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ABSTRACT: Titanium dioxide (TiO2) has been extensively investigated in solar energy applications, including heterogeneous
photocatalysis and photovoltaics. For most TiO2 materials, charge recombination between photoexcited electrons and holes
severely limits the efficiencies of solar energy conversion. Different strategies have been attempted to improve charge separation
in TiO2 materials. This review focuses on three effective approaches to achieve enhanced charge separation by constructing
mixed-phase TiO2, highly dispersed titanium oxides, and nanotubular TiO2 materials. Selected examples from the literature are
discussed to demonstrate how the three approaches could be implemented in the context of photocatalytic water splitting,
photocatalytic CO2 reduction, and dye-sensitized solar cells. The discussion provides useful insights regarding the design of new
TiO2 nanostructures for use in solar energy conversion.

1. INTRODUCTION
As a wide bandgap semiconductor, titanium dioxide (TiO2) is
inexpensive, chemically and biologically nontoxic, and robust
under photochemical conditions.1,2 Nanostructured TiO2

materials have been extensively investigated in photocatalytic
and photovoltaic applications. The principles of TiO2 photo-
catalysis are described in several review articles.3−8 Upon
photoactivation, electrons (e−) in TiO2 valence band (VB) can
be excited into the conduction band (CB), leaving behind
positively charged holes (h+, Figure 1). In the absence of charge
traps or scavengers, recombination occurs between the CB
electrons and VB holes. When charge recombination occurs,
the photonic energy dissipates as heat and no chemical
transformation happens. In photocatalysis, the electrons and/or
holes diffuse to the surface and participate in chemical
reactions, converting photonic energy into chemical energy.
A major limitation of TiO2 materials is the low efficiency in

most photocatalytic processes due to electron−hole recombi-
nation which prevails in the bulk. Different strategies have been
studied in order to improve charge separation in TiO2

photocatalysis by modifying surface and/or bulk structures as
well as forming nanocomposites.9−11 For example, spatial
charge separation can be achieved in metal−semiconductor
composites such as Pt/TiO2, in which the metal nanoparticles
function as electrons sinks to hinder charge recombination.
This article focuses on three types of nanostructures that have
shown enhanced charge separation, including mixed-phase
TiO2, highly dispersed titanium oxides, and TiO2 nanotubes.
Specific examples will be discussed regarding how the three
types of nanostructures lead to improved performance in
photocatalytic water splitting, photocatalytic CO2 reduction,
and dye-sensitized solar cells.

2. SOLAR ENERGY CONVERSION USING TiO2
MATERIALS

The early work by Fujishima, Honda, and co-workers
demonstrated that TiO2 materials are promising photocatalysts

for solar fuel production by water splitting12 and CO2

reduction.13 As shown in Figure 1a, the band structure of
TiO2 brackets the redox potential for water splitting, suggesting
that the photoexcited electrons in TiO2 CB are able to reduce
protons into hydrogen and the VB holes are capable of
oxidizing H2O into oxygen (Reactions 1 and 2, potentials
versus NHE at pH 7). In fact, TiO2 materials have been
exploited as heterogeneous photocatalysts for H2 generation via
water splitting.14 The energy diagram shown in Figure 1b
indicates that the electrons in TiO2 CB are able to reduce CO2

into CH3OH and CH4.
15−18 Therefore, activated TiO2

materials could also catalyze CO2 reduction via proton-coupled
pathways (Reactions 3 and 4, potentials versus NHE at pH
7)19,20 in the presence of appropriate electron donors such as
isopropanol. Water could serve as a renewable electron donor
in TiO2-catalyzed CO2 reduction because photoexcited holes in
TiO2 VB are energetic enough for water oxidation (Reaction
2). However, the reaction between CO2 and H2O proceeds
with very low efficiency on TiO2 surfaces because the individual
half reactions (Reactions 2, 3, and 4) require the accumulation
of multiple redox equivalents, which is extremely difficult
because of the prevailing electron−hole recombination in TiO2

materials.

