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Semiconductor photocatalysis is a promising approach to combat both environmental pollution and the

global energy shortage. Advanced TiO2-based photocatalysts with novel photoelectronic properties are

benchmark materials that have been pursued for their high solar-energy conversion efficiency. In

general, the photocatalytic efficiency is affected by the degree of light absorption, charge separation,

and surface reactivity. Consequently, in this review we first discuss a series of interesting studies that aim

to extend the light absorption of TiO2 from UV wavelengths into the visible or even the near-infrared

region. We next focus on attempts to overcome the drawback that dopants usually act as charge

recombination centres. We discuss the use of either selective local doping or the introduction of

disorder together with doping, which aims to facilitate charge separation while preserving the visible-

light response. We also show that crystal facet engineering can endow TiO2 with superior

physicochemical properties, thus yielding high surface reactivity in photocatalytic reactions. Finally, we

examine the recent theoretical advances of TiO2-based photocatalysis.
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1. Introduction

Photocatalysis is a promising, environmentally friendly tech-
nology for the conversion of solar energy into chemical
energy.1–4 Potential applications include photodegradation of
hazardous substances,5,6 photocatalytic water splitting,7–10 arti-
cial photosynthesis,11–13 photo-induced super-hydrophilicity,14

and photoelectrochemical conversion.15 To date, a wide variety
of semiconductors have been investigated as photocatalysts in
addition to traditional materials such as TiO2,16–21 WO3,22–24

CdS,24–26 and SrTiO3.27,28 Novel photocatalysts are still being
discovered; recent reports include Ag3PO4,29,30 C3N4,31–33 and
metal–organic framework (MOF) based materials.34–36 However,
TiO2 remains the most popular material and can be considered
as a benchmark in the eld of photocatalysis.37–39 The many
advantages of TiO2 include high photoreactivity, good stability
with time, low cost, and environmentally friendly nature. In
Japan, TiO2 has been used in air puriers and self-cleaning
Lequan Liu received his PhD
degree in 2011 from Lanzhou
Institute of Chemical Physics,
Chinese Academy of Sciences
under the supervision of Prof.
Youquan Deng. In the same
year, he moved to NIMS (Japan)
as a postdoctoral fellow in Prof.
Jinhua Ye's group. His research
interests involve noble metal
catalysis and developing met-
al@semiconductor composite
materials for articial
photosynthesis.

Pakpoom Reunchan has received
his PhD from Suranaree Univer-
sity of Technology (SUT), Thai-
land under the supervision of
Prof. Sukit Limpijumnong in
2009. Aer working at the Asia
Pacic center for Theoretical
Physics (APCTP) in Korea and
NIMS in Japan as a postdoctoral
fellow during 2009–2012, he has
joined the Department of
Physics, Faculty of Science,
Kasetsart University, Thailand.

His background is electronic structure calculations of real mate-
rials, focusing on defects in semiconductors. His current research
interests are computational design of highly active photocatalysts
based on doping schemes and hydrogen storage materials.

This journal is © The Royal Society of Chemistry 2014
windows since the late 1990s.40–43 More commonly, TiO2 has
been used as a white pigment from ancient times, and thus its
safety for both humans and the environment is guaranteed by
history.44

The evolution of TiO2-based photocatalysis can be traced
back to the early 1930s. In 1938, Doodeve et al. reported that
active oxygen species produced on the TiO2 surface can bleach
dyes under UV light irradiation; TiO2 was referred to as a
“photosensitizer” in that publication.45 The rst researchers to
use the terminology “photocatalyst” with respect to TiO2 might
be Kato and Mashio in 1956, whose report is entitled “Autoox-
idation by TiO2 as a photocatalyst”.44 In their experiments, the
autooxidation of organic solvents and the simultaneous
formation of H2O2 were observed under the irradiation of a Hg
lamp. In 1972, Fujishima and Honda reported the landmark
discovery of water photolysis on a TiO2 electrode,37 which
aroused much attention towards TiO2-based photocatalysis. As
shown in Fig. 1, the number of publications related to this topic
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Fig. 1 Annual number of publications (Science Citation Index
Expanded) in Web of Science when a search for the topic “titanium
dioxide or titania or TiO2” and “photo*” is performed.
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steadily increased in the 1970s and 1980s, then grew exponen-
tially since 1990s till now, indicating that TiO2 is really a hot
subject in the eld of photocatalysis. It is also interesting to
point out that studies based on TiO2 have become more
intensive over the last ten years.

The main topic of investigation has become concentrated on
how to improve the solar energy conversion efficiency to meet
engineering requirements. In general, a photocatalytic reaction
consists of three steps as shown in Fig. 2. First, photoexcitation
generates electrons (e�) and holes (h+). Next, the electrons and
holes migrate to the TiO2 surface. Finally, the electrons and
holes react with adsorbed electron acceptors and donors,
respectively, to complete the photocatalytic reaction.4 Accord-
ingly, much effort is currently focused on how to improve the
light absorption, charge separation, and surface reactivity of
TiO2 in order to achieve outstanding photocatalytic
performance.46–50

Both spatial structuring of TiO2 to increase the effective path
length of incident light51 and band structure engineering to
enhance the optical response in the UV to visible light range17,52

can induce TiO2 to absorb more photons. Attempts have been
made to apply both physical concepts and spatial structuring to
TiO2, such as utilizing the slow-light effect in periodic TiO2

photonic crystals,53 the multi-reection effect in semi-hollow
TiO2 spheres,54 and Mie's scattering effect in TiO2 spheres of
particular size;55 all of these interesting studies revealed that
well-designed nanostructures can trap photons and force them
to propagate more effectively through TiO2, thus resulting in
more efficient light absorption. A limitation of TiO2 is its 3.2 eV
Fig. 2 Schematic picture of the TiO2 photocatalytic reaction process.

12644 | J. Mater. Chem. A, 2014, 2, 12642–12661
bandgap, which allows only UV light to be absorbed (l < 387 nm,
accounting for 5% of the solar spectrum). To harvest visible
light (43% of the solar spectrum) for better solar energy
conversion, it has been reported that either the inter-particle
electronic coupling of TiO2 nanocrystals56 or localized surface
plasmon resonance (LSPR) photosensitization57 can be utilized.
Chemical doping is also an effective method to enable visible
light photocatalytic performance, by narrowing the bandgap of
TiO2. The prerequisite is that the integrity of the TiO2 crystal
structure should be maintained when pursuing the favourable
modulations in the electronic structure.58,59 Generally, the metal
dopants (Cr,60 Mn,61 Fe,62 Ni,63 Cu,64 etc.) substitute the Ti atoms
and their states can mix with the conduction band or valence
band, and in some cases can insert a new band into the original
bandgap of TiO2; while the non-metal dopants (C,65 N,17,66 F,67,68

S,69 Cl,70 etc.) are introduced onto the O sites to mostly modulate
the valence band of TiO2.

