeneration of the sensitizer
by I- prevents the recapture of the conduction band electron by the oxidized dye
while I- is regenerated in turn by the reduction of I3

- at the counter electrode. The
counter electrode returns charge from the external circuit back to the cycling
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circuit in the cell [17]. The voltage generated under illumination depends on the
difference between the Fermi level of the electron in the semiconductor materials
and the redox potential of the electrolyte (Fig. 1b) [18, 19].

Notably, the core of the system is the nanoporous semiconductor, composed
primarily of TiO2 materials, which not only supplies numerous adsorption sites for
dye sensitizer but also functions as an electron acceptor and electronic conductor
[16]. TiO2 possesses several unique chemical and physical properties which make it
the most popular candidate for semiconductors in DSSCs. First, the conduction
band edge of TiO2 lies slightly below the excited state energy level of many
sensitized dyes, which is a necessary condition for efficient electron injection.
Second, TiO2 also has a large dielectric constant (e = 80 for anatase) for effective
electrostatic shielding of the injected electrons from the oxidized dye molecules
adsorbed on the TiO2 surface, thus avoiding their recombination before regenera-
tion of the dyes by the redox electrolyte. The relatively high refractive index of
TiO2 (n = 2.5 for anatase) also provides efficient diffusive light scattering inside
the nanoporous film, thus significantly increasing the light harvesting potential. In
addition, TiO2 is stable over a wide range of environments, such as high temper-
ature and high acidity. Lastly, TiO2 is inexpensive, abundant, and nontoxic [2, 20].
In order to improve upon the aforementioned useful properties, over the past several
decades extensive research interests and efforts have focused on the design, fab-
rication, and modification of versatile TiO2 photoanodes.

1.2 Applications in Photoelectrochemical Water Splitting

In addition, another ideal way for direct conversion of solar energy into practical
energy sources is through the generating of hydrogen from solar photoelectro-
chemical splitting of water using semiconductors as photoelectrodes [21].

Fig. 1 a The physical image and b the simple operating principle of DSSCs based on TiO2

nanomaterials. (Reprinted with permission from Ref. a [17], b [9]. Copyright � Wiley-VCH and
Nature Publishing Group)
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Hydrogen is a well-known, potentially highly efficient and environmentally clean
fuel since the chemical energy stored in the H–H bond can be easily released when
the molecule reacts with oxygen to yield only water as a by-product (i.e., com-
bustion). Moreover, hydrogen is a light gas (0.08988 g/L) with a higher energy
density compared to any other fuel such as gasoline. For example, one gram of
hydrogen can provide about 140 kJ of energy, which is almost four times that
of methane (33 kJ/g) [22]. Therefore, large-scale and cost-effective generation of
hydrogen, preferably using renewable and carbon-free resources, is highly
attractive. Currently, hydrogen is produced from a variety of primary sources such
as natural gas, heavy oil, methanol, biomass, wastes, coal, solar, wind, and nuclear
power. Among these sources, hydrogen production from photocatalytic water
splitting in the presence of semiconductor photocatalysts using solar irradiation
represents one of the most promising approaches and has garnered attention
because of its direct use of sunlight. In so doing, the process avoids the ineffi-
ciencies due to thermal transformation or electrolysis with the conversion of solar
energy to electricity [23]. Since the pioneering work by Fujishima and Honda in
1972 on a photoelectrochemical cell (PEC) using a TiO2 photoelectrode, water
splitting under sunlight has made remarkable progress in the past 40 years [24, 25].

Water splitting is a thermodynamically uphill or endothermic process with a
significantly positive change in Gibbs free energy (DGo = +237.2 kJ/mol, 1.23 eV
per electron), and a minimum potential of 1.23 eV is needed for the reaction to
proceed. Taking the recombination of excited electron-hole pairs and losses from
devices such as contacts and electrode resistances into consideration, the optimal
energy required for water splitting is around 2 eV [22]. In a PEC, the key com-
ponents are the electrodes (i.e., cathode and anode) on which redox chemical
reactions involving electron transfer take place. Typically, a PEC cell is composed
of a semiconductor photoanode and a Pt counter electrode in an electrolyte solution.
As shown in Fig. 2a, incident light irradiation with the photon energy matching or
greater than the forbidden band gap energy (Eg) of the semiconductor generates
electron-hole pairs and the photo-excited electrons are then promoted from the
valence band (VB) to the unoccupied conduction band (CB), which then migrate to
the cathode and react with protons to generate hydrogen (2H+ + 2e- ? H2).
Concurrently, the holes accumulate on the surface of the photoanode and split water
molecules to produce oxygen (H2O + 2h+ ? 2H+ + 1/2O2) [26].

To effectively split water for hydrogen generation, the match of the band gap
and the potential of the conduction and valence bands are important, that is, the Eg

of the semiconductor should be larger than 1.23 eV (k\ 1000 nm) to realize
water splitting. However, when using visible light, Eg should be less than 3.0 eV
(k[ 400 nm) [27]. In addition, the semiconductor photoanode with a conduction
band edge more negative than the H2 evolution potential and a valence band edge
more positive than the O2 evolution potential is also required. Other requirements
include stability under light irradiation and in aqueous solution, excellent
absorption in the solar spectrum region, high-quality structure for effective charge
transport, and low production cost [28]. Unfortunately, no such material has been
found that can satisfy all the requirements simultaneously.
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Numerous semiconductor materials, for instance (TiO2, Fe2O3, SrTiO3, ZrO2,
WO3, CdS, ZnO, NaTaO3, BaTi4O9, BiVO4, CeO2) have been explored for water
splitting into H2 and O2 under ultraviolet (UV) or visible light irradiation [23, 28, 29].
Among the various candidates for the photoanode, TiO2 is considered to be one of
the most promising semiconductor materials as it can fulfill the task of photocatalytic
water splitting in a clean, environmentally friendly and low-cost way, owing to its
favorable band gap energy (3.2 eV in anatase), high photochemical stability, non-
toxic property, and relatively inexpensive cost [25]. There are however several
drawbacks to TiO2. The conversion efficiency of this technology is still low and thus
it is currently only in the research stage. Also, the band gap of anatase TiO2 is around
3.2 eV, implying that only ultraviolet (UV) light can be used for water splitting.
Lastly, the PEC cell concurrently undergoes a rapid recombination of photogener-
ated electron-hole pairs [30]. Consequently, many research efforts are made to
reduce these drawbacks in the TiO2-based PEC cell.

1.3 Applications in Photocatalytic Degradation of Pollutants

Lastly, solar light may have the potential to solve the environmental contamination
problem. Wastewater pollutants have become a worldwide environmental threat as
a result of burgeoning industry and population [31]. To date, many techniques
have been developed for the decontamination of many artificial or anthropogenic
organic pollutants, especially those with high toxicity but very low concentration.
A better alternative should be able to chemically transform the organic pollutants
into environmentally benign compounds in an efficient manner [31].

Recently, numerous studies have been performed on the application of photo-
catalysis in the degradation of organic pollutants from wastewaters due to its
ability to completely mineralize the toxic organic chemicals into nontoxic inor-
ganic minerals [29]. Photocatalysis is triggered by semiconductor catalysts which

Fig. 2 a Overview principle of TiO2-based photocatalytic water splitting for hydrogen
generation. b Simplified principle of TiO2-based photocatalysis of organic pollutants. (Reprinted
with permission from Ref. [29]. Copyright � Simplex Academic Publishers)
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function as sensitizers for light-induced redox-reactions and have the unique
electronic structure of a filled valence band, and an empty conduction band. On
irradiation (Fig. 2b), electrons in the valence band of semiconductors are excited
to their conduction band, thus leaving holes behind. The resulting electron-hole
pairs can recombine or react separately with other molecules. The holes may
migrate to the surface and react either with electron donors in the solution or with
hydroxide ions to produce powerful oxidizing species like hydroxyl or superoxide
radicals. Meanwhile, the conduction band electrons can reduce an electron
acceptor [32]. Consequently, semiconductor materials can act as either an electron
donor or as an electron acceptor for molecules in the surrounding medium,
depending on the charge transfer to the adsorbed species [32].

Semiconductor nanomaterials are promising options for inexpensive and
environmentally friendly decontamination systems in which the correlated
chemical reagents, energy source, and catalysts are abundant, inexpensive, non-
toxic, and produce no secondary pollution byproducts [33]. Compared to other
semiconductors (e.g., ZnO, Fe2O3, CdS, and ZnS), TiO2 is the most widely used
semiconductor catalyst in photocatalysis due to its chemical and biological
inertness, photostability, relative ease of manufacture and utilization, reaction
catalysis efficiency, low cost, and nontoxicity. It does however have the disad-
vantage of solely ultraviolet (UV) activation and not visible [32].

2 Fabrication of Cost-Effective Nanostructured
TiO2 Materials

As mentioned above, TiO2 is one of the most promising photovoltaic materials
because of its appropriate electronic band structure, photostability, chemical
inertness, and commercial availability [34]. TiO2 exists in nature in three different
polymorphs, namely, rutile, anatase, and brookite. In addition, other synthetic
phases, for example, TiO2(B), TiO2(H), and TiO2(R) as well as several high-
pressure polymorphs have also been reported. Each phase shows different physical
and chemical properties for different functionalities [34].