+ → ° = −+ −2H 2e H E 0.412 (1)

+ → + ° = ++ +2H O 4h O 4H E 0.82V2 2 (2)

+ + → + ° = −+ −CO 6H 6e CH OH H O E 0.38V2 3 2

(3)
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+ + → + ° = −+ −CO 8H 8e CH 2H O E 0.24V2 4 2

(4)

Mesoscopic thin films of TiO2 nanoparticles have been used as
photoanodes in dye-sensitized solar cells (DSSCs) since the
pioneering work by Graẗzel and co-workers.21,22 In a DSSC,
effective light harvesting is achieved by using photosensitizers,
particularly polypyridyl Ru dye molecules, covalently attached
to TiO2 nanoparticles (Figure 2).23−26 Upon photoexcitation,

electrons generated in the dye molecules are rapidly injected
into the CB of TiO2 nanoparticles. The electrons are then
collected to generate an electric current in the external circuit.
A redox mediator, usually the iodide/triiodide electrolyte
(Figure 1c), is employed to shuttle the electrons from a Pt
counter electrode to the oxidized dye molecules.24 Upon
recovery of the dye molecules, the net effect of this process is
the conversion of a photon into an electron.
The DSSC mechanism has been utilized to design artificial

photosynthetic assemblies containing photosensitizers and
catalysts linked to TiO2 surfaces for solar energy applications,
including environmental photocatalysis,27 solar water split-
ting,28−30 and solar CO2 reduction.

31−33 For example, Young-
blood and co-workers synthesized an overall water splitting
system consisting of a porous nanocrystalline TiO2 film,
heteroleptic ruthenium dye molecules, and hydrated iridium
oxide nanoparticles.30 The ruthenium dye served as a
photosensitizer and also a molecular bridge to connect the
water-oxidation catalyst (hydrated iridium oxide) to TiO2
surface. Visible-light water splitting was achieved in the system
under a small applied voltage.30 Armstrong and co-workers
modified TiO2 nanoparticles with ruthenium polypyridyl
molecules and enzyme catalysts.34−36 The functionalized

TiO2 nanoparticles demonstrated excellent activities in photo-
catalytic H2 production

34 and CO2-to-CO coversion35,36 under
visible light irradiation.

3. MIXED-PHASE TiO2 NANOCOMPOSITES
Coupling two semiconductors can result in spatial separation of
photoexcited electrons and holes when the semiconductor band
structures are properly aligned.37−39 A special example of
coupled semiconductors is mixed-phase TiO2 consisting of
anatase and rutile, two major polymorphs of TiO2 materials.
Anatase has demonstrated much higher activities than rutile in
most studies, partly due to the stronger band bending in
anatase relative to rutile.40 An interesting synergistic effect
between anatase and rutile was observed, in which the addition
of rutile significantly enhances the activity of anatase.41−47

Based on the relative CB positions of anatase and rutile, Bickley
and co-workers proposed a model involving electron transfer
from photoactivated anatase to rutile (Figure 3A).41 Gray, Rajh,

and co-workers studied mixed-phase TiO2 materials using low-
temperature electron paramagnetic resonance (EPR) spectros-
copy.44,45 Trapped electrons in anatase were observed under
visible-light irradiation which can only activate the rutile phase
in the mixed-phase composite.44 A mechanism for the
synergistic effect was proposed to involve electron transfer
from the rutile CB to anatase trapping sites (Figure 3B).44

Nair and co-workers proposed an “interfacial model” (Figure
4) to explain the synergistic effect between anatase and rutile.48

Figure 1. Schematic of TiO2 photocatalysis and relative positions of redox potentials associated with (a) water splitting, (b) CO2 reduction, and (c)
dye-sensitized solar cells. The redox potentials are not shown on scale. Abbreviations: CB (conduction band), VB (valence band), D (electron
donor), S (photosensitizer).

Figure 2. Schematic of a dye-sensitized solar cell. Reprinted with
permission from ref 24. Copyright 2005 American Chemical Society.