Aer excitation by light, the photo-generated electrons and
holes migrate to the surface. For TiO2 electrodes, the existing
electric eld in the depletion region facilitates charge separa-
tion, hence this depletion region contributes most of the elec-
trons and holes that are available for the photocatalytic
reaction. However, doping can directly increase the carrier
density and result in a narrower depletion region, which greatly
hinders the electron–hole separation process.71–74 In addition,
surface dopants generally act as charge recombination
centres.75 These drawbacks greatly limit the practical use of
doped TiO2. Conversely, the selective doping of an inner region
of a TiO2 sample while keeping the outer region pure is a
strategy that not only enables visible-light harvesting but also
preserves a wide depletion region for efficient charge transfer,
offering a promising and general way to enhance the photo-
catalytic efficiency.76,77 Furthermore, disorder can be introduced
on the surface layer of nanophase TiO2 powder to obtain “black
TiO2”, an approach that is different from conventional doping.
The stable lower-energy mid-gap states that result from the
surface disorder can localize both photo-excited electrons and
holes and thus avoid fast recombination.20 Therefore, appro-
priate modication is necessary to further ne-tune the local
electronic structure of doped TiO2 and achieve better charge
separation.

Surface chemistry plays an important role in photocatalytic
reactions because a variety of physical and chemical processes
(e.g., adsorption of reactant molecules, surface transfer
of photoexcited electrons to reactant molecules, and desorption
of product molecules) take place on the surface.19,78,79 The type
This journal is © The Royal Society of Chemistry 2014
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of atomic arrangement and coordination on a surface inu-
ences the surface energy and reactivity. In general, the presence
of more under-coordinated atoms on the surface will yield a
higher surface energy; however, a higher surface energy does
not directly imply superior surface reactivity.80 The surface
reactivity is determined by both the surface atomic structure
and electronic structure. Much effort has been applied to the
growth of TiO2 single crystals with highly active surfaces
exposed (e.g. the {100},81,82 {001},83,84 and {111} facets85); these
studies have shown that the photocatalytic activity of TiO2

differs with the type of facet exposed.78 The surface adsorption/
desorption ability and the redox potential of the charge carriers
are inuenced by the percentage of each facet exposed,82 the
surface area,84 the coordination of surface atoms,85 the
concentration of surface oxygen vacancies,30 and the facet-
dependent electronic band structure.80,86 All of these factors
should be analysed together in facet engineering studies.78,87

In this article, we aim to bring the reader up to date
regarding recent progress in TiO2-based photocatalysis. Firstly,
we introduce methods that have been adopted to enhance the
light absorption of TiO2, such as applying a physical concept
(Mie's scattering) to TiO2 spheres to reinforce the intrinsic
optical absorption, utilizing electronic coupling in assemblies
of TiO2 nanocrystals to achieve a visible-light-response, and the
use of LSPR-based Au-photosensitization for visible/near-
infrared light harvesting. Then, approaches for obtaining better
charge separation and overcoming the shortcomings of doping
will be reviewed, such as selectively doping the inner layers of
TiO2 lms, constructing p–n junctions in bulk TiO2, and
introducing surface disorder for better localization of photoex-
cited charge carriers. Thirdly, a systematic investigation of facet
engineering in TiO2 will be discussed. Finally, we focus on
related theoretical studies that aim to provide a comprehensive
understanding of TiO2-based photocatalysis. This article
provides a survey of recent advances in TiO2 photocatalysis, and
discusses effective solutions to the challenges in this eld.
2. Light harvesting: from UV to visible
to near-infrared light

The rst step in photocatalysis is photoexcitation, thus highly
efficient light harvesting is an important goal. To date,
remarkable progress has been made to improve the absorption
of light in TiO2 materials, not only in the intrinsic absorption
region of TiO2, but also to extend the spectral range into the
visible/near infrared region. Light absorption can be improved
by applying physical concepts to spatially nanostructured TiO2

to increase the effective optical path length through the mate-
rial. Doping TiO2 with other elements, which introduce impu-
rity levels between the conduction band and valence band, is a
general method to extend the optical sensitivity to the visible
light region. Alternatively, making use of electronic coupling
between two TiO2 nanocrystals in close proximity, in order to
engineer the electronic band structure and obtain a self-nar-
rowed bandgap without changing the chemical composition, is
also a promising route towards enhanced solar energy
This journal is © The Royal Society of Chemistry 2014
utilization. Another versatile method of extending the optical
response of TiO2 to the visible or even the near-infrared region
is to utilize photosensitization.
2.1 Physical concepts applied to spatially structured TiO2

When a TiO2 photocatalyst is illuminated, light can be absor-
bed, reected, or scattered. We assume that only the absorbed
photons can generate electrons and holes. Nevertheless, it is
obvious that the path length of the incident light varies with
different TiO2 nano-architectures. If physical concepts such as
the slow-light effect22,88,89 or Mie's scattering effect90–92 are
applied to TiO2 with optimized spatial structuring, the light can
be forced or guided to reect/scatter many times as it passes
through the material; in this case, the effective optical path
length is greatly increased, which offers more opportunities for
photons to be absorbed by TiO2 and ensures more efficient light
harvesting in the photocatalytic reaction.

The slow-light effect in TiO2 photonic crystals is a well-
studied phenomenon that can lead to higher light absorption
for photocatalysis.51 In photonic crystals, the unique periodic
dielectric structure can give rise to multiple diffraction and
reection and trap light inside the material;53,89,93,94 this is
similar to the way in which electron motion is affected by the
periodic potential of semiconductor crystals. In the same way as
a semiconductor crystal possesses an electronic bandgap, a
photonic bandgap can be dened in a photonic crystal.95 Bragg
diffraction can prevent light with energy close to the photonic
bandgap from propagating in a particular crystallographic
direction. Therefore, light propagates through the material with
a strongly reduced group velocity, leading to the delay and
storage of light inside the photonic crystal, the so-called slow-
light effect.96 When the wavelength of the slow photons overlaps
with the absorption regime of TiO2 (l < 387 nm), light absorp-
tion will be strongly promoted.97 Bragg's equation implies that
the slow-light wavelength can be tuned by controlling the pore
size of the photonic crystal.10,63,93 Experimentally, Ozin et al.
fabricated TiO2 inverse opal photonic crystals with various pore
sizes to obtain photonic bandgaps centred at 280, 300, 325, 345,
370, 430, and 500 nm. When testing the photocatalytic prop-
erties via the photooxidation of adsorbed MB, it was demon-
strated that more efficient photodegradation was achieved
when the energy of the slow photons was close to the electronic
bandgap of TiO2.53