Of these phases, rutile and anatase are the most practically important crystal
structures for energy applications (Table 1). In general, both anatase and rutile-
type TiO2 have a tetragonal crystal structure. The difference is that anatase TiO2

follows a bipyramidal habit, while rutile TiO2 obeys a prismatic habit [33]. These
two tetragonal structures can be constructed by the chains of TiO6 octahedra,
where each Ti4+ ion is close to six O2- ions. Anatase and rutile crystal structures
are different in the distortion of each octahedron along with the assembly pattern
of the octahedron chains. Specifically, the octahedron in rutile exhibits a slight
orthorhombic distortion, while the octahedron in anatase is largely distorted,
leading to lower symmetry compared to that of orthorhombic. Also, anatase has
larger Ti–Ti distances but shorter Ti–O distances than those in rutile. Finally, the
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rutile structure is assembled by joining each octahedron with ten neighboring
octahedrons in the form of two sharing edge oxygen pairs and eight sharing corner
oxygen atoms. While for the anatase structure, each octahedron couples to eight
neighbors with four sharing an edge and four sharing a corner. Thus, these dif-
ferences in lattice structures result in different electronic properties between rutile
and anatase TiO2 [35]. Generally, anatase is considered to be more photoactive
than rutile, largely due to the differences in the extent and nature of the surface
hydroxyl groups present in the low temperature structure and the Fermi levels,
where anatase (Eg = 3.2 eV) is about 0.2 eV higher than that of rutile
(Eg = 3.02 eV). However, rutile TiO2 still has some advantages over anatase such
as higher chemical stability, higher refractive index, and cheaper production costs.
Furthermore, rutile films have recently been used in DSSCs and have shown
comparable performance to anatase DSSCs [36].

It is well accepted that the performance of devices is highly dependent on the
chemical and physical properties of their as-prepared material components. Thus,
today the demand for efficient, high performance devices has stimulated increasing
attention in advanced functional materials [3]. Conventional micrometer-sized
bulk materials suffer from inherent limitations in performance and fail to satisfy
the increasing requirements of new devices. Consequently, nanostructured mate-
rials are becoming ever more important in many fields and hence have attracted
great interest in recent years [34].

In brief, nanostructured materials exhibit quantum confinement effects when the
electronic particles of these materials are confined by potential barriers to very
small regions of space. The confinement can be in one dimension (i.e., quantum
wells), in two dimensions (i.e., quantum wires, tubes or rods), or in three
dimensions (i.e., quantum dots (QDs)). A variety of nanometer size-dependent
properties have been found in the materials used in electrochemical energy

Table 1 Physical and structural properties of anatase and rutile TiO2. (Reprinted with permis-
sion from Ref. [33]. Copyright � Elsevier)

Property Anatase Rutile

Molecular weight (g/mol) 79.88 79.88
Melting point (�C) 1,825 1,825
Boiling point (�C) 2,500–3,000 2,500–3,000
Light absorption (nm) \387.5 \413.3
Band-gap energy (eV) *3.2 *3.0
Mohr’s hardness 5.5 6.5–7.0
Dielectric constant 31 114
Density (g/cm3) 3.79 4.13
Crystal structure Tetragonal Tetragonal
Space group I41/amd P42/mnm
Lattice constant (Å) a = 3.78 a = 4.59

c = 9.52 c = 2.96
Ti-0 bond length (Å) 1.94 (4) 1.95 (4)

1.97 (2) 1.98 (2)
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conversion and storage devices. For example, the increasing surface-to-volume
ratio and special surface area facilitate sufficient reaction or interaction between
the nanostructured material and surrounding electrolyte [37]. Energy conversion
and transport in nanostructured materials are also different from those in bulk
materials due to the quantum size effects on energy carriers such as photons,
electrons, and molecules [38]. For example, efficient light harvesting to create
charge carriers in materials happens at the scale of several hundreds of nanome-
ters, near the wavelength of light.

However, the mean free path of the excited charge carriers is shorter than the
wavelength of light, requiring the small length scales afforded by nanostructures.
Considering the need for both efficient photon absorption and effective collection of
excited charge carriers in devices, it is necessary to design structures on a scale
commensurate with both the wavelength of light and charge migration lengths
simultaneously. One such option is one-dimensional (1D) nanostructures (e.g.,
nanotubes or nanowires), which have one dimension larger than the wavelength of
light, and another dimension shorter than the mean free path of charge carriers [39].
Accordingly, current efforts in nanoscience and nanotechnology for energy appli-
cations are concentrating on utilizing these nanoscale effects to produce efficient
energy technologies such as solar cells, fuel cells, and batteries. Researchers are
eager to exploit cost-effective process to prepare high-performance nanostructures
for a more sustainable energy economy [6, 40-44].

Many properties of nanostructured TiO2 films, such as surface area, shape, grain
size, and grain boundary density, will significantly impact the performances of
energy conversion devices [45-47]. The methodology used to fabricate the
nanostructured films is an essential factor to tailor the properties of TiO2 nano-
structures [48]. To date, significant progress has been achieved in the preparation
of TiO2 nanomaterials. A variety of film preparation techniques have been
developed and employed for the formation of diversiform nanostructured TiO2,
including nanoparticles [49], nanorods [50], nanowires [51], nanotubes [52],
nanosheets [53], and mesoporous structures [54]. In most cases, nanostructured
TiO2 materials can be prepared either by dry or wet processes. In the past decades,
a number of methods, such as sol–gel [55], hydrothermal/solvothermal processes
[56], electrochemical anodization [57], electrospinning [58], electrospray [59],
electrodeposition [60], directional chemical oxidation [61], ultrasound and
microwave irradiation [62], laser pyrolysis [63], and chemical/physical vapor
deposition [64], have been developed to control the size, morphology, and uni-
formity of TiO2 nanostructures simultaneously. The following sections further
elaborate on some of the above-mentioned preparation methods for preparing cost-
effective, high-performance TiO2 nanostructures for energy applications, such as
DSSCs, hydrogen generation, and photocatalysis.
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2.1 Preparation Methods

2.1.1 Sol–Gel Method

The sol–gel method is a powerful technique in the development of nanostructured
semiconductor films with diverse morphologies. Sol–gel method is typically a two-
step process of synthesis and deposition, and can easily tailor the material prop-
erties during synthesis under optimized conditions [65, 66]. In a typical sol–gel
process, a colloidal suspension or sol is first obtained from the hydrolysis and
polymerization reactions of the precursors, which are usually inorganic metal salts
or metal organic compounds such as metal alkoxides. The phase conversion from
the liquid sol into the solid gel phase is realized by complete polymerization and
evaporation of the solvent. Finally, thin films of the resulting solid gel can be
achieved via a variety of deposition techniques such as spin-coating, dip-coating,
spray pyrolysis, doctor blade, electrophoretic, and template assisted deposition
onto a conducting glass substrate (e.g., fluorine-doped tin oxide, FTO or indium-
tin oxide, ITO glasses) or other preferred surface [67–69]. The film is then
annealed at 200–450 �C in air for 1–2 h, which is essential to reduce grain
boundaries and enhance crystallinity, thus improving electrical conductivity.

Nanostructured TiO2 materials are usually prepared from the hydrolysis of a
titanium precursor, which is normally performed via an acid-catalyzed hydrolysis
step of titanium (IV) alkoxide (e.g., titanium isopropoxide, TTIP) or halide pre-
cursor (e.g., TiCl4) followed by condensation. Properties of the resulting TiO2

nanomaterials, including the crystallinity, morphology, structure size, surface area,
porosity, degree of dispersion, and crystal phase, heavily depend on the reaction
conditions, including the temperature, reaction time, solvent, solution pH, type of
precursor, drying conditions, and post-treatment [20, 35, 70]. Among various
methods, the sol–gel method is one of the most widely used methods for TiO2

nanostructure preparation, due to its relatively low cost, flexibility of substrate, and
diversity of nanostructures such as nanoparticles, nanorods, nanoporous films, and
nanowires [1].

Template-assisted sol–gel processes are a well-established strategy for the
design of various functional TiO2 nanostructures. This method utilizes the mor-
phological properties of known and characterized templates in order to assemble
materials with a particular morphology by reactive deposition or dissolution
methods. By controlling the morphology of the template material, it is possible to
prepare numerous new materials with a regular and controllable morphology (e.g.,
mesoporous structure) on the nano and micro scale [71, 72]. The template-assisted
method can be generally divided into three sequential steps as shown in Fig. 3a:
(1) assembly of a template (e.g., composed of polymer latex spheres), (2) infil-
tration and deposition of TiO2 nanoparticles or titanium precursor, and (3)
selective removal of the used template to yield an inverse porous structure [73].
The used templates can be soft templates (surfactants or block polymers) or hard
templates (porous silica, polystyrene spheres, or porous carbon) [74].
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In the past decade, mesoporous TiO2 materials have attracted considerable
interest for many applications due to their continuous particle framework, which
contain nanoparticles distributed throughout structures of adjustable pore size and
high specific surface area. Mesoporous TiO2 materials with tailored pore size, high
specific surface area, and well-defined crystalline structure in particular have
potential applications in solar cells, photocatalysis, and water splitting [75, 76]. In
photocatalytic applications, a tunable pore size can facilitate the diffusion rate of
reactants toward adsorption sites, while a high surface area can maximize the
interface between the reactant and the catalyst surfaces [77]. For DSSCs, meso-
porous TiO2 can enhance light harvesting within the electrodes without sacrificing
the accessible surface for dye loading [78].

Generally, the sol–gel process using organic surfactants as assisting templates
represents the most widely used route for the synthesis of mesoporous TiO2 and
involves a complicated mechanism called evaporation-induced self-assembly
(EISA) [79]. The EISA process produces an ideal grid-like morphology consisting
of a continuous, ordered network of anatase TiO2 with a high surface area by
condensation of a titanium precursor around self-organized organic templates in a
gel phase, followed by removal of the templates via heat treatment. This simple
process uses a wide range of surfactants as structure directing agents to prepare
ordered mesoporous TiO2. The structure directing agent in this method is an
amphiphilic macromolecule (block copolymer) which microphase-separates into

Fig. 3 a Schematics of the sol-gel fabrication procedure of a TiO2 inverse opal via a template-
assisted method. SEM images of SU8 templates (b) and TiO2 inverse opal (c). (Reprinted with
permission from Ref. a [92], b, c [72]. Copyright � Wiley-VCH and American Chemical
Society)
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ordered domains on the 5–50 nm length scale. This is driven by the incompati-
bility of its covalently linked macro-molecular blocks. The inorganic material is
typically selectively incorporated into one of the polymer domains in the form of a
nanoparticle sol. The structure-direction controlled by macro-molecular self-
assembly undergoes a high-temperature calcination step, resulting in an inorganic
material that resembles the polymer microphase morphology [80].