Figure 3. Models for spatial charge separation in mixed-phase TiO2:
(A) Bickley and co-workers’ model showing charge separation in
anatase and electron trapping in rutile; (B) Gray, Rajh, and co-
workers’ model of a rutile antenna and subsequent charge separation.
Reprinted with permission from ref 44. Copyright 2003 American
Chemical Society.
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The “interfacial model” considers band bending at the
interfacial region between anatase and rutile. The band
structure of the interfacial region in the dark (Figure 4b) is
almost the same as under UV irradiation (Figure 4a), although
the Fermi level shows an upward shift when both anatase and
rutile are activated (Figure 4b).48 According to the “interfacial
model”, electron transfer occurs from photoactivated anatase to
rutile under UV irradiation since anatase has a more negative
CB energy than rutile (Figure 4b).48 However, under light
irradiation with wavelength greater than 380 nm only the rutile
phase is activated and the rutile CB shifts upward upon
accumulation of photoexcited electrons, making it possible for
the photoexcited electrons in rutile to reach the anatase CB
(Figure 4c).48

Because of the enhanced charge separation, mixed-phase
TiO2 materials demonstrated excellent activity in photocatalytic
water splitting49−51 and CO2 reduction.52−54 Interestingly,

recent studies indicate that mixed-phase TiO2 materials are
better than pure anatase or rutile in DSSCs,55−59 in which
photoexcited electrons are generated in the dye molecules
instead of TiO2 nanoparticles. Anatase TiO2 is often used to
prepare photoanodes in DSSCs partly because of the excellent
electron mobility in anatase CB. The fabrication of DSSC
photoanodes usually involves treatment with a dilute solution
of TiCl4 prior to dye sensitization,60 which significantly
improves the photocurrent and efficiency of anatase TiO2
thin films. Different explanations have been proposed for the
beneficial effect of the TiCl4 treatment, including the formation
of a new rutile layer upon the TiCl4 treatment.61 Li and co-
workers observed the synergistic effect between anatase and
rutile when mixed-phase TiO2 composites were used as
photoanodes in DSSCs.62 The mixed-phase TiO2 composites
were prepared by adding different amounts of rutile nanorods
to anatase nanoparticles. The addition of 10−15% rutile
significantly enhanced light harvesting and the overall photo-
voltaic efficiency of anatase TiO2 in DSSCs.62 Using time-
resolved terahertz spectroscopy, the researchers clearly
demonstrated that interfacial electron transfer from dye-
sensitized rutile to anatase contributed to the enhanced
photovoltaic performance of mixed-phase TiO2 photoanodes.

62

A mechanism similar to the “interfacial model” was suggested,
in which the accumulation of photoexcited electrons in rutile
led to an upward shift of the rutile CB (Figure 4c) and
subsequently enabled interfacial electron transfer from rutile to
anatase.62

In mixed-phase TiO2, the interfacial nanostructures strongly
influence electron transfer between the individual components
and photocatalytic efficiency.63−67 Zhang and co-workers
investigated mixed-phase TiO2 in photocatalytic H2 evolution
from methanol/water solutions.46 Their studies using UV
Raman spectroscopy and high-resolution transmission electron
microscopy demonstrated that the phase junction between
anatase and rutile significantly enhanced the photocatalytic
activity of the mixed-phase material.46 Furthermore, Gray, Rajh,
and co-workers identified44 and explained68 the existence of
interfacial tetrahedral Ti sites in mixed-phase TiO2, which are
highly active sites in photocatalysis.

Figure 4. A proposed interfacial band model (a) in the dark, (b) under
UV irradiation, and (c) under visible light. The anatase phase
(bandgap 3.2 eV) is always shown on the left side and the rutile phase
(bandgap 3.0 eV) is shown on the right. Reprinted with permission
from ref 48. Copyright 2011 Elsevier B.V.

Figure 5. Size quantization effect: structures and electronic states of bulk TiO2 particles, molecular-scale titanium oxide clusters, and isolated single-
site titanium oxide species. Reprinted with permission from ref 70. Copyright 2004 the Chemical Society of Japan.
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4. HIGHLY DISPERSED TITANIUM OXIDE
PHOTOCATALYSTS

Anpo and co-workers observed that photocatalytic activities of
TiO2 particles markedly increased as the particle sizes became
smaller than 10 nm and that the observed size quantization
effect did not arise from changes in specific surface areas.69

Instead, the surface-to-bulk ratio increased as the particle size
decreased, resulting in shorter diffusion paths for the
photogenerated electrons and holes to reach the surfaces of
smaller TiO2 particles where photocatalytic reactions occur.70