Nevertheless, it is worth noting that although the slow-light
effect results from the periodicity of the photonic crystal
structure, any disorder might break the integrity of the structure
and lead to deterioration of the optical response.98 To date,
photonic crystals have mainly been fabricated in the form of
lms rather than powders, because crushing or grinding the
material will destroy the periodicity of the structure. Thus, most
applications of photonic crystals are limited to the photo-
degradation of hazardous substances53,93,98 or to photo-
electrochemical conversion.22 To solve this problem, we have
recently applied another physical concept, “Mie's scattering”, to
TiO2 spheres in order to enhance the light utilization efficiency
in photocatalytic water splitting.55
J. Mater. Chem. A, 2014, 2, 12642–12661 | 12645
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Mie's scattering is an optical phenomenon that occurs when
the size of the spheres is comparable to the wavelength of the
incident light. The light is strongly scattered in the forward
direction, producing a pattern like an antenna lobe, with a
sharper and more intense forward lobe (Fig. 3a).90 Therefore,
the path length of the incident light between neighbouring
spheres is increased, leading to greater light utilization effi-
ciency.99 Theoretically, for an incident light wavelength l, the
scattering of a system that consists of dispersed spherical
particles can be fully described by the radius of the spheres
r and the complex refractive index m. The complex Mie coeffi-
cients an and bn can be obtained from the complex Bessel–
Riccatti functions j and z as follows:91,92

an ¼ j0
nðmxÞjnðxÞ �mjnðmxÞj0

nðxÞ
j0
nðmxÞznðxÞ �mjnðmxÞz0nðxÞ

(1)

bn ¼ mj0
nðmxÞjnðxÞ � jnðmxÞj0

nðxÞ
mj0

nðmxÞznðxÞ � jnðmxÞz0nðxÞ
(2)

QSca ¼ 2

x2

XN
n¼1

ð2nþ 1Þ
�
janj2 þ jbnj2

�
(3)

here the size parameter x is given by x ¼ 2pr/l, and QSca is the
Mie coefficient. Therefore, the light scattering efficiency is
largely dependent on the size of the scattering spheres and the
wavelength of the incident light.91,92

In our study, TiO2 spheres with various diameters in the
range 330–750 nm were fabricated in a controlled fashion to
investigate the relationship between size and scattering prop-
erties. As shown in Fig. 3b, the positions of the scattering
resonant peaks, which indicate highly efficient scattering in
different wavelength regimes, were largely dependent on the
size of the TiO2 spheres. Resonant peaks were observed at 366,
400, and 440 nm for the T380, T450, and T600 samples,
Fig. 3 (a) Schematic illustration of Mie's scattering. (b) Scattering reson
tocatalytic evolution of H2 using TiO2 sphere samples. TiO2 spheres wit
T380, T450, T600, and T750, respectively. Reproduced with permission

12646 | J. Mater. Chem. A, 2014, 2, 12642–12661
respectively. The bandgap of TiO2 is 3.2 eV, and thus the exci-
tation of carriers can only be achieved by light with wavelengths
smaller than 387 nm. Light is rst scattered, then transferred to
and absorbed by neighbouring TiO2 spheres. The path length of
the incident light is thus increased, resulting in higher light
utilization efficiency for the 380 nm spheres. However, the effect
of scattering for the 450 and 600 nm spheres is beyond the light
absorption region of TiO2, and thus is limited to the promotion
of light harvesting.55 Accordingly, the T380 sample exhibited
signicant photocatalytic activity for H2 evolution that was
approximately 5 and 3 times higher than that of the T450 and
T600 samples, respectively (Fig. 3c).55 Our study thus demon-
strated that Mie's scattering can be adopted for the light
absorption region of TiO2 via morphological modulation to
improve light harvesting, which results in excellent photo-
catalytic performance for H2 evolution. Mie's scattering is a
common natural phenomenon; for example, it is the reason why
clouds look white because in the atmosphere, dust particles
with various sizes can scatter all wavelengths of visible light.
This study provides a promising and general way to effectively
enhance light absorption in other semiconductor photo-
catalysts, simply by optimizing the diameters of the spheres and
inducing Mie's scattering in their intrinsic light absorption
regions.
2.2 Electronic coupling

The large bandgap of TiO2 limits its absorption to UV light only,
although visible light (400–700 nm) accounts for a much larger
proportion (43%) of the solar spectrum. Electronic coupling,
which is a general phenomenon in assemblies of TiO2 nano-
crystals, allows the bandgap to be narrowed and enables visible
light absorption. In assemblies of nanoparticles, inter-particle
coupling of the surface electrons (excitons), plasmons or
ance spectra of TiO2 suspensions with various particle sizes. (c) Pho-
h diameters of 330, 380, 450, 600, and 750 nm are denoted as T330,
from ref. 55 (copyright 2012 American Chemical Society).

This journal is © The Royal Society of Chemistry 2014

http://dx.doi.org/10.1039/c4ta00941j


Feature Article Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 1
6 

Ju
ne

 2
01

4.
 D

ow
nl

oa
de

d 
by

 C
A

SE
 W

E
ST

E
R

N
 R

E
SE

R
V

E
 U

N
IV

E
R

SI
T

Y
 o

n 
27

/0
7/

20
14

 1
3:

16
:5

6.
 

View Article Online
magnetic moments may endow the particles with novel prop-
erties.100,101 Exciton energy transfer and electronic coupling are
the main types of interactions that have been considered in
such assemblies, but they occur under different conditions in
practical applications. Previous studies have revealed that when
CdTe nanoparticles are separated by distances between 2 and 10
nm, long-range dipole–dipole interactions play an important
role in inducing resonance energy transfer.102 However, if the
inter-particle separation is less than 2 nm, the wave functions of
adjacent nanoparticles overlap; such electronic coupling results
in a substantial alteration of the electronic structure and the
observation of a red-shied light absorption band and a pho-
toluminescence emission band.103 As shown in Fig. 4a, when a
pair of nanoparticles is electronically coupled, bonding and
anti-bonding levels are formed, resulting in a modied elec-
tronic structure.56,104

We performed a study on the effect of Ti–Ti electronic
bonding in an assembly of anatase TiO2 nanoparticles with an
average size of 5 nm (Fig. 4b). The as-prepared sample of
assembled nanoparticles had a bright yellow colour (inset of
Fig. 4c) and a much narrower bandgap than bulk TiO2, allowing
the absorption of visible light up to 500 nm (Fig. 4c). However,
when the sample wasmechanically crushed to form powder, the
colour returned to white because the interactions between
neighbouring nanoparticles were eliminated. X-ray photoelec-
tron spectroscopy (XPS) offered powerful evidence for the
presence of such interactions; as shown in Fig. 4d, compared to
the crushed sample, the Ti 2p peaks in the TiO2 assembly
sample were shied to higher binding energy, indicating that
interfacial Ti–Ti electronic bonding between the assembled
TiO2 nanocrystals was indeed present.56 Most signicantly, as
shown in Fig. 4e, the assembled TiO2 nanocrystals exhibited
considerable activity in the visible light (l > 420 nm, 300 W Xe
Fig. 4 (a) Illustration of the electronic bond formed between two ato
microscopy (HRTEM) image of individual TiO2 nanocrystals (NCs). (c) UV-
function of photon energy based on the Butler equation (inset) of colloida
Comparison of XPS spectra between assembled TiO2 NCs and crushed N
irradiation (l > 420 nm). Reproduced with permission from ref. 4 (copyr

This journal is © The Royal Society of Chemistry 2014
lamp with a 440 nm cut-off lter) region for the decomposition
of isopropyl alcohol (IPA), whereas the crushed powder sample
was inactive; this implies that the bandgap narrowing induced
by the TiO2 assembly can indeed enhance solar energy utiliza-
tion. This nding opens up a new way to narrow the bandgaps
of semiconductor photocatalysts via electronic coupling in
nanoparticle assemblies.
2.3 Localized surface plasmon resonance photosensitization