Commonly the used organic templates are amphiphilic poly(alkylene oxide)
block copolymers, composed of two different polymers covalently connected at one
end, such as triblock copolymers, HO(CH2CH2O)20(CH2CH(CH3)O)70

(CH2CH2O)20H (designated EO20PO70EO20, called Pluronic P-123) [81] and
HO(CH2CH2O)106(CH2CH–(CH3)O)70(CH2CH2O)106H (designated EO106PO70

EO106, called Pluronic F-127) [79, 82]. Recently diblock polymers have also been
used as structure-directing agents. Some examples include polystyrene-block-
poly(4-vinylpyridine) (PS-b-P4VP) [83, 84], polystyrene-block-poly(2-vinylpyri-
dine) (PS-b-P2VP) [85], polystyrene-block-poly(ethylene oxide) (PS-b-PEO) [86,
87], poly(vinyl chloride)-g-poly(oxyethylene methacrylate) (PVC-g-POEM) [67],
and poly(isoprene-block-ethylene oxide) (PI-b-PEO) [88]. Moreover, other
organics including poly(dimethylglutarimide) (PMGI), hydroxyl styrene-based
cross-linkable polymers [89], cetyltrimethylammonium bromide (CTAB) micelles
[90], cellulose [65], sodium alginate [91] and polyethylene glycol (PEG) [40] are
also employed to direct the formation of mesoporous TiO2 for solar energy
applications. Using such sol-gel process, electrodes can be prepared directly on Si
or FTO substrates. Furthermore, the process is highly scalable because it can be
performed at low temperatures without any expensive or complicated equipment.

Among the various new microstructured electrodes designed recently, three-
dimensional (3D) photonic crystal electrodes (Fig. 3c) made from colloidal crystal
templates or inverse opals (Fig. 3b) have been well investigated due to their
unique advantages [92, 93]. Photonic crystal (PC) materials exhibit periodicities in
their refractive index on the order of the wavelength of light, and thus provide
many interesting possibilities for ‘‘photon management’’ [94, 95]. Bragg diffrac-
tion in a periodic lattice, localization of heavy photons near the edges of a photonic
band gap, multiple scattering at disordered regions in the photonic crystal, and the
formation of multiple resonant modes are some of the phenomena that are
exhibited by photonic crystals and can greatly enhance the effective light path
within the active layer [68, 96]. 3D photonic colloidal crystals are of particular
interest for enhancing light harvesting in DSSCs because these TiO2 crystals can
be both porous and significantly enhance light-matter interactions on the long
wavelength side of the stop band. More importantly, the 3D ordered porous
electrode with relatively large porosity is beneficial in applications that include
polymeric electrolytes with high viscosities and relatively large molecular weight.
Furthermore, 3D connected TiO2 networks can provide an organized electron path,
which may facilitate charge transport and thus enhance the collection efficiency of
back-contact electrodes [72, 92]. In this regard, several hard templates, such as
polystyrene (PS) [97, 98], poly(methyl methacrylate) (PMMA) [73], and SU8
photoresist [72] can be used to build the 3D backbone.
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Interestingly, some designs are created using two kinds of templates. For
example, a double layer couples a high surface area mesoporous anatase underlayer
prepared using PI-b-PEO block polymer as template, with an optically and elec-
trically active 3D periodic TiO2 PC overlayer reversed from a PS template. Such a
design is expected to allow effective dye sensitization, electrolyte infiltration, and
charge collection from both the mesoporous and the PC layers, which acts as the
photoanode in DSSCs [68]. Additionally, mesoscale colloidal PS particles and
lithographically patterned SU8 macropores can be used as the dual templates, with
the colloidal particles assembled within the macropores. The as-prepared template
produces hierarchical TiO2 electrodes for DSSCs with sufficient surface area from
mesoscale pores and effective light scattering from micropores [99].

Alongside the effective organic templates, several inorganic materials including
porous anodic alumina (PAA) [100], ZnO [101], Cd(OH)2 [102] and SiO2 [103]
have been successfully employed as templates to construct TiO2 architectures,
such as ordered nanowires/nanotubes, mesoporous hollow spheres, and hierar-
chical nanoplates. One of the most commonly used templates, a PAA membrane
with high density and high aspect ratio pores, is prepared by anodic oxidation of an
aluminum sheet in a solution of sulfuric, oxalic, or phosphoric acids. It is fre-
quently used as a template in nanowire or nanotube array synthesis through the
sol–gel process described in Sect. 2.2.2 [104]. The PAA allows nanowires or
nanotubes to grow on transparent conducting indium tin oxide (ITO) substrates
without bending or breaking. This technique is capable of achieving a surface
roughness factor equal to a typical nanoparticle layer [100]. In particular, a number
of hybrid templated processes have been developed to construct attractive TiO2

nanostructures. For example, 3D interconnected nanoporous TiO2 nanotube arrays
on fluorine-doped tin oxide (FTO) glass were prepared using a sol-gel process
assisted by PVC-g-P4VP block copolymer and a ZnO nanorod template [105]. An
organic–inorganic hybrid template (Fig. 4), Al2O3-POEM, is specially designed to
fabricate a crack-free, organized mesoporous TiO2 photoanode with high surface
area, good interconnectivity, and uniform pores, yielding a high energy conversion
efficiency of 7.3 % in DSSCs [78]. Other synthesis methods have also been
assisted by templates, including hydrothermal [106, 107], atomic layer deposition
(ALD) [108–110], microwave, and sonochemical methods [77].

2.1.2 Hydrothermal/Solvothermal Method

The hydrothermal/solvothermal methods have also been used to prepare a variety
of TiO2 nanomaterials [111–113]. In such processes (Fig. 5), the synthesis reaction
generally occurs in aqueous/organic solutions containing required material pre-
cursors within temperature controlled steel pressure vessels called autoclaves. The
reaction temperature can be raised above the boiling point of the water/organic
solvent, reaching the pressure of vapor saturation. The temperature and the amount
of solution added to the autoclave largely affect the internal pressure produced.
The solvothermal method is almost identical to hydrothermal method except that
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the solvents used for solvothermal synthesis are nonaqueous, while water is the
primary hydrothermal solvent [114, 115]. Accordingly, the temperature in solvo-
thermal process can be increased much higher than that in hydrothermal method
because a variety of organic solvents with high boiling points can be adopted.
Normally, the solvothermal method possesses better control over the size, struc-
ture, size distribution, and degree of crystallinity of TiO2 nanomaterials compared
to hydrothermal method [35].

In comparison with other methods, hydrothermal/solvothermal synthesis is a
facile route to prepare a highly crystalline oxide under moderate reaction condi-
tions, including low temperature (in general less than 250 �C) and relatively short

Fig. 4 Schematic of the preparation of the TiO2 electrodes using hybrid templates. (Reprinted
with permission from Ref. [78]). Copyright � Wiley-VCH

Fig. 5 Simplified schematic of hydrothermal and solvothermal synthesis and some typical
structures prepared by both process: a nanosheets, b nanorods, c hollow microspheres and
d flower-like microspheres. (Reprinted with permission from Ref. a [114], b [122], c [8] d [125].
Copyright � American Chemical Society and Wiley-VCH)
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reaction time. It provides a convenient and effective reaction environment for the
formation of nanocrystalline TiO2 with high purity, good dispersion, and well-
controlled crystallinity [116]. By employing this method, the calcination process,
which is essential to the TiO2 transformation from amorphous phase to crystalline
phase, can be eliminated. Similarly, by tuning the hydrothermal conditions (such
as temperature, pH, reactant concentration, molar ratio, and additives), crystalline
products with different compositions, sizes, and morphologies can be achieved
[117]. Many high-performance TiO2 nanostructures, including novel nanocrystals
[114], nanosheets (Fig. 5a) [22], 1D morphologies (e.g., nanotubes, nanowires,
nanorods (Fig. 5b)) [118–122], mesoporous structures (Fig. 5c) [116, 123], and
especially 3D hierarchical architectures (Fig. 5d) [29, 115, 124, 125] have been
extensively developed via cost-effective hydrothermal/solvothermal methods and
widely applied in DSSCs, H2 generation and photocatalysis.

Recently, anatase TiO2 single-crystalline nanosheets (NSs) with a high percentage
of reactive (001) facets have attracted much attention as a dominant source of active
sites for various applications such as photovoltaic cells, photodegradation of organic
molecules, and photocatalytic water splitting [112, 126, 127]. Both theoretical and
experimental studies indicate that the anatase TiO2 (001) facets in particular are more
reactive than (101) facets, which could be mainly attributed to different coordination
numbers of Ti in (001) and (101) facets. In the (001) facets, each Ti atom coordinates
with five oxygen atoms (i.e., with 100 % five-coordinate Ti (Ti5c) atoms). While in
the (101) facet, each Ti atom is coordinated with either five or six oxygen atoms with a
50 % probability for either case. Thus, the (001) facets display an enhanced number of
oxygen vacancies in comparison with the (101) facets owing to the low coordination
number of Ti with oxygen [128, 129]. However, anatase TiO2 crystals are usually
dominated by (101) facets, which are thermodynamically stable due to their lower
surface energy than that of (001) facets (i.e., surface energy: c(001) = 0.90
J/m2 [ c(100) = 0.53 J/m2 [ c(101) = 0.44 J/m2). Consequently (101) facets
account for more than 94 % of the total exposed surface according to the Wolff
construction [4].