Therefore, enhanced charge separation and improved photo-
catalysis could be achieved by using TiO2 nanoparticles,
particularly in the presence of surface adsorbed species which
function as electron or hole scavengers. Koci and co-workers
investigated the activities of anatase nanoparticles with crystal
sizes ranging from 4.5 to 29 nm in photocatalytic CO2
reduction.71 The researchers observed that the 14-nm anatase
gave the highest yields of both methane and methanol as the
CO2-reduction products.71 The observed size effect was
attributed to a combination of factors including specific surface
area, charge-carrier dynamics, and light absorption capacity.71

An undesired consequence of size quantization is the shift of
TiO2 absorption edges toward the UV region (Figure 5).70 For
instance, the threshold absorption wavelength of rutile TiO2
particles shifted from 410.4 to 398.0 nm when the particle size
changed from 200 to 5.5 nm, accounting for an increase of
0.0934 eV in the TiO2 bandgap.

70 In addition, very small TiO2
nanoparticles, especially those synthesized by solution-phase
methods, are unstable in the absence of surface functional
groups. The nanoparticles tend to aggregate upon thermal
treatment that is necessary for achieving good crystallinity and
high photocatalytic activity. This problem can be solved by
synthesizing TiO2 nanoparticles or nanoclusters in confined
environment such as zeolite cavities. White and Dutta
synthesized anatase TiO2 nanoclusters encapsulated in zeolite
Y by ion-exchanging a molecular titanium precursor,
ammonium titanyl oxalate, into the zeolite pores.72 Clusters
of CdS as a narrow-bandgap photosensitizer and metallic Pt as
a catalyst for hydrogen production were also synthesized in the
zeolite pores following the same approach.72 Photocatalytic
hydrogen evolution was observed using the sensitized TiO2
nanoclusters in the presence of the S2−/SO3

2− sacrificial
electron donor system.72

Using the same ion-exchange synthesis, Anpo and co-workers
prepared highly dispersed titanium oxide clusters in zeolite Y,
which exhibited high reactivity in photocatalytic CO2 reduction
using H2O as the reducing agent under UV irradiation.73−75

Spatially separated titanium oxide species were further prepared
as single-site photocatalysts by incorporating titanium atoms in
the framework of mesoporous zeolites.76−83 Frei and co-
workers observed CO as the sole product of CO2 reduction by
H2O on framework titanium centers in Ti-MCM-41 silicate
sieves under UV light.78 In the studies by Anpo and co-workers,
the selective formation of CH3OH and CH4 via CO2 reduction
was observed on single-site titanium oxides under UV
irradiation.84

The titanium coordination of highly dispersed titanium
oxides has profound influence on the reactivity and selectivity
in photocatalytic CO2 reduction (Figure 6).85 For example, the
quantum yield for the formation of CH3OH and CH4 in
photocatalytic CO2 reduction on Ti-containing mesoporous
silica was estimated to be 0.28% in comparison with 0.005% on

bulk TiO2 particles.70 It was revealed that highly dispersed
titanium oxide species in tetrahedral coordination were
responsible for the high selectivity toward the formation of
CH3OH due to the charge-transfer excited state, (Ti3+-O−)*, of
the titanium oxides in zeolites.73,74 On the other hand,
aggregated titanium oxides in octahedral coordination were
found to be associated with CH4 production, similar to what
was observed in CO2 reduction on bulk TiO2 photo-
catalysts.73,74 It was determined that the charge-transfer excited
state of highly dispersed titanium oxides has a much longer
lifetime (microseconds) than that of bulk TiO2 materials
(nanoseconds).77 Therefore, the formation of long-lived,
localized charge-transfer excited states contributed to the
improved CO2-reduction activity of highly dispersed titanium
oxide photocatalysts.
Tetrahedrally coordinated titanium oxides have been utilized

to form all-inorganic metal-to-metal charge transfer (MMCT)
complexes anchored in mesoporous silica which can be
activated by visible light.86,87 The MMCT complexes are oxo-
bridged heteronuclear species TiOM (M = Mn, Sn, Cu, Co, Ce
and Cr) with appropriately chosen redox potentials.88,89 Upon
visible-light photoexcitation, electron transfer from M (donor)
to Ti (acceptor) results in the formation of transient species
including Ti3+. In the recent work by Frei and co-workers, it
was shown that the MMCT excited state of a TiOMn
chromophore has an unusually long lifetime in the microsecond
scale due to strong polarization of the silica environment upon
photoexcited electron transfer from Mn to Ti.88 The long
lifetime of the MMCT excited state suggests that the oxo-
bridged heteronuclear units are promising charge-transfer
chromophores for driving multielectron catalysts in artificial
photosynthetic systems.88 In fact, a TiOCr chromophore has
been coupled with iridium oxide nanoclusters for use in visible-
light water oxidation.90