The utilization of LSPR based photosensitization enables TiO2

to absorb visible or even near-infrared light.105,106 For plasmonic
metals (such as Au,107–112 Ag,113–118 Pt,119–122 Cu,123–125 and
Pd126–129), resonant collective oscillation of the valence electrons
occurs when the frequency of the incident photons matches
with the natural frequency of surface electrons that oscillate
against the restoring force of the positive nuclei, thus exhibiting
their characteristic plasmon absorption bands.130 In general,
the frequency of the surface plasmon absorption band strongly
depends on their component, size, shape, and surrounding
medium.107,131 Au,107 Ag,113 Pt,120 and Cu125 particles exhibit the
LSPR excitation in the visible light region,132 when combined
with TiO2, they can act as photosensitizers for the excitation of
TiO2 under visible light irradiation via transferring electrons
from photoexcited metals to TiO2,108,133 and/or supplying addi-
tional energy caused by the LSPR-induced electromagnetic
elds for the photoexcitation of TiO2.121,122 However, the reac-
tivity and fast oxidation of Cu under ambient conditions usually
limited the study of Cu plasmons,134 and thus most of the LSPR
based TiO2 were focused on the noble metal because of the
relative chemical inertness.107,113,130 Silva et al. reported that Au
nanoparticles supported on P25 (Au/TiO2), which exhibited a
surface plasmon band with lmax z 550 nm, can produce 0.1 mL
ms and two nanocrystals. (b) High-resolution transmission electron
visible absorption spectra, photographs, and the converted spectra as a
l TiO2 nanoparticles, assembled TiO2 NCs, and crushed NC powder. (d)
C powder. (e) Photocatalytic decomposition of IPA under visible light

ight 2012 Wiley-VCH Verlag Gmbh) and ref. 56.
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h�1 H2 under 532 nm laser irradiation.135 In that work, it was
assumed that the photoexcited Au injects its electrons into the
conduction band of TiO2 to reduce H2O to H2, while the holes
that remain on Au quench the sacricial electron donor to
complete the entire water splitting process.135 Zhai et al.
revealed that Pt/TiO2 lms exhibited high selectivity and rela-
tively long-term stability for selective oxidation of aromatic
alcohols to aldehydes under visible light irradiation because of
the LSPR effect of Pt.122 In Zheng et al.'s study, plasmonic
composites M@TiO2 (M ¼ Au, Ag, Pt) with LSPR excitation of
the visible-light-response were systematically investigated.
Au@TiO2 and Ag@TiO2 exhibited the LSPR peaks around 540
and 451 nm, respectively, while no obvious LSPR peak but a
wide absorption band can be probed for Pt@TiO2.105,136 When
evaluating their photocatalytic properties for oxidation of
benzene to phenol under visible light (l > 400 nm), Au@TiO2

exhibited the highest yield in selective organic trans-
formation.136 However, those above-mentioned studies have
mainly been limited to reactions under visible light. The ques-
tion of how to achieve photocatalytic activity in the near-
infrared region, which accounts for a larger proportion of solar
energy, is still a big challenge.137,138

To achieve more visible or near-infrared light, we should
tune the LSPR modes of those plamonic metals to the longer
wavelength region via size or shape control.105 With the increase
of the particle size for a certain metal, the LSPR peak will be red-
shied due to the electromagnetic retardation in larger parti-
cles.105 For instance, the LSPR extinction peak of Pt spheres
gradually shied from 248 to 494 nm when the diameter of Pt
increased from 29 nm to 107 nm.120 Shape control is another
effective method to tune the LSPR band position. The LSPR
mode of Pd nanoparticles (<10 nm in size) was reported in the
UV region, however, both Pd nanoplates126 and nanocubes127

can exhibit the LSPR peak in the visible region; more interest-
ingly, the LSPR locations were tuned from 410 to 520 nm when
the nanocubes were cavitated into nanoboxes,127 and the
discrete dipole approximation (DDA) calculations even indicate
that this location can be further red-shied to 870 nm for the Pd
nanocage with an edge length of 48 nm and a wall thickness of
3 nm.127 In addition, in contrast to spherical Au particles, which
only exhibit a transversal plasma at �520 nm, the plasmon
resonance absorption of Au nanorods splits into two modes,
which correspond to the oscillation of free electrons parallel
(referred to as the longitudinal plasma) and perpendicular
(referred to as the transversal plasma) to the long axis of the
rods.139 When the length-to-width ratio of the rod increases, the
LSPR mode parallel to the long axis can be red-shied to the
near-infrared light region in addition to the increased oscillator
strength.105,129

Accordingly, we carried out a study to demonstrate that the
use of Au nanorods instead of spherical Au particles enables the
absorption of photosensitized TiO2 to be shied to the longer
visible/near-infrared region.57 As shown in Fig. 5a, well
dispersed Au nanorods (bright contrast) can be discerned in
high angle annular dark eld (HAADF) scanning transmission
electron microscopy (STEM) images of the composite material;
HRTEM images revealed that the Au nanorods and TiO2
12648 | J. Mater. Chem. A, 2014, 2, 12642–12661
nanoparticles are in close contact with each other (Fig. 5b),
which facilitates electron/energy transfer between them. Most
importantly, besides the transversal plasma located at
�520 nm, the longitudinal mode strongly depends on the
aspect ratio (dened as length divided by width) of the nano-
rods due to the difference in charge accumulation parallel and
perpendicular to the rod axis. The restoring force is propor-
tional to this charge accumulation, and thus smaller forces and
consequently smaller resonance frequencies are required to
excite the longitudinal plasmon resonance. Tuning the aspect
ratio of the Au nanorods allowed samples with longitudinal
plasma resonances centred at 630, 660, 710, 760, and 810 nm to
be prepared (Fig. 5c). The photocatalytic oxidation of IPA served
as a model reaction to evaluate the wavelength dependence on
the photocatalytic activity of Au-sensitized TiO2 for two different
types of broadband light irradiation: (I) visible light covering
the transversal plasmon resonance of the Au nanorods only
(400 < l < 650 nm), and (II) visible light covering both the
transversal and longitudinal plasmon resonances of the Au
nanorods (400 < l < 820 or 910 nm). As shown in Fig. 5d, both
the production of acetone and CO2 were much higher under
broadband II irradiation than under broadband I irradiation,
indicating that IPA photo-oxidation can be driven by the
longitudinal plasma of Au nanorods. This greatly extends the
light harvesting region from �520 nm for spherical Au particles
to �810 nm for Au nanorods.57
3. Better charge separation