An important breakthrough in the preparation of anatase TiO2 sheets with
exposed (001) facets was achieved by Yang et al. in 2008. The synthesis of anatase
TiO2 single crystals with 47 % exposed (001) facets was realized by using hydro-
fluoric acid (HF) as a shape controlling agent to stabilize the (001) facets (Fig. 6a–c)
[130]. Thereafter, numerous studies have been conducted toward the preparation
and application of different shaped anatase TiO2 micro- or nanocrystals with
exposed (001) facets [131–133]. For example, Zheng et al. demonstrated a simple
solvothermal synthesis, where tetrabutyltitanate, Ti(OBu)4, was mixed with abso-
lute ethanol and 40 % hydrofluoric acid solution, to produce TiO2 microspheres
assembled of anatase TiO2 nanosheets with 83 % dominant (001) facets (Fig. 6d).
These TiO2 microspheres exhibited excellent photocatalytic activity for the deg-
radation of methyl orange (MO) as shown in Fig. 6e [134]. Yang et al. demonstrated
controllable hydrothermal synthesis of ultra-thin TiO2 NSs with a thickness of only
1.6–2.7 nm and up to 82 % (001) facet coverage. It is found that the concentration of
HF used as a capping agent significantly affected the thickness and side length of the
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resulting TiO2 nanosheets. Due to the high percentage of reactive (001) facets, the
synthesized NSs loaded with 1 wt% Pt from photochemical reduction of water in
the presence of methanol as a scavenger showed a H2 evolution rate of
7381 lmol h-1 g-1 under UV-vis light [22]. Xiang et al. reported that the flower-
like TiO2 microsphere films with about 30 % exposed (001) facets were directly
synthesized on the Ti foil in a dilute aqueous HF solution by a simple one-pot
hydrothermal process and exhibited tunable photocatalytic selectivity toward
decomposition of azo dyes by modifying the surface of TiO2 microspheres as well as
by varying the degree of etching of (001) facets [133]. Zhang et al. synthesized
anatase TiO2 microspheres with exposed mirror-like plane (001) crystalline facets
via a facile low-temperature hydrothermal method. The improved light harvesting
efficiency, attributed to the superior light scattering ability of the TiO2 microsphere
film, gave such microsphere photoanodes better overall light conversion efficiency
of 7.91 % in DSSCs, which is 1.2 times the overall efficiency (6.73 %) obtained
from the P25 photoanode [135].

Most of the hydrothermal syntheses reported so far have been carried out in the
acidic environment with the addition of concentrated hydrofluoric acid, which is

Fig. 6 SEM images of anatase single crystals (a) and TiO2 microspheres composed of
nanosheets with (001) facets (d), inset is the magnified surface of a microsphere. b The size
distribution of anatase single crystals in (a). c The degree of truncation (B/A, A and B denote
lengths of the side of the bipyramid and the side of the square {001} ‘truncation’ facets,
respectively) of anatase single crystals in (a). e The corresponding photodegradation of methyl
orange (MO) of (d). (Reprinted with permission from Ref. a–c [130], d, e [134]. Copyright �
Nature Publishing Group and Wiley-VCH)
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highly toxic and corrosive in both liquid and vapor forms [136]. In response to the
safety and health concerns, a number of studies have investigated the preparation
of anatase TiO2 single crystals with clean and exposed (001) facets via hydro-
fluoric acid-free processes [137–139]. Recently, Yu et al. reported the synthesis of
a layered TiO2 structure composed of several nanosheets with exposed (001)
facets, by a simple hydrothermal method in the presence of (NH4)2TiF6, H3BO3,
and 2-propanol, followed by calcination treatment (Fig. 7a). The resulting layered
TiO2 with (001) facet nanosheets (Fig. 7b) exhibited excellent photocatalytic
activity for the degradation of rhodamine B (RhB) (Fig. 7c) [140]. Fang et al.
synthesized submicrometer-sized yolk@shell hierarchical spheres composed of a
permeable shell self-assembled by ultrathin anatase TiO2 NSs with nearly 90 %
exposed (001) facets and a mesoporous inner sphere with a high specific surface
area. This process used the solvothermal method in the presence of diethylene-
triamine (DETA), isopropyl alcohol (IPA) and titanium (IV) isopropoxide (TTIP),
also followed by calcination treatment. Compared to the conventional (001) fac-
eted TiO2 NSs (4.01 %) and standard Degussa P25 (4.46 %), such anatase TiO2

Fig. 7 a Schematic illustration of the formation mechanism for layered TiO2. b SEM images of
layered TiO2 produced via the (a) process. c Photodegradation curves of RhB (20 mgL-1) under
UV-light irradiation over the TiO2 samples prepared in different concentrations of 2-propanol
(PrOH): a: 0, b: 1.5, c: 2.8, d: 4.0, and e: 8.0 M. (Reprinted with permission from Ref. [140].
Copyright � Wiley-VCH)
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yolk@shell hierarchical sphere photoanodes (6.01 %) showed higher overall light
conversion efficiency (g) for DSSC applications mainly due to their large surface
area (up to 245.1 m2 g-1) and their promotion of light scattering in the visible
region using submicrometer scale features [113]. Han et al. presented the fabrica-
tion of truncated tetragonal bipyramidal TiO2 nanoparticles with 60 % exposed
(001) facets via a fluorine-free hydrothermal route, using potassium titanate
nanowires as a precursor and urea as surface regulator [141]. Notably, Miao et al.
prepared anatase TiO2 microspheres with[90 % exposed (001) facets using TiF4 as
capping and stabilizing agent without introducing any additional hydrofluoric acid.
Due to the high exposure of reactive (001) facets, the anatase TiO2 microspheres
gave an efficient photocatalyst in degrading methyl orange (MO) and producing
hydrogen from water under UV light irradiation [142]. Similarly, Yang et al. fab-
ricated hierarchical TiO2 spheres made of thin nanosheets with over 90 % exposed
(001) facets via a diethylene glycol-solvothermal route, which were used as
photoanodes for DSSCs, and gave an energy conversion efficiency of 7.51 % [112].

Along with hydrothermal/solvothermal methods, other strategies have been
investigated for the green preparation of highly reactive TiO2 nanomaterials with
exposed (001) facets [143]. Amona et al. found that faceted decahedral single-
crystalline anatase particles with reactive (001) facets could be fabricated by a gas-
phase process using TiCl4 as a titanium source and that such a structure possessed
comparable photocatalytic activity to that of P25 for reactions performed under
various conditions [144]. Jung et al. presented the preparation of TiO2 NTs with
exposed (001) facets by electrochemical anodization of Ti foil using surfactant-
assisted processes with poly(vinyl pyrrolidone) (PVP) and acetic acid. The DSSC
assembled using a TiO2 nanotube photoanode with 77 % exposed (001) facets
demonstrated an overall conversion efficiency of 3.28 % [145]. Xie et al. devel-
oped a solid-state precursor strategy for preparing a hollow anatase TiO2 box-like
structure enclosed by six single-crystalline TiO2 plates with highly exposed
reactive (001) facets by sintering a cubic TiOF2 solid precursor at 500–600 �C.
The formation of these particular nanostructures is attributed to the hard self-
template restriction and the adsorption of F- ions from the TiOF2. Due to the high
percentage of reactive (001) facets, such novel TiO2 boxes exhibited good per-
formance in photocatalytic H2 evolution (7.55 mmol g-1 h-1) [146].

Furthermore, in addition to exposed (001) facets, TiO2 nanocrystals with other
important active facets have also been studied recently. For example, single crys-
talline anatase TiO2 rods with dominant reactive (010) facets (also with 100 % five-
coordinate Ti (Ti5c) atoms) were directly synthesized by hydrothermally treating
Cs0.68Ti1.83O4/H0.68Ti1.83O4 particles. The nano-sized rods showed a 7.73 % con-
version efficiency in DSSCs. This was comparable to the 7.67 % benchmark for
P25 TiO2 nanocrystals [147]. The preparation of tetragonal faceted-nanorods of
single-crystalline anatase TiO2 with predominately exposed higher energy (100)
facets was performed by hydrothermal transformation of sodium titanate in alkaline
solution [138]. Significantly, anatase TiO2 nanocuboids wholly exposed with high-
energy (001) and (100) facets were successfully synthesized by an environmentally
benign synthetic strategy using low-cost acid-delaminated vermiculite (DVMT)
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and tetramethylammonium hydroxide (Me4NOH) as synergistic morphology-con-
trolling reagents [148]. In contrast to anatase TiO2 with low-index facets like (101),
(001), and (100), recently Li et al. reported the fabrication of an anatase TiO2

nanosheet array assembled by (116) facet-oriented nanocrystallites. The (116)
facets were made parallel to the surface of a FTO substrate via a two-step process,
which exhibited 50 % higher photocatalytic activity than (001) facet-oriented
nanosheet arrays in the degradation of methyl blue (MB) under UV light irradiation
[149].

2.1.3 Electrochemical Anodization Method

Anodic oxidation represents a facile and well-established method to form nano-
structures in a self-organiting way [104]. The controlled oxidation of titanium metal
under electrochemical anodization provides another method of TiO2 nanomaterial
production [52]. In general, the anodization process is conducted in a two-electrode
electrochemical cell at a constant potential in aqueous or organic electrolyte with Ti
foil as an anode and platinum foil as a cathode (Fig. 8a) [150]. Under optimized
anodized conditions, highly ordered nanoporous or nanotubular architectures with
high aspect ratios could be successfully achieved [151]. Anodization is particularly
useful in the synthesis of TiO2 nanotubes from titanium foil. Anodization has been
extensively studied after pioneering work in 2001 by Gong et al. in which they
reported the formation of nanotubes up to 0.5 mm in length by electrochemical
anodization of titanium foil in HF aqueous electrolyte [152].

Among the various forms of semiconductor nanostructures, one-dimensional
(1D) highly ordered architectures, such as nanowires, nanorods, nanofibers,
nanotubes with high surface area-to-volume ratios possess useful and unique
properties compared to their bulk counterparts [39]. The highly ordered nature of

Fig. 8 a Schematic diagram of anodization experiments. b Anodization leads to the formation of
a compact oxide on Ti (in most neutral and acidic electrolytes). If dilute fluoride electrolytes are
used, highly ordered nanoporous or nanotubular anodic oxide layers can be formed. In the case of
nanoporous oxide, the layer consists of vertically aligned nanosized channels in an oxide matrix
while in the case of nanotubular morphology the layer is composed of an ordered array of oxide
nanotubes. (Reprinted with permission from Ref. [150]. Copyright � Wiley-VCH)
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these 1D nanostructures gives them excellent electron percolation pathways for
directional charge transfer between interfaces. For example, the mobility of
electrons in 1D nanostructures is typically several orders of magnitude higher than
in semiconductor nanoparticle films [153]. In comparison with other 1D mor-
phologies, nanotubes provide a larger interfacial area due to their external and
internal surfaces, which is beneficial for surface area-dependent applications [154].
Studies on TiO2 have shown that vertically oriented nanotube arrays are
remarkably efficient when applied in sensors, water splitting, DSSCs, and photo-
catalysis [155–160].