Titanium oxides confined in microporous and mesoporous
zeolites were also evaluated in photovoltaic applications.
Atienzar and co-workers prepared titanium-containing zeolites
which demonstrated photovoltaic activities.91 The photo-
response of dye-sensitized zeolites was independent of the
zeolite pore dimensions or particle sizes, but increased with
titanium content.91 The researchers also investigated Ti-MCM-

Figure 6. Correlation between the selectivity of CH3OH formation in
photocatalytic reduction of CO2 with H2O and the coordination
number of titanium oxide species incorporated within zeolites. The
coordination number was obtained from X-ray absorption fine
structure analyses. Reprinted with permission from ref 85. Copyright
2003 Elsevier Science (USA).
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41, which contains isolated titanium atoms in the framework of
mesoporous silica, as the photoanode of a DSSC.92 The
measured photocurrent per titanium atom for the Ti-MCM-41
was very similar to that of a commercially available TiO2
material having an average particle size of 25 nm.92

5. SOLAR ENERGY CONVERSION USING TiO2
NANOTUBES

As discussed earlier, enhanced photocatalysis can be achieved
by controlling particle sizes and nanostructures of TiO2
materials.93 The photocatalytic and photovoltaic properties of
TiO2 materials can also be improved by adopting new
morphologies, such as nanotubes which have attracted
enormous attention.94−97 In TiO2 nanotubes, photoexcited
electrons and holes could move along the nanotubes, leading to
increased delocalization and long diffusion length of charge
carriers (>200 nm).98−100 As a result, charge recombination is
retarded by the tubular morphology of TiO2 nanotubes. This
feature is particularly advantageous for photovoltaic and
photocatalytic applications.101−106 In a conventional DSSC,
the photoanode consists of interconnected TiO2 nanoparticles
which are deposited on a conducting glass, forming a
mesoporous thin film (Figure 7a).24 Electrons generated in
the dye molecules are injected into the conduction band of
TiO2 nanoparticles. The electrons then diffuse through the
three-dimensional network of TiO2 nanoparticles to reach the
conducting glass before being collected as an electric current in
the external circuit. The DSSC efficiency is strongly influenced
by interfacial nanostructures and connection between individual
TiO2 nanoparticles. Furthermore, the electrons may be
intercepted by triiodide in the electrolyte solution during the
diffusion process across the TiO2 network. Loss of photo-
generated electrons during the diffusion process could
potentially be prevented by using vertically aligned TiO2
nanotube arrays to collect the electron (Figure 7b).103 In
DSSCs using TiO2 nanotubes instead of TiO2 nanoparticles, it
is expected that photogenerated electrons could travel along the
nanotubes to reach the external circuit. The much higher
electron diffusion length in nanotubes than in nanoparticles
suggests that the tubular morphology could contribute to
improved photovoltaic efficiency. Figure 8 shows the schematic
diagram of a DSSC consisting of highly ordered TiO2
nanotubes.103 The self-standing nanotube array was fabricated
by anodic oxidation of a titanium foil.103 In the configuration
shown in Figure 8, the titanium foil supporting the nanotubes

serves as the conducting substrate to replace a conducting glass
which is widely used in conventional DSSCs. As a result, the
DSSC is illuminated through the more transparent Pt counter
electrode.
Current solar cell conversion efficiencies using TiO2

nanotubes are in the range of 4−5%,101 much lower than the
record of 11.2% using TiO2 nanoparticles

107 when polypyridyl
ruthenium dyes are used as the photosensitizer. The photo-
voltaic performance of TiO2 nanotubes could be further
improved by optimizing parameters, including nanotube
geometry and microstructures which strongly influence electron
transport, recombination kinetics, and solar energy conversion
efficiencies.101 Zhu and co-workers investigated the effect of
thermal treatment on the photovoltaic performance of TiO2
nanotubes.108 Thermal treatment in the range between 200 and
600 °C significantly improved crystallinity while inducing phase
transformation of as-deposited TiO2 nanotube arrays.108