Aer photoexcitation, the generated electrons and holes
migrate to the TiO2 surface; a better charge separation efficiency
is hence favourable for photocatalytic reactions. Doping can
narrow the bandgap of TiO2 to allow visible light harvesting.
However, the undesirable charge recombination that occurs
frequently at the dopant sites severely degrades the photo-
catalytic performance. For TiO2 photoelectrodes, doping can
increase the electronic conductivity and one may thus expect it
to enhance the photoelectrochemical properties. Conversely, a
large number of studies have revealed that the monochromatic
incident photon-to-electron conversion efficiency (IPCE)
decreases in the intrinsic light absorption region of TiO2 aer
doping, because signicant charge recombination occurs in the
depletion region of doped TiO2.75–77 However, the latest reports
in this area have demonstrated that selective doping of inner
layers of the TiO2 electrode can greatly enhance the photocur-
rent by effectively suppressing the charge recombination. In
addition, particular dopants (Cr–TiO2) can convert n-type TiO2

into p-type. Here, the inner layer of the electrode is locally
doped (p-Cr–TiO2) while maintaining pure n-TiO2 in the outer
layer; this allows a p–n junction to be precisely formed for better
charge transfer in the TiO2 electrode, enabling better charge
separation for photoelectrochemical solar water splitting. In
powder samples, introducing disorder on the surface layers of
nanophase TiO2 through hydrogenation might create stable
mid-gap electronic states, thus localizing both the photoexcited
electrons and holes and preventing fast recombination.
This journal is © The Royal Society of Chemistry 2014
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Fig. 5 (a) HAADF-STEM images and (b) HRTEM image of a Au nanorod/TiO2 photocatalyst. (c) UV/visible absorption spectra of Au nanorod/TiO2

photocatalysts. (d) Time dependence of acetone (solid symbols) and CO2 (open symbols) evolution in the photocatalytic oxidation of IPA using
the Au nanorod/TiO2 photocatalyst with a longitudinal band centred at 660 nm under irradiation with broadband light I (circles) and II (squares).
Reproduced with permission from ref. 57 (copyright 2013 Wiley-VCH Verlag Gmbh).
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3.1 Local doping in TiO2 photoelectrodes

When a TiO2 electrode is immersed in aqueous solution, the
energy bands close to the surface are bent (this is known as the
depletion region) whereas the energy bands of the inner part
remain at (this is known as the neutral region). Accordingly,
the TiO2 electrode is divided into an “inner layer” (the neutral
region) and an “outer layer” (the depletion region and the
surface), as shown in Fig. 6a.140,141 Under solar light illumina-
tion, the depletion region can absorb more light and generate
more electron–hole pairs than the inner neutral region, and the
electric eld that exists in the depletion region can enhance the
charge separation efficiency. Therefore, it is generally assumed
that the depletion region (several tens of nm in thickness)
contributes most of the available electrons and holes for pho-
tocatalytic reactions.142 To date, most studies have been per-
formed on uniformly doped TiO2 electrodes, in which the
dopants were homogeneously distributed over both the neutral
and depletion region of TiO2. Doping can increase the carrier
density directly and thus result in a narrower depletion
region,143,144 which greatly degrades the electron–hole separa-
tion ability and causes electron–hole recombination at the
dopant sites, accompanied by decreased IPCE.71,145

To solve these problems, considering that doping in the
outer layer has a negative effect on the electron–hole separation,
we selectively doped nitrogen (N) on the inner layer of a TiO2

lm using pulsed laser deposition (PLD) in a N2 atmosphere.76

As presented in Fig. 6b, the energy dispersive X-ray spectroscopy
(EDS) spectra of the TiO2 electrode (total thickness �200 nm)
revealed that N was selectively doped in the inner layer of the
This journal is © The Royal Society of Chemistry 2014
TiO2 lm (thickness �120 nm), and that N was absent in the
outer region of the lm (�80 nm). For such inner-doped TiO2

electrodes, N-doping can improve both the carrier density and
electronic conductivity in the neutral region, whereas a wide
depletion region is maintained in the outer non-doped layer. In
this case, the inner N-doped TiO2 electrode exhibited an excel-
lent photocurrent density (400 mA cm�2 at 1.23 V vs. standard
hydrogen electrode (SHE) under 100 mW cm�2 solar simulator
illumination), much higher than those of pure TiO2, outer
N-doped TiO2, and uniformly N-doped TiO2 electrodes (Fig. 6c).
An IPCE measurement further conrmed that the inner
N-doped TiO2 electrode exhibited a much higher IPCE than that
of pure TiO2, outer and uniformly N-doped TiO2 electrodes in
the light region with l < 400 nm. Under monochromatic light
irradiation (centred at 320 nm), an IPCE of as much as 95% was
achieved for the inner N-doped TiO2 electrode (Fig. 6d). This
study suggests that the effects of doping in different regions of
TiO2 electrodes should be analysed more carefully in practical
photoelectrochemical tests.76

In contrast to pure and N-doped TiO2, which are n-type
semiconductors and hence only suitable as the anodes for oxi-
dization reactions, Cr-doped TiO2 is a p-type semiconductor and
was fabricated as a cathode for photo-reduction in our group.77

We fabricated Cr-doped TiO2 thin lms at a relatively low
substrate temperature of 550 �C by PLD.77 Two peaks observed
in the XPS spectra at 586.1 eV and 576.3 eV were assigned to the
2p1/2 and 2p3/2 binding energies of Cr ions, respectively (Fig. 7a);
the O 1s peak was observed at 529.3 eV (inset of Fig. 7a). These
spectra conrmed that the TiO2 lms were doped with Cr4+. The
J. Mater. Chem. A, 2014, 2, 12642–12661 | 12649
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Fig. 6 (a) Band structure of a TiO2 photoelectrode interactingwith the electrolyte. (b) STEM image (dark field) and atomic ratio of N/Ti at different
locations (inset) of the inner layer of a N-doped TiO2 thin film. (c) I–V curves and (d) IPCEs of pure TiO2, uniformly N-doped TiO2, outer-layer N-
doped TiO2, and inner-layer N-doped TiO2 electrodes. Reproduced from ref. 76.
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photocathodic I–V curves indicated that Cr-doped TiO2 is a
p-type semiconductor (Fig. 7b). More signicantly, by selectively
doping Cr in the inner layer of the TiO2 lm, the photocurrent
density was increased to a relatively high value of �69.4 mA
cm�2, much larger than in uniformly Cr-doped TiO2 (�13.2 mA
Fig. 7 (a) XPS spectrum showing Cr 2p and O 1s (inset) peaks for uniform
films. (c) Band structures of films of uniformly Cr-doped TiO2 (left), inn
Reproduced from ref. 77.

12650 | J. Mater. Chem. A, 2014, 2, 12642–12661
cm�2) at �0.4 V vs. Ag/AgCl. In contrast to the single depletion
region that exists in uniformly Cr-doped TiO2 electrodes
(Fig. 7c), two depletion regions (depletion region I at the p-type
Cr-doped TiO2–n-type TiO2 interface and depletion region II at
the n-type TiO2–electrolyte interface) were observed for the
ly Cr-doped TiO2. (b) I–V curves of the as-prepared Cr-doped TiO2 thin
er Cr-doped TiO2 (center), and inner Cr-doped TiO2 with Pt loading.