In the past decade, self-organized oxide nanotube arrays have attracted exten-
sive scientific and technological interest. Thus, TiO2 nanotube arrays have been
synthesized by a variety of methods, including template deposition (e.g., AAO
templates, ZnO nanorod templates, or organic templates) [161], electrochemical
anodization [162], and hydrothermal techniques [163]. Among these, an inex-
pensive and straightforward approach that leads to well-behaved nanotubes is the
anodization method, which enables precise control over the resulting tube diam-
eter, tube length, and overall morphology by adjusting various parameters such as
the pH, concentration and composition of electrolyte, applied potential, growth
time, and temperature of the anodization process [164–167]. Interestingly, the
addition of fluoride ions tends to control the overall development of nanotube
architecture (Fig. 8b). There are several excellent reviews detailing the growth
mechanism in anodic oxidation [168–171].

Normally, the anodization process can be divided roughly into three stages: (1)
electrochemical oxidization of the titanium surface which results in the formation
of an initial TiO2 barrier layer, corresponding to the first current drop; (2) chemical
etching of TiO2 by F- to form TiF6

2-, resulting in nanotube formation that leads to
a current increase; and (3) the growth of nanotubes, which results in a slow current
decrease [172]. Briefly, the nanotube growth is determined by the equilibrium
between anodic oxidation and chemical dissolution. The anodic oxidation rate is
mainly controlled by the anodic potential, while the chemical dissolution rate is
controlled by the electrolyte acidity and F- concentration [173]. As previously
mentioned, since the discovery by Gong and co-workers in 2001, TiO2 nanotube
fabrication has been intensively investigated over the past decade. Consequently, a
variety of nanotubular architectures have also been explored. In particular, by
varying the voltage during the growth, new self-organized TiO2 morphologies
could be obtained: bamboo-type nanotubes [174], branched nanotubes [175],
periodic nanotubes [176], ridged nanotubes [177], double-walled nanotubes [178],
and multilayer nanotubes [179]. In the following sections, some representative
fabrication processes developed recently for high-performance photovoltaic
applications are discussed in greater detail.

TiO2 nanotubes prepared via anodization of Ti foil are attached to the Ti
substrate with closed bottom. In most cases, the use of Ti foil leads to TiO2

nanotube arrays supported on Ti substrate. However, in many applications,
detached TiO2 nanotube layers are required. TiO2 nanotube arrays grown in situ on
opaque titanium foil are difficult to apply to high-efficiency DSSCs because the

28 M. Ye et al.



incoming light using back illumination mode is partially reflected by the counter
electrode and partially absorbed by the counter electrode and iodine in the elec-
trolyte before striking TiO2 nanotubes, leading to a loss of *25 % of the incident
solar energy [180]. Furthermore, sintering of the TiO2 for transformation from
amorphous phase to crystalline phase (i.e. anatase or rutile) can introduce the
formation of a barrier layer between the nanotubes and the underlying Ti substrate.
This enables recombination of electrons and holes when the nanotube layers are
used for photoelectrochemical water splitting [181]. Fortunately, several strategies
have been explored to solve this deadlock. One straightforward alternative solution
is to deposit titanium as a thin film on a transparent substrate (e.g., FTO glass)
before anodizing. The deposition process is usually performed by physical
methods, for example, radio-frequency (RF) or direct-current (DC) magnetron
sputtering [182–187]. Through anodization of sputtered titanium into nanotube
layers on transparent substrate (Fig. 9a, b), a power conversion efficiency of 6.9 %
for the resulting DSSCs was obtained (Fig. 9c, d) [188]. The length of the
nanotubes is limited by the difficulty of growing a high quality, thick Ti film on the
conductive glass via sputter deposition [189]. Therefore, a large-area free-standing

Fig. 9 SEM images of a 20-lm-long TiO2 nanotube array from anodization of the Ti film
sputter-deposited on FTO-coated glass: a cross-sectional view and b top view. The current-
voltage characteristics (c) and the incident photon-to-current conversion efficiency (IPCE) spectra
of DSSCs fabricated using transparent nanotube array films of various lengths. (Reprinted with
permission from Ref. [188]. Copyright � American Chemical Society)
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TiO2 nanotube film with tunable tube lengths was developed by a two-step
anodization process and then transferred onto FTO glass via a layer of TiO2

nanoparticle paste [190–195]. This process, however, results in closed-bottom
tube-ends. This is problematic because the interface between the TiO2 nanotube
arrays and the TiO2 nanoparticle layer might cause near-UV light absorption and
front surface light reflection and block the diffusion of the redox reagents into the
underlying TiO2 nanoparticles coating on the collecting FTO substrate. Thus, a
number of methods have been developed to fabricate free-standing TiO2 nanotube
arrays, including critical point drying, dissolution of the Ti substrate in water-free
CH3OH/Br2 solution, solvent evaporation, ultrasonic agitation, chemically assisted
delamination and potential shock [196–201]. For example, Li et al. removed the
caps of the closed-bottom TiO2 nanotubes by immersing the as-prepared free-
standing TiO2 nanotube film in an oxalic acid solution. As compared to the closed-
end TiO2 nanotube-based DSSC, the opened-end TiO2 nanotube-based device
exhibited an increase in one-sun efficiency from 5.3 to 9.1 %, yielding a 70 %
enhancement [202].

A novel version of DSSCs was introduced to overcome the light illumination
problem of TiO2 nanotube-based electrodes, namely, three-dimensional dye-sen-
sitized solar cells (3D DSSCs). In this system titanium wires or meshes are utilized
instead of titanium foils or sheets to fabricate TiO2 anodized nanotubes [203–208].
Misra et al. used a TiO2 nanotube-based wire as a working electrode (Fig. 10a–c)
and a platinum wire as a counter electrode in a DSSC. This DSSC achieved a
conversion efficiency of 2.78 % under AM 1.5 simulated solar light (Fig. 10d).
The prototype device is capable of achieving long distance transport of photo-
generated electrons and multi-directional light harvesting from surrounding to
generate electricity [205]. Wang et al. developed a new type of 3D DSSCs with
double deck cylindrical Ti meshes as the substrates. Here, one of the Ti meshes
was anodized to in situ synthesize the self-organized TiO2 nanotube layer to serve
as the photoanode. Another Ti mesh was platinized through electrodeposition as
the counter electrode. This all-Ti 3D DSSC exhibited the highest conversion
efficiency of 5.5 % under standard AM 1.5 sunlight [204].

In addition, vertically ordered TiO2 nanotube arrays also face the serious
problem of insufficient surface area due to the large diameter of nanotubes and
considerable free space between nanotubes. This leads to poor dye adsorption
capacity when applied in DSSCs [209]. In light of this limitation, many strategies
have been explored [46, 103, 210–212]. For example, a common combination of
TiO2 nanotubes and nanoparticles was realized by treating the as-anodized nano-
tubes with a TiCl4 solution which hydrolyzed to yield nanoparticles. This can
increase the nanotube surface area and bridge any cracks resulting from annealing,
and thus improve the conversion efficiency of nanotube-based DSSCs [213, 214].
Recently, novel hierarchical-structured TiO2 nanotube arrays have been prepared
by combining the two-step electrochemical anodization with a hydrothermal pro-
cess. The resulting DSSCs exhibited good performance and applicability [212].
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2.1.4 Electrospinning and Electrospray Methods

Electrospinning is a simple and versatile nanofabrication technique for preparing
several continuous 1D nanofibers, including polymers, ceramics, composites and
metals, with controllable diameters ranging from a few nanometers to several
micrometers [215, 216]. Electrospinning works using the principle of asymmetric
bending of a charged liquid jet accelerated by a longitudinal electric field (Fig. 11)
[217]. A diversity of soluble and fusible polymers (e.g., polyvinylpyrrolidone (PVP),
polyacrylonitrile (PAN), polyurethane (PU) and polyvinyl acetate (PVAc)) can be
electrospun to form nanofibers from their precursor solutions [218, 219]. If the
polymeric solution contains the inorganic precursors (e.g., TiO2, SnO2 and ZnO),
organic/inorganic composite nanofibers are obtained. These are subsequently cal-
cinated at high temperature to thermally decompose organic components, and pro-
duce inorganic nanofibers with minimal morphological change [135, 220]. The
diameter, alignment, and morphology of these nanofibers can be tailored by con-
trolling the liquid injection rate, intensity of the electric field, and shape of the
collector surface, respectively. The diameter of nanofibers also depends on the
intrinsic properties of the polymeric solution such as the viscosity and surface charge.

Fig. 10 SEM images of TiO2 nanotube arrays grown around a Ti wire: Top view (a), inset is
cross-sectional view, magnified top view (b) and magnified cross-sectional view (c). The current–
voltage characteristics (d) of DSSCs using TiO2 nanotube arrays with different lengths.
(Reprinted with permission from Ref. [205]. Copyright � American Chemical Society)
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After the first report of electrospun TiO2 nanofibers in 2003 [221], many studies
have been performed for applications in photovoltaic devices and photocatalysis
since the electrospun nanofibers can be fabricated with controllable size, density,
and orientation [222, 223]. More importantly, electrospinning is simple, control-
lable, inexpensive, and scalable for industrial production [224]. For instance, Yang
et al. prepared a bi-layer TiO2 nanofiber photoanode via combining both small and
large-diameter TiO2 nanofibers in the nozzleless electrospinning by changing the
applied voltage, electrode separation distance, and electrospinning time. It is
expected that the smaller-diameter nanofiber layer with a high surface-to-volume
ratio can load enough dye molecules and directly transport electrons within the 1D
channels. While the larger-diameter nanofiber layer can serve as a light scattering
layer, further adsorbing more dye molecules, and even providing higher porosity to
facilitate electrolyte diffusion. With the bi-layer photoanode, the efficiency (g) of
DSSCs can be improved from 7.14 % for the single-layer to 8.40 % for the
bi-layer TiO2 nanofiber photoanode [225]. As shown in Fig. 12a, multi-scale
porous TiO2 nanofibers were fabricated from HF etching of TiO2/SiO2 composite
nanofibers, which were electrospun from a hybrid solution of dissolved SiO2

colloidal solution, TTIP and PVP, followed by calcination. Such fiber-based
DSSCs showed an g of 8.5% (Fig. 12b), which is greater than those of conven-
tional photoelectrodes made of TiO2 nanoparticles (6.0 %) [226].