Annealing at high temperatures also led to partial degradation
of the nanotube walls. The researchers then demonstrated that
nanotube films annealed at 400 °C exhibited the highest
morphological order, fastest electron transport, slowest
recombination kinetics, and subsequently highest solar energy
conversion efficiency.108

Following the DSSC configuration shown in Figure 8, highly
ordered TiO2 nanotube arrays have been investigated in
photoelectrochemical water splitting,103 in which water
oxidation occurs on the photoanode in the presence of
overpotentials. For example, Park and co-workers prepared
TiO2 nanotube arrays for use in solar water splitting.109 The
water-splitting photocurrent produced by the TiO2 nanotube

Figure 7. (a) Scanning electron micrograph of mesoporous TiO2 nanoparticles deposited on a conducting glass as the photoanode of a DSSC. The
average particle size is 20 nm. Reprinted with permission from ref 24. Copyright 2005 American Chemical Society. (b) Scanning electron micrograph
of highly ordered TiO2 nanotube arrays prepared by anodization. Reprinted with permission from ref 103. Copyright 2006 Elsevier B. V.

Figure 8. Schematic diagram of a DSSC using dye-sensitized TiO2
nanotubes. Reprinted with permission from ref 103. Copyright 2006
Elsevier B. V.
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arrays was more than 10 times higher than that of TiO2

nanoparticles.109 It was suggested that the improved perform-
ance of the TiO2 nanotube arrays originated from better light
harvesting and charge separation of the TiO2 nanotubes in
comparison with TiO2 nanoparticles.

109

Additional components could be incorporated within the
TiO2 nanotubes, forming nanocomposites that further improve
light harvesting and charge separation. For instance, CdS
nanoparticles as photosensitizers have been attached to TiO2
nanotubes for use in water splitting under visible light
irradiation.110,111 Feng and co-workers deposited ultrafine Pt
nanoparticles within TiO2 nanotubes, which demonstrated
excellent activity in photocatalytic conversion of CO2 and H2O
into CH4.

112 The TiO2 nanotube surface allowed homogeneous
distribution of Pt nanoparticles as the electron sinks and active
reduction sites, enabling efficient charge separation.112

6. CONCLUSIONS

Semiconducting TiO2 materials have been extensively inves-
tigated in photocatalytic and photovoltaic applications. Solar
energy conversion efficiencies of TiO2 materials largely depend
on the extent of charge separation between photoexcited
electrons and holes. This article discusses three effective
strategies that have resulted in hindered charge recombination
in TiO2 materials. In mixed-phase TiO2, photogenerated
electrons and holes get trapped in different phases (anatase
or rutile), leading to spatial charge separation. The charge-
transfer excited state of highly dispersed titanium oxides has a
much longer lifetime than that of bulk TiO2 materials. As a
result, enhanced photoactivity and selectivity in CO2 reduction
was achieved using highly dispersed titanium oxides with
relatively low titanium coordination numbers. Nanotubular
TiO2 materials show great promise in both photocatalytic and
photovoltaic applications because of the long diffusion length of
charge carriers along the nanotube axis.
It should be pointed out that many other factors beyond

charge separation could significantly influence the overall solar
energy conversion efficiencies in photocatalytic and photo-
voltaic processes. For instance, the adsorption and reaction of
substrate molecules on TiO2 surfaces are among the essential
steps of heterogeneous photocatalysis,1 while the adsorption of
dye molecules113 and charge transfer dynamics at the dye−
TiO2 interfaces are more important in DSSCs.23 Because the
operational principles of photocatalysis and photovoltaics are
different, a highly active TiO2 photocatalyst does not
necessarily perform well in a DSSC and vice versa.
This article is based on selected examples from the literature

demonstrating how improved charge separation is achieved
through the three approaches. It can be seen from the examples
that significant advances have been made in recent years in the
field of solar energy conversion using TiO2 materials. Although
research on alternative photocatalysts to TiO2

114,115 has been
equally successful, TiO2 remains the most promising material
for photocatalytic and photovoltaic applications.
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