This journal is © The Royal Society of Chemistry 2014
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inner Cr-doped TiO2 photoelectrode. Depletion region I can
drive the transfer of electrons to the electrode surface, which
has a positive effect on the p-cathode; however, the presence of
depletion region II might hinder this electron transfer. To
overcome this negative effect, we deposited Pt nanoparticles on
the surface of the TiO2 electrode in order to construct a TiO2/Pt
interface instead of the TiO2/electrolyte interface (Fig. 7c).
Electrons can move to the Pt nanoparticles more easily because
they do not have to overcome the high barrier associated with
the TiO2/electrolyte interface. Aer Pt loading, both the photo-
current density and the onset potential were signicantly
enhanced (Fig. 7b).77

3.2 Surface disorder in TiO2 powders

An alternative approach to conventional impurity doping,
which generates discrete donor or acceptor states near the
conduction band or valence band edge of a semiconductor, is
the introduction of a large degree of lattice disorder, which
might yield stable mid-gap states. Such mid-gap states (also
known as band-tail states) can form a continuum extending to
and overlapping with the conduction/valence band edge
(Fig. 8a). This can not only narrow the bandgap of TiO2 but also
localize the photoexcited charge carriers and prevent fast charge
recombination.20,146–149

Recently, Chen et al. reported that introducing disorder on
the surface layer of nanophase TiO2 through hydrogenation
(resulting in a sample referred to as “black TiO2”) can create
stable mid-gap states close to the valence band of TiO2.20

Experimentally, TiO2 nanocrystals were hydrogenated in a 20.0
bar H2 atmosphere at 200 �C for 5 days to obtain the surface-
disordered TiO2 sample. HRTEM images showed that the pure
TiO2 nanocrystals were highly crystalline (Fig. 8b), whereas aer
hydrogenation, a crystalline core and a highly disordered
surface layer (�1 nm in thickness) could be distinguished when
Fig. 8 (a) Schematic illustration of the structure and electronic density of
HRTEM image of the TiO2 nanocrystal. (c) HRTEM image of the TiO2 nano
and the disordered outer layer is outlined by the dashed curve). (d) Abso
and after hydrogenation. (e) Valence-band XPS spectra of the white and b
disordered black TiO2 nanocrystals into partial DOS of the Ti, O, and
American Association for the Advancement of Science).

This journal is © The Royal Society of Chemistry 2014
the hydrogen dopant was introduced (Fig. 8c). The onset of
optical absorption was drastically shied from the UV region to
the near-infrared (�1200 nm) aer hydrogenation (Fig. 8d),
accompanied by a colour change from white to black (inset of
Fig. 8d). The abrupt change in the absorbance spectra that
occurred at �800 nm suggests that the bandgap of black TiO2

was substantially narrowed by intraband transitions.20 Valence
band XPS spectra (Fig. 8e) showed that in comparison with the
white TiO2 sample, for which the valence band edge was at 1.26
eV, black TiO2 exhibited a valence band edge that was shied
towards the vacuum level at �0.92 eV, which accounts for the
onset of optical absorption at�1200 nm. Calculations based on
rst-principles density functional theory (DFT) conrmed that
the disorder-induced mid-gap states formed by hybridization of
the O 2p orbitals and Ti 3d orbitals can indeed up-shi the
valence band edge of TiO2 (Fig. 8f); the hydrogen dopant
stabilizes the lattice disorder by passivating dangling bonds on
the surface. Most importantly, because the mid-gap states are
derived from the hybridization of O 2p and Ti 3d orbitals, an
optical transition between these mid-gap states and the
conduction band tail would produce charge transfer from O 2p
states to Ti 3d states, similar to the transition from the valence
band to the conduction band in bulk TiO2. This localization of
both photoexcited electrons and holes can prevent the occur-
rence of fast recombination, which overcomes the drawback
that dopants usually act as charge recombination centres in
photocatalytic reactions. In photocatalytic H2 evolution, black
TiO2 produced �0.1 mmol h�1 g�1 H2 under visible/infrared
light irradiation, indicating that the mid-gap states resulting
from surface disorder indeed narrow the bandgap of TiO2.20

This disorder engineering not only enables visible/infrared light
harvesting, but also improves the charge separation in photo-
catalytic reactions, and thus can be considered as a feasible
strategy for both environmental and energy applications.
states (DOS) of a semiconductor nanocrystal with surface disorder. (b)
crystal after hydrogenation (the interface between the crystalline core
rption spectra and photographs (inset) of the TiO2 nanocrystals before
lack TiO2 nanocrystals. (f) Decomposition of the total DOS of surface-

H orbitals. Reproduced with permission from ref. 20 (copyright 2011
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4. Optimized surface reactivity

Because photocatalytic redox reactions take place on the
surface, the surface reactivity of TiO2 has a strong inuence on
the photocatalytic activity.78 To determine the surface reactivity,
not only the surface atomic structure (the density of under-
coordinated Ti atoms), but also the surface electronic structure
(the redox potential of the photoexcited charge carriers) should
be considered. Furthermore, special attention should be paid
on the distribution of charge carriers (e�–h+) on the specied
facet, which will affect the charge separation efficiency.
4.1 Surface chemistry of TiO2 single crystals

It is of great importance to study the surface chemistry of TiO2.
In general, surfaces with high surface energy disappear rapidly
during the crystal growth process in order to minimize the total
surface energy. According to the Wulff construction and the
calculated surface energy, under equilibrium conditions
anatase TiO2 adopts a slightly truncated tetragonal bipyramidal
shape with 94% of the surface area accounted for by {101}
surfaces and the remainder by {001} surfaces (Fig. 9a-I); no {100}
surfaces will appear despite its calculated surface energy (0.53 J
m�2) lying between those of the {101} (0.44 J m�2) and {001}
surfaces (0.90 J m�2).78

Nevertheless, the introduction of appropriate surface
adsorbates can substantially lower the energy of the anatase
{001} surface and selectively control the growth rates of related
crystal planes.78 Yang et al. calculated the energies of each
surface when terminated with 12 different non-metallic
atoms;17 it was revealed that uorine (F) termination can most
effectively lower the energies of both the {001} and {101}
surfaces, leading to crystals with dominant {001} surfaces.
Experimental results subsequently veried this theoretical
predication; anatase TiO2 single crystals with 47% active {001}
facets were grown using HF as a crystallographic controlling
reagent.19 This signicant nding indicates that the selective
adsorption of ions on high-energy surfaces can induce TiO2

crystals to grow preferentially along a desired crystallographic
direction.150–152 To date, TiO2 nanosheets comprising nearly
100% exposed {001} facets have been experimentally realized by
dissolving diethylenetriamine in isopropyl alcohol as a capping
reagent.84 In addition to the {001} surface,153,154 {100} facets have
also been conrmed to exist as the “belt” in the centre of TiO2

particles (Fig. 9a-II); the preferential adsorption of hydroxyl ions
on the {100} surface can stabilize it, leading to TiO2 with a
higher percentage of exposed {100} facets.155,156 Experimentally,
TiO2 nanorods exposed with a large percentage of {100} facets
were reported to be synthesized by hydrothermal trans-
formation of either alkali titanate nanotubes in basic solution157

or H0.68Ti1.83O4 particles in aqueous solution.158 TiO2 nano-
cuboids with dominant {100} facets were also solvothermally
prepared via carboxymethyl cellulose,159 or acid-delaminated
vermiculite and tetramethylammonium hydroxide,160 or the
ionic liquid 1-butyl-3-methylimidazolium tetrauoroborate81 as
the capping agents.
12652 | J. Mater. Chem. A, 2014, 2, 12642–12661
4.2 Surface reactivity in photocatalytic reactions