Other useful structures, including nanorods [227], rice-like shapes [228], and
hollow fibers [229], have been derived from electrospinning methods. TiO2

nanorod-based photoelectrodes (Fig. 12c) were prepared by sintering TiO2 com-
posite nanofibers that were electrospun from a solution mixture of TiO2 sol-gel and

Fig. 11 Schematic diagram
of electrospinning method.
(Reprinted with permission
from Ref. a [218]. Copyright
� Institute of Physics
Publishing)
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PVAc in dimethyl formamide (DMF). The efficiency of such nanorod-based
DSSCs was optimized to achieve 9.52 % under masked illumination of simulated
solar light, AM 1.5 Global (Fig. 12d) [230]. Rice grain-shaped TiO2 films were
produced by 500 �C calcination of the nanofibers prepared from electrospinning
[231]. The photovoltaic and photocatalytic performance of the rice grain-shaped
structures are superior to commercially available P25 [232]. Furthermore, it has
also been demonstrated that the rice grain-like structures are also superior to the
nanofibers in scattering light with a 15.7 % enhancement in efficiency compared to
9.63 % for nanofibers [228]. Attractive hierarchical structures can also be obtained
from a combination of electrospinning and other powerful methods, such as
hydrothermal processes [214]. Hierarchically structured TiO2 nanofibers prepared
from electrospinning followed by a stepwise calcination treatment exhibited a
unique morphology in which microscale core fibers were interconnected and
numerous nanorods were deposited onto the fibers (Fig. 12e). This nanorod-
in-nanofiber morphology possessed high porosity at the mesopore and macropore
levels, facilitating the infiltration of plastic crystal electrolytes in DSSCs and
yielding an optimized g up to 7.93 % (Fig. 12f) [233]. In addition, a hierarchically
heterostructured TiO2 nanocomposite composed of rutile nanosheets standing
perpendicular on anatase nanofibers, can be successfully prepared through a
combination of electrospinning and solvothermal processes [26].

Recently, the electrostatic spray (e-spray) technique has attracted a lot of
attention because it is a simple, versatile, and cost-effective technology that can be
applied in a variety of fields for the fabrication of semiconductive ceramics,

Fig. 12 SEM images of TiO2 multi-scale porous nanofibers (a), electrospun nanorods (c) and
hierarchically structured nanofibers (e). The current–voltage characteristics (b, d, f) of DSSCs
based on (a, c, e), respectively. (Reprinted with permission from Ref. a, b [226], c, d [230], e,
f [233]. Copyright � American Chemical Society)
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polymer coatings, protein films, and micro-patterns [234, 235]. In the electrospray
process, a jet of liquid is sprayed toward a collector under a strong electric field
(Fig. 13a). During e-spray deposition, known as induction or conduction charging,
the droplets can be charged and atomized by mechanical forces in the presence of
electric field between the solution and the depositing substrates. The electric field
provides an electric charge on the liquid surface and the charge is carried out by
the droplets detaching from the jet. The deposition efficiency of the charged
droplets is usually higher than that of the uncharged droplets, which can improve
the adhesion between the materials and substrates (Fig. 13b) [59]. In brief, three
parameters typically determine the structures created by the electrospray method:
(1) solution conditions such as the solvents and precursors, (2) processing con-
ditions such as applied voltages, distance between the tip of the needle and col-
lector and flow rates, and (3) ambient conditions such as temperature and humidity
[235, 236]. As a deposition technique, e-spray has many advantages, such as large
treatment areas, compatibility with various substrate geometries, and high depo-
sition rate. Moreover, electrospray devices can perform at room temperature under
atmospheric pressure, making it an energy efficient and low-cost technology [237].

Fig. 13 a Schematic diagram of electrostatic spray and b formation of hierarchically structured
TiO2 nanospheres by electrostatic spray. (Reprinted with permission from Ref. a, b [59].
Copyright � American Chemical Society)
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Accordingly, e-spray could be a promising method for the preparation of
photoanodes for the industrial-scale manufacture of DSSCs. Based on reported
works, several significant TiO2 nanostructures including hierarchically structured
mesoporous spheres, hollow hemispherical aggregates, and nanoflakes have been
developed using electrospray methods [211, 236, 238]. Of these structures, mes-
oporous spheres are the most advantageous on account of their large surface areas
for abundant dye loading, high porosity for efficient electrolyte diffusion, and
microscale framework for effective light scattering [59]. In comparison with other
methods (e.g., hydrothermal/solvothermal process) for the preparation of meso-
porous TiO2 spheres, e-spray is advantageous because this technique can directly
realize the formation of aggregated spheres by purely physical force, regardless of
chemical composition and surface chemistry (Fig. 13b) [235]. Moreover, it has
inherent flexibility in controlling the diameter and diameter distribution of the
spheres by simply tuning the electrospray parameters, such as the feeding rate and
the applied voltage [238, 239]. In addition, e-spray facilitates the adjustment of
stacking density and porosity of the spheres on substrates through the proper
selection of polymer additives [239]. For example, Hwang et al. have performed
an extensive study on the fabrication of hierarchically structured mesoporous TiO2

spheres by e-spray method (Fig. 14a, d), and further applied such photoanodes in
solar cells, achieving efficiency as high as 10.57 % for DSSCs (Fig. 14b, c) [59],
5.57 % for flexible DSSCs (Fig. 14e, f) [240], and 7.59 % for solid-state DSSCs
[241], respectively.

Fig. 14 SEM images of hierarchically structured TiO2 microspheres (a, d). The current–voltage
characteristics and IPCE spectra of DSSCs (b, c), and flexible DSSCs (e, f) based on the TiO2

microspheres. (Reprinted with permission from Ref. a–c [59], d–f [240]. Copyright � American
Chemical Society)
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2.1.5 Other Methods

Vapor deposition describes any process in which materials in a vapor state are
condensed to form a solid phase material, usually conducted within a vacuum
chamber. If no chemical reaction occurs, this process is called physical vapor
deposition (PVD); otherwise it is called chemical vapor deposition (CVD) [20, 35].
In PVD, materials are evaporated followed by condensation to form a solid
material. The primary PVD methods include thermal deposition, ion plating, ion
implantation, sputtering, laser vaporization, and laser surface alloying [20, 35].
PVD is considered an effective method to fabricate uniform, high-quality semi-
conductors, especially composite and doped semiconductors. Moreover, PVD
enables the formation of uniform nanostructured thin films, in which the size and
shape can be precisely controlled [242]. Two versatile PVD methods, oblique angle
deposition (OAD) and glancing angle deposition (GLAD), are based on the geo-
metric shadowing effect, and are widely applied to prepare well-aligned nanorod
arrays [243]. In OAD, the incident vapor flux is directed onto a substrate at a
nonzero angle h with respect to the substrate normal. When the vapor incident angle
h is large (i.e., h[ 70), a well-defined nanorod array tilted toward the direction of
the vapor flux can be obtained [244]. The GLAD method is similar to OAD in that it
uses a large incident vapor angle, but the substrate is rotated azimuthally at a
constant speed during the deposition. The result is vertically aligned nanorod arrays
[245]. By changing the deposition parameters in these PVD methods, one can easily
fabricate specific nanostructured porous array films such as cylinders, helices,
spheres, and zigzags all with controllable surface areas [242, 243, 246, 247].

In addition, femtosecond and nanosecond pulsed laser deposition (PLD) at
different wavelengths is also widely used to construct nanoparticle-assembled TiO2

films. This technique is useful for controlling the dimensions and the crystalline
phase of nanoparticles by varying the laser parameters and the deposition condi-
tions. It is also suitable for depositing TiO2 films at a high deposition rate and low
cost [248–250]. Recently, a novel forest-like architecture consisting of hierarchical
assemblies of tree-like nanocrystalline particles of anatase TiO2, were grown on
FTO substrates via pulsed laser deposition (PLD) at room temperature by ablation
of a Ti target in a background O2 atmosphere. The resulting architecture was
proposed to be beneficial to reduce the electron recombination and also control
mass transport in the mesopores, and thus achieved a 4.9 % conversion efficiency in
a DSSC [251].

However, in CVD processes, thermal energy heats the gases in the coating
chamber to induce the deposition reaction. Typical CVD approaches include
electrostatic spray hydrolysis, diffusion flame pyrolysis, thermal plasma pyrolysis,
ultrasonic spray pyrolysis, laser-induced pyrolysis, and atmospheric pressure and
ultronsic-assisted hydrolysis [20, 35, 252, 253]. Several TiO2 nanostructures
prepared though CVD have been reported. For example, TiO2 nanoparticles with
sizes below 10 nm were prepared by pyrolysis of TTIP via CVD in a mixed
helium/oxygen atmosphere [254]. TiO2 nanorods were grown on a Si substrate
using TTIP as the precursor by metal organic CVD (MOCVD) [64].
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2.2 Modifications of TiO2

As a promising semiconductor material, TiO2 has attracted significant attention
over the past several decades. However, the practical photovoltaic and photoca-
talysis applications of TiO2 are limited by its wide band gap and the serious
recombination of photogenerated electrons and holes [33, 34]. Because of its large
band gap (3.2 eV for anatase, 3.0 eV for rutile), pure TiO2 only absorbs ultraviolet
light shorter than 387.5 nm for the anatase and 413.3 nm for the rutile [33].
Unfortunately, UV light constitutes less than 5 % of the solar energy that reaches
the surface of the earth. This reduces the effective use of sunlight since visible light
(k = 400–700 nm) accounts for about 50 % of solar energy. Thus, it is necessary
to develop titania-based photocatalysts which are active under visible light (i.e.,
broad spectrum). Furthermore, recombination of photogenerated charge carriers is
another major limitation in TiO2 semiconductor materials since it reduces the
overall quantum efficiency of devices. In photocatalysis applications, recombina-
tion occurs when the excited electron reverts to the valence band without reacting
with adsorbed species and the energy, non-radioactively or radioactively, dissi-
pates as either light or heat [34]. However, in DSSC applications, photoexcited
electron recombination in the electron transport process, including electron
injection from the excited dye to the TiO2 conduction band and electron transport
from the conduction band to the conductive substrate, is regarded as one of the
major obstacles to achieving high solar-to-electricity conversion efficiencies [255].
Recombination may occur either on the surface or in the bulk and is generally
made worse by the presence of impurities, defects, and all other factors which
introduce bulk or surface imperfections into the crystal.

To solve these problems, extensive efforts have been devoted to creating TiO2-
based visible-light-active photocatalytic materials and modifying nanostructured
TiO2 photoanodes to alleviate electron recombination [33, 256]. Currently,
research interests focus mainly on modifying TiO2 materials via (1) doping with
cations (e.g., Fe [257–259], Cr [260], Eu [261], La [262], V [263], Mg [255], In
[264]) or anions (e.g., S [265], C [266], F [267], B [268] and N [269]); (2)
sensitization with organic dyes (e.g. N3, N719) [270], conducting polymers (e.g.,
poly(3-hexylthiophene) (P3HT) [271], nafion (perfluorinated polymer with sulfo-
nate groups) [272, 273], polyaniline (PANI) [274], and carbon nitride polymer
[275]), organic–inorganic hybrid dyes (e.g. copper(II) phthalocyanine) [276], or
other semiconductors that absorb visible light (e.g. CdS [277–279], Cu2O [280],
Ag2O [281], CdSe [282], PbZr0.52Ti0.48O3(PZT) [283], Bi2O3 [284], BiOI [285],
Bi2WO6 [286], CdTe [287], PbS [288], CuInS2 [289], SnS [290], SnS2 [291]); (3)
decoration with noble metals (e.g. Au [292–294], Ag [65, 295–297], Pd [298–300],
Pt [301–303]); (4) combination with other semiconductors (e.g., SiO2 [304, 305],
Al2O3 [100, 306], MgO [307], Fe2O3 [308], SrTiO3 [309], Nb2O5 [310], SnO2

[311], WO3 [312], ZnO [313], and ZrO2 [314]); and (5) synthesis of reduced TiO2

(TiO2-x, containing Ti3+ or O vacancies) [235, 315–318].
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Among these methods, ion doping has been widely adopted to adjust the position
of either the conduction band (CB) or valence band (VB) of TiO2. This could have
the desired effect of making the electrons excitable under visible light irradiation to
produce photoelectron-hole pairs. The mechanism of the visible absorption is
produced from interaction between the 2p orbitals of the dopant and the 2p orbitals
of the oxygen in the newly formed valence band or the creation of dopant isolated
states above the valence band maximum [319–321]. Nonmetal ion doping is usually
considered more promising than metal ion doping because metal ion doping can
introduce undesirable defects which can serve as the recombination centers for
photoelectron–hole pairs, and thus reduce the pollutant degradation efficiency
[322]. Nitrogen is the most promising dopant and can be easily introduced into the
TiO2 structures, due to its comparable atomic size with oxygen, small ionization
energy and high stability [323]. Since Sato et al. found that the addition of NH4OH
to TiO2 sol, followed by calcination of the precipitated powder, could generate a
material which showed a visible light response, many strategies have been devel-
oped to produce N-doped TiO2 materials [324, 325]. In the past decades, doping of
nitrogen into TiO2 structures has been realized via both wet and dry preparation
methods. Physical techniques (i.e., sputtering and ion implantation) based on the
direct treatment of TiO2 with energetic nitrogen ions have also been developed
[321, 326]. Meanwhile, gas phase reaction methods (i.e., atomic layer deposition
and pulsed laser deposition) have been successfully used to prepare N-doped TiO2

materials [269, 327]. The sol–gel method has proven to be the most versatile
technique for the synthesis of N-TiO2 nanoparticles because of its low cost, rela-
tively simple equipment, and easy control of the resulting nanostructures [328]. In
brief, the simultaneous growth of TiO2 and N doping can be realized by hydrolysis
of titanium precursors (i.e., titanium tetrachloride, titanium tetra-isopropoxide,
tetrabutylorthotitanate) in the presence of nitrogen sources (i.e., aliphatic amines,
nitrates, ammonium salts, ammonia, and urea) [328–330].

Recent studies have also revealed that doping TiO2 with other elements, such as S,
F, C, and B shifts the optical absorption edge to longer wavelengths [267, 331–333].
For example, F-doped flower-like TiO2 nanostructures (Fig. 15a) have been syn-
thesized in the presence of HF by a mild hydrothermal process and exhibited high
photoelectrochemical activity for water-splitting and the photodegradation of
organic pollutants (Fig. 15b) [334]. Mesoporous C-doped TiO2 materials were
prepared by a hydrothermal synthetic approach using sucrose as a carbon-doping
source, followed by a post-thermal treatment. The resulting C-doped TiO2 photo-
catalyst showed reduced recombination of electron–hole pairs due to the reduction of
surface defects and promoted visible-light photocatalytic activity (Fig. 15c, d)
[335]. In order to further improve the photocatalytic activity, co-doping TiO2 with
double non-metal elements (i.e., N–S [336], N–B [329, 337], F–N [338], C–N [339])
has attracted more attention. For example, F–N co-doped TiO2 nanoparticles with
dominant (001) facets were prepared by calcination a TiOF2 precursor in NH3 gas
flow. The resulting nanoparticles showed drastically enhanced absorption and
excellent water oxidation performance under visible light irradiation [338].
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It has been shown that nonmetal-doped TiO2 shows a redshift of the onset and a
higher absorption in the visible light spectrum. Metal doped TiO2 would possess
lower energy levels so that electrons and holes can be excited by low energy
photons, which also increases the absorption of visible light [340]. For example,
Mo–TiO2 core-shell nanoparticles were prepared by the arc-discharge method and
showed enhanced photocatalytic activity under visible light, due to the Mo-doping
in (001) TiO2 from diffusion at the shell–core interface [341], while many studies
have revealed that single doping will increase recombination sites inside the TiO2,
which will therefore increase the charge recombination [260]. Conversely, it has
also been demonstrated that co-doping TiO2 with both nonmetal anions and metal
cations can reduce the recombination sites because of the neutralization of positive
and negative charges inside TiO2. This can effectively improve the charge transport
efficiency and thus enhance the photocatalytic activity [342]. For example, the
Mo–C co-doped TiO2 powders prepared by thermal oxidation of a mixture of TiC
and MoO3 in the air have the potential of visible light harvesting (Fig. 15e) and
effective photoexcited charge separation, and can thus exhibit higher photocatalytic
activity when compared with anatase TiO2 (Fig. 15f) [343].

The fabrication of semiconductor heterostructures is one of many effective
methods developed in recent years to photoexcite and separate the electro-hole
pairs. Compared to a single semiconductor, heterogeneous semiconductors are
ideal for light-harvesting devices such as photovoltaic and photoelectrochemical

Fig. 15 SEM image of F-doped TiO2 flowers (a). UV-visible absorption spectra of C-doped
(c) and Mo, C-codoped TiO2 (e), respectively. b The variation of 4-nitrophenol concentration by
photoelectrocatalytic reaction with flower-like TiO2 (a) and P-25. The visible light photocatalytic
activities (d) of C-doped TiO2 (b) treated at different temperatures in the degradation of gaseous
toluene. Photodegradation of MB (f) by photochemical reaction with Mo, C–codoped TiO2 (e).
(Reprinted with permission from Ref. a, b [334], c, d [335], e, f [343]. Copyright � American
Chemical Society)
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cells, because heterogeneous semiconductor electrodes are able to absorb a larger
fraction of the solar spectrum and thus generate more photoinduced electron-hole
pairs [344, 345]. Moreover, the coupling of two different semiconductors with
proper conduction band potentials facilitates the transfer of electrons from an
excited small band gap semiconductor into neighboring semiconductors. This
facilitates charge separation and improves device performance.

Many metal oxides (such as Bi2O3 [346], Al2O3 [347], Cu2O [348], Fe2O3

[349], MoO3 [312], SnO2 [350], SiO2 [351], WO3 [245], ZnO [352], and ZrO2

[353]) and metal sulfides (such as Bi2S3 [346], Cu2S [354], CdS [355], PbS [356],
and Ag2S [357]) have been reported to couple with TiO2 to form heterostructured
photocatalysts with enhanced photocatalytic performance. TiO2 surface modifi-
cation with an insulating layer, such as SrCO3 [358], Al2O3 [359], La2O3 [302] and
MgO [361], or a higher conduction band edge semiconductor layer, such as SnO2

[362], In2O3 [314], Nb2O5 [226], and ZnO [363], was proven effective in reducing
the recombination and increasing the DSSCs conversion efficiency. Bi4Ti3O12/
TiO2 heterostructures composed of Bi4Ti3O12 nanosheets on the surface of TiO2

submicron fibers were prepared via a facile two-step synthesis route combining an
electrospinning method and hydrothermal process. These heterostructures showed
a higher degradation rate of rhodamine B (RhB) than the pure TiO2 submicron
fibers under visible light. This is largely due to the extended absorption in the
visible light spectrum resulting from the Bi4Ti3O12 nanosheets, and the effective
separation of photoexcited charges driven by the photoinduced potential difference
generated at the Bi4Ti3O12/TiO2 interface [364]. TiO2 nanotube arrays sensitized
with ZnFe2O4 nanocrystals (Fig. 16a) were successfully fabricated by a two-step
process of anodization and vacuum-assisted impregnation followed by annealing.
It has been shown that the ZnFe2O4 sensitization enhanced the photoinduced
charge separation (Fig. 16b, c) and extended the range of the photoresponse of
TiO2 nanotube arrays from the UV to the visible region [365]. TiO2-multiwalled
carbon nanotube (MWCNT) nanocomposites (Fig. 16d) synthesized by hydro-
thermal processes possess a 50 % enhancement in the conversion efficiency
(4.9–7.37 %) of DSSCs compared to hydrothermally synthesized TiO2 without
MWCNTs and Degussa P25. Efficient charge transfer in the nanocomposites is a
possible reason for the enhancement (Fig. 16e, f) [366].