For anatase TiO2, the most extensively investigated surfaces are
{101}, {001} and {100}. In contrast to the {101} surface, for which
only 50% of the Ti atoms are ve-coordinated (Ti5c), both the
{001} and {100} surfaces consist of 100% Ti5c atoms (Fig. 9b).78

The Ti5c atoms can act as active sites in the photocatalytic
process.85 Therefore, from the viewpoint of the surface atomic
structure, the {100} and {001} facets should be more active than
the {101} facet. Han et al. systematically controlled the shape of
TiO2 single crystals from a tetragonal bipyramidal shape
enclosed by {101} facets to a truncated tetragonal bipyramidal
bounded with a combination of {001} facets and {101} facets, to
sixteen-faceted polyhedral exposed to {103} and {101} facets,
and then to pudgy tetragonal bipyramidal enclosed by {102}
facets. The photooxidation of methylene blue (MB) was further
carried out to evaluate the surface-dependent photocatalytic
properties of those TiO2 nanocrystals which are in the order of
truncated tetragonal bipyramidal > pudgy tetragonal bipyraidal
> sixteen-faceted polyhedral > tetragonal bipyramidal, and the
higher activity is related to the percentage of active facets
exposed. It is reported that the {001} facet has a high surface
energy, and both the high density of surface undercoordinated
Ti atoms and the presence of enlarged Ti–O–Ti bond angles at
the surface make the Ti and O atoms very reactive, thus facili-
tating the photodegradation of MB.161–164 Since the truncated
tetragonal bipyramidal composed of a 45% {001} facet, it
exhibited the highest photocatalytic activity; while the tetrag-
onal bipyramidal dominantly surrounded with the most stable
{101} facets, which showed the lowest activity. Both {102} and
{103} surfaces have a similar structure which were consisted of
units of {001} subfacets, thus should exhibit similar activity but
higher than the {101} surface; however, besides the {103} facet,
the sixteen-faceted polyhedral also exposed with eight {101}
facets, leading to a lower activity than that of pudgy tetragonal
bipyramidal with major {102} facets exposed. Accordingly, the
order of photooxidation efficiencies for various surfaces was
deduced to be {001} > {102} z {103} > {101}.165

Nevertheless, when operating the photocatalytic tests in H2

evolution fromH2O, a contradictory reaction order ({100} > {101}
> {001}) was revealed for the anatase TiO2 samples with domi-
nant {101}, {001}, and {100} facets.80 It is pointed out thedifferent
atomic coordination and arrangement on each surface (Fig. 9b)
will give rise to different surface electronic congurations, and
thus the electronic band structure of TiO2 will depend on which
facets are exposed.85,158 In Pan et al.'s study, the conduction band
minimumof TiO2 is in the order of {100} > {101} > {001}, and thus
more reductive electrons can be produced on TiO2 exposed with
more {100} and {101} facets to reduce H2O into H2, followed with
a higher photocatalytic activity. Despite that the {001} facet has a
higher surface energy and 100% of Ti5c on its surface, the poor
electronic band structure really hinders the H2 production effi-
ciency.80 Therefore, even the Ti5c atoms can act as active sites to
facilitate the reactant adsorption on both {100} and {001}
surfaces, and the superior surface electronic structure of the
{100} facet makes it more reactive in the photoredution test
because of the more reductive electrons generated.
This journal is © The Royal Society of Chemistry 2014
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Fig. 9 (a) Schematic pictures of anatase TiO2 crystals with various surfaces exposed. (b) Structures of relaxed stoichiometric {101}, {001}, {100},
and {111} surfaces. Reproduced with permission from ref. 85 (copyright 2012 American Chemical Society).
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Compared to the above results for the {100} facet, we have
recently found that the {111} facet (Fig. 9a-III) exhibits superior
properties with respect to both the surface atomic structure and
electronic structure.85 DFT calculations predict that the surface
energy of the {111} facet is 1.61 J m�2, which is partially
attributed to the large percentage of under-coordinated Ti
atoms (Ti5c : Ti3c ¼ 3 : 1) and the presence of O atoms (100%
O2c) on the surface (Fig. 9b). To overcome this high surface
energy experimentally, both uorine and ammonia were used as
capping reagents to stabilize the {111} facet. Electron diffraction
(SAED) showed that the resulting square TiO2 nanoplates were
single crystals (Fig. 10a); the zone axis was indexed to [111].
HRTEM images revealed that the interfacial angle between the
(101) and (011) atomic planes of anatase TiO2 is 82� (Fig. 10b),
further conrming that the exposed crystal plane is the {111}
facet. The numerous under-coordinated O atoms (100% O2c) on
the {111} facet facilitate the formation of oxygen vacancies,
which can act as active sites in photocatalytic reactions. The
electron spin resonance (EPR) signal at g ¼ 2.002 (Fig. 10c)
indicated the presence of Ti3+ on the surface; in comparison to
TiO2 samples in which the other three facets were dominant,
the intensity of the signal in the T111 sample was much
This journal is © The Royal Society of Chemistry 2014
stronger, implying the presence of more oxygen vacancies on
the T111 surface.166,167 Furthermore, the UV-visible absorption
spectra (Fig. 10d) and valence band XPS spectra showed that
TiO2 with exposed {111} facets possesses a superior electronic
band structure to that of the previously discussed T100 sample
(Fig. 10e). Tests of the photocatalytic activity in water splitting
showed that TiO2 with {111} facets exposed yielded H2 evolution
in quantities �5 times greater than for TiO2 with {100} facets
exposed (Fig. 10f). This excellent photocatalytic efficiency can be
ascribed to the optimized surface atomic structure and elec-
tronic band structure.
4.3 Charge separation between {001} and {101} facets of TiO2

As aforementioned, the surface reactivity is in the order of {001}
> {101} in photooxidation of MB because of its higher surface
energy and 100% of Ti5c, while {101} is superior to {001} in H2

production related to its higher conduction band minimum.
The former is emphasized to offer active sites on the TiO2

surface, and the latter is focused on the more reductive
electrons produced. Moreover, the charge migration process
from bulk to surface is also need to be considered in the facet-
J. Mater. Chem. A, 2014, 2, 12642–12661 | 12653
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Fig. 10 (a) TEM image of TiO2 with {111} facets exposed, and the corresponding SAED pattern (inset). (b) HRTEM image of this TiO2 sample. (c)
EPR spectra of TiO2 with various facets exposed. (d) UV-visible absorption spectra of the TiO2 samples. (e) Schematic band structures of TiO2 with
various facets exposed. (f) Photocatalytic water splitting tests on Pt-loaded (0.5%) TiO2 samples with various facets exposed under UV-visible
light irradiation (l > 300 nm). TiO2 with dominant {111}, {100}, {101}, and {001} facets are denoted as T111, T100, T101, and T001, respectively.
Reproduced with permission from ref. 85 (copyright 2012 American Chemical Society).
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engineered TiO2 single crystal. Via detecting the deposition sites
of noble metals (Au, Ag, and Pt) or metal oxides (PbO2 and
MnOx), we can primarily justify whether the crystal facet is for
reductive sites or oxidation sites; therefore, TiO2 single crystals
exposed with various facets can effectively reinforce the photo-
generated e� and h+ to be distributed in different facets, thus
realizing the charge separation.168,169 Ohno et al. found that
more PbO2 particles which were oxidized from Pb2+ via h+ were
deposited on rutile {011} and anatase {001} facets than that on
rutile {110} and anatase {101} facets, indicating that the pho-
togenerated h+ are mainly accumulated on rutile {011} and
anatase {001} facets acted as oxidation sites while e� are mostly
distributed on rutile {110} and anatase {101} facets acted as
reduction sites.169 This behavior was attributed to the different
energy levels of the conduction and valence bands resulting in
various facets with different atomic arrangement characteris-
tics; the difference in the energy levels drives the e� and h+ to
various crystal facets, aiming to reach the most stable energy
conguration and leading to a charge separation.170–172