As the most recently discovered carbonaceous material, graphene has attracted
extensive attention as a useful material for solar energy applications. With a
unique sp2 hybrid carbon network, a large theoretical specific surface area
(2,630 m2g-1), a high thermal conductivity (5,000 Wm-1K-1), a large intrinsic
electron mobility (200, 000 cm2V-1s-1), and good mechanical stability, it has
applications in sensors, catalysts, and energy conversion [223]. Graphene can
serve as a strong electron collector and carrier in a TiO2/graphene composite
system because their energy levels and physical properties are compatible [367].
Graphene-TiO2 composites are also highly desirable for their promising energy
and environmental remediation applications.
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Several synthetic strategies have been designed to fabricate graphene-TiO2

photocatalysts. In the first method, well-defined TiO2 structures are deposited on
the surface of graphene oxide (GO) under vigorous stirring or ultrasonic agitation
[368–370]. The site-specific oxygenated groups on GO favor a uniform distribu-
tion of TiO2 across the surface. Graphene-TiO2 photocatalysts are obtained after
the reduction of GO in the composite [371, 372]. Yang et al. packed TiO2 and
graphene nanosheets into a 2D unit (TiO2/graphene) that is structurally similar to a
thylakoid in the chloroplast of photosynthetic plants. In this 2D unit, TiO2 per-
forms as a photo-electric conversion center to absorb light and excite the electrons,
while graphene is like the cytochrome b6f complex capturing electrons and
transporting them out of the circuit. Such a novel structure was formed by stacking
TiO2 nanosheets and GO nanosheets using a layer-by-layer (LBL) assembly
technique in the presence of charged poly(diallyldimethylammonium chloride)
(PDDA) which supplied the counter-ions. GO was reduced to graphene by
hydrazine and annealed under argon flow at 400 �C and the PDDA was then
removed by calcining at 450 �C in air. The graphene-TiO2 stacking film can
produce an anodic current 20 times larger than pure TiO2 stacking films. Inter-
estingly, the current further increased with thicker films [373]. Another significant
example, graphene-wrapped anatase TiO2 nanoparticles (Fig. 17a) with a signifi-
cant reduction in the band gap (2.80 eV, Fig. 17b) were prepared by wrapping

Fig. 16 SEM images of ZnFe2O4/TiO2 nanotubes (a) and TiO2 MWCNT nanocomposite (d).
b Variation of the photocurrent density versus bias potential (versus SCE) and c Photoconversion
efficiency as a function of the applied potential (versus SCE) based on (a). IPCE curves (e) and
current–voltage characteristics (f) of DSSCs based on TiO2 MWCNT nanocomposite (c).
(Reprinted with permission from Ref. a–c [365], d–f [366]. Copyright � American Chemical
Society)
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amorphous TiO2 NPs with GO, followed by continuous GO reduction and TiO2

crystallization via hydrothermal treatment. The graphene-TiO2 nanoparticles
possess excellent photocatalytic properties under visible light for the degradation
of MB (Fig. 17c) [374].

In the second method, graphene-TiO2 photocatalysts are fabricated by an in situ
growth of TiO2 on graphene sheets [375, 376]. By introducing cetyltrimethylam-
monium bromide (CTAB)-functionalized DMF-soluble graphene into the poly-
meric solution for electrospinning, graphene was successfully integrated into the
TiO2 rice-shaped nanostructures (Fig. 17d). The obtained composites displayed
enhanced photovoltaic and photocatalytic properties compared to pure TiO2 nan-
orices when used in DSSCs (Fig. 17e, f) and in the photocatalytic degradation of
methyl orange (MO) [377]. In addition, a series of graphene-TiO2 composites with
different graphene contents can be controllably synthesized by a sol–gel method
[378]. Graphene-TiO2 composites demonstrated a higher photocatalytic activity
compared to P25 with respect to hydrogen generation from water splitting. The
highest photocatalytic activity was observed for the sample with 5 % graphene,
suggesting that an excess of graphene will decrease the activity by introducing
electron–hole recombination centers into the composite [378].

In the third method, TiO2 structures are grown in situ onto GO followed by the
reduction of GO in a subsequent reaction step using UV light or microwave
irradiation [379, 380]. For example, novel hollow spheres consisting of Ti0.91O2

nanosheets and graphene nanosheets (Fig. 18a) were successfully fabricated by a

Fig. 17 a SEM image, b UV-visible spectra (the inset is the band gap (Eg) of samples estimated
from the absorption edge), and c photodegradation of MB under visible light (1: P25, 2: bare
anatase TiO2 NPs, 3: graphene-TiO2 NPs (two-step hydrothermal), 4: graphene-TiO2 NPs).
d TEM image of TiO2-graphene composite, e current–voltage characteristic, and f Nyquist plots
of DSSCs using TiO2-graphene composite (the inset is the corresponding Bode plots in
electrochemical impedance spectra (EIS) test). (Reprinted with permission from Ref. a–c [374],
d–f [377]. Copyright � American Chemical Society and Wiley-VCH)
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layer-by-layer assembly technique with polymer PMMA beads as sacrificial
templates. Subsequently, microwave irradiation was used to simultaneously
remove the template and reduce graphene oxide into graphene. The sufficiently
compact stacking of ultrathin Ti0.91O2 nanosheets with graphene nanosheets
facilitated the photogenerated electron to quickly transfer from the Ti0.91O2

nanosheets to graphene and enhance the lifetime of the charge carriers and
improve photocatalytic activity (Fig. 18b, c) [380].

In the fourth method, the in situ growth of TiO2 structures and reduction of GO are
simultaneously accomplished through a simple one-pot growth method [381, 382].
This strategy is a particularly convenient procedure for the fabrication of graphene-
TiO2 photocatalysts. The reducing environment can be achieved by using either a
reducing solvent or by directly adding a reducing agent [383, 384]. For example,
exposed (001) facet TiO2-graphene composite photocatalysts were successfully
produced via a direct one-step hydrothermal method in an ethanol–water solvent.
The resulting composite exhibited an extended visible light absorption range due to
the formation of a chemical Ti–O–C bond and enhanced charge separation by virtue
of the formation of nano-sized Schottky interfaces at the contacts between TiO2 and
graphene. This leads to significant improvement in photodegredation of MB (or MO)
dye when compared to P25 films under both UV and visible light irradiation [367].

Fig. 18 TEM images of (G-Ti0.91O2)5 hollow spheres (a) and rutile TiO2/graphene quantum dot
composites (d). b PL emission spectra of (Ti0.91O2)5 hollow spheres and (G-Ti0.91O2)5 hollow
spheres (a). c Photocatalytic CH4 and CO evolution rates for (Ti0.91O2)5 hollow spheres
(G-Ti0.91O2)5 hollow spheres (a) and P25. e Upconverted PL spectra of the graphene quantum
dots (b) at different excitation wavelengths and f photocatalytic degradation of MB under visible
light irradiation using different catalysts. (Reprinted with permission from Ref. a–c [380],
d–f [388]. Copyright � Wiley-VCH and American Chemical Society)
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Recently, graphene quantum dots (GQDs) have become an active area of
research. Compared to graphene with 2D nanosheets and 1D nanoribbon structures,
0D GQDs possess strong quantum confinement and edge effects when their sizes
approach 10 nm or less. At this scale, new physical properties become apparent
[385–387]. Zhuo et al. presented the synthesis of GQDs with excellent PL properties
using a direct and simple ultrasonic reaction process. The composite photocatalysts
(rutile TiO2/GQD and anatase TiO2/GQD systems) were prepared by mixing GQDs
with TiO2 nanoparticles (Fig. 18d) in order to harvest the visible spectrum of
sunlight using the upconversion photoluminescence (PL) properties of GQDs
(Fig. 18e). It was observed that the photocatalytic activity of the rutile TiO2/GQD
composite was superior to that of the anatase TiO2/GQD composite under visible
light (k[ 420 nm) irradiation in the degradation of MB (Fig. 18f) [388].

3 Conclusion

The challenge of effectively converting solar energy into useful energy will require
more advanced materials. As one of the most promising functional materials for
efficient, high performance, and cost-effective solar energy applications, TiO2

nanostructures of various morphologies will continue to be an area of active
research. It has been shown that every structure possesses its own advantages, such
as large surface area for nanoparticle systems, effective charge separation, and
transport for vertically ordered nanotubes or nanorods, a high percentage of reactive
(001) facets for nanosheets, and efficient light scattering for 3D hierarchical
structures, to name a few. Correspondingly, the different morphologies are derived
from different characteristic synthesis methods. The sol–gel method, for example, is
a simple and low-cost process to prepare nanoparticles. The hydrothermal method
can be used to fabricate several structures (e.g., nanosheet, nanorod and hierarchical
architecture), whereas the facile electrochemical anodization can lead to oriented
nanotube arrays. Clearly, numerous strategies have been exploited to modify pure
TiO2, which suffers from the shortcomings of a narrow light absorption range
(restricted to UV) and rapid charge recombination. With more efforts geared toward
the fabrication of high-quality TiO2-based nanomaterials and economically feasible
synthesis procedures, there is little doubt that the future of solar energy technology
and its practical applications will remain bright.
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