In D'Arienzo's study, to evaluate the role of the exposed
crystal facet in phenol mineralization by using O2 as the
oxidizing agent, EPR was adopted to quantitatively monitor the
formation and the interfacial reactivity of the charge-trapping
sites over shape-controlled anatase TiO2 nanocrystals via
detection of the charge-trapping centers, Ti3+, O�, and O2�, etc.
Under vacuum conditions, the concentration of trapped h+

(O� center) increased with a higher {001} surface area, followed
by a higher photoactivity; whereas the amount of Ti3+ centers
(caused by the reduction of Ti4+ via e�) increased with more
{101} facet exposed, but with a weaker photooxidative activity.
Those results suggested that the {001} surface is for oxidation
sites with a key role in photooxidation while {101} surfaces
provide reductive sites which do not directly assist the oxidative
process. Furthermore, photoexcitation experiments in an O2
12654 | J. Mater. Chem. A, 2014, 2, 12642–12661
atmosphere led to the formation of Ti4+–O2
� oxidant species

mainly located on {101} facets, conrming the indirect contri-
bution of {101} surfaces to the photooxidative process.173

Therefore, we can conclude that the specic exposed facets
also inuence the charge trapping and interfacial transfer
process of the photogenerated e�–h+, in which the {001} facet
prefers oxidation while {101} favours the reduction.
5. Theoretical studies

Theoretical studies, particularly electronic structure calcula-
tions and molecular dynamics simulations, have been exten-
sively performed to gain insight into the photocatalysis
phenomenon. In general, a photocatalytic reaction consists of
three steps: photoexcitation to generate electrons and holes,
charge transfer from the bulk to the surface, and redox reaction
on the surface. Accordingly, theoretical studies address each of
these three steps.4

Doping is the most popular way to tailor the absorption edge
of TiO2. However, doping is usually accompanied by defects in
the TiO2 matrix, which can act as carrier recombination centres
with a negative effect on the charge transfer process. Therefore,
to obtain better light absorption while avoiding undesirable
recombination, more systematic theoretical studies are neces-
sary to better understand the effects of doping. In calculations,
doped materials are usually described by introducing a foreign
element into a sufficiently large extended unit cell (supercell)
with geometric relaxation performed using DFT. Asahi et al.
have studied the effects of anion doping in anatase TiO2 by
means of DFT calculations within the local-density approxi-
mation, and suggested that nitrogen is the most promising
dopant for an upward shi of the valence band maximum, thus
enhancing visible-light absorption.17 Although this computa-
tional result was consistent with experimental ndings by the
This journal is © The Royal Society of Chemistry 2014
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same authors that nitrogen doping induces a red-shi of the
absorption edge, their interpretation based on a small supercell
containing 6 atomic % of nitrogen has been questioned by
subsequent work.174–176 Actual TiO2 samples can accommodate
no more than 1% nitrogen,17,177,178 and the electronic structure
of samples with this much lower concentration of nitrogen is
signicantly different from that described in ref. 17; a substi-
tutional N atom at an O site (NO) creates an occupied state far
above the valence band maximum (a deep impurity state) rather
than a hybrid band consisting of N 2p states and the host
valence band.174–176 Such deep impurity states can act as carrier
recombination sites179 and possibly degrade the carrier transfer
process. Therefore, substitutional nitrogen alone cannot
explain the oxidation reaction that was experimentally observed
on N-doped TiO2.

Recently, Umezawa et al. reported a comprehensive theo-
retical analysis of N-doped TiO2, which not only revealed the
origin of the visible-light absorption but also gave a reasonable
explanation of the photocatalytic oxidation reactions facilitated
by N-doped TiO2.180 Using DFT incorporating onsite Coulomb
interactions (DFT + U), it was suggested that a NO prefers to
bond with Ti atoms at interstitial sites (Tii) to form complex
defects, NO–Tii. This promotes the hybridization of N p states
with the Ti d states of Tii, giving rise to broader energy states at
the valence band edge and eliminating the hole trapping
centres associated with the deep NO states. Fig. 11a and b show
band structures for the up-spin states of a negatively charged
NO

�1 and a neutral [NO–Tii]
0, respectively. The deep impurity

states associated with a NO
�1 are replaced by multiple

states above the valence band of the host TiO2 for the complex
[NO–Tii]

0 defects (Fig. 11b) due to the formation of bonding and
anti-bonding states.180 The DOS plot in Fig. 11d shows that the
defect–impurity hybrid states associated with [NO–Tii]

0 are
connected under an appropriate smearing parameter (0.1 eV)
representing thermal uctuation. By contrast, the deep
Fig. 11 Band structures of the up-spin states for (a) NO
�1 and (b) [NO–Tii]

a 96-atom supercell. Total and local DOS for the up- and down-spin sta
was integrated over the two nearest-neighbour Ti atoms. The horizont
intermediate configurations formedwhen Tii

+1 migrates towards NO
�1 an

the total energy in the absence of NO
�1. Reproduced from ref. 180.

This journal is © The Royal Society of Chemistry 2014
impurity state associated with NO
�1 remains disconnected from

the valence band maximum of the host material (Fig. 11c),
which is consistent with previous reports.174–176 The calculated
bandgap (2.4 eV) for [NO–Tii]

0 is in good agreement with
experimental data.177,178 This scenario is further supported by
the migration properties of Tii shown in Fig. 11e. The second
barrier in the migration path of Tii

+1 disappears when it
migrates towards NO

�1, and the total energy monotonically
decreases along the migration path until the complex [NO–Tii]

0

is formed. The estimated migration barrier is �0.7 eV, which is
readily overcome at a typical annealing temperature of 550 �C.
This study offers a reasonable explanation for the good, visible-
light-driven photo-oxidation ability of N-doped TiO2.180

The separation of electron–hole pairs is an important factor
to control in order to enhance photocatalytic activity. Platinum
particles on the surface of TiO2 as a co-catalyst are benecial for
two reasons: facilitating carrier separation and lowering reac-
tion barriers. However, the detailed mechanism of the effects of
Pt as a co-catalyst has until recently been insufficiently under-
stood. To tackle this issue from a theoretical point of view, the
photo-excited carriers that are transported to a Pt/TiO2 interface
must be taken into account. Recently, Boonchun et al. have
suggested a useful model involving substitutional uorine at an
oxygen site in order to better describe photo-excited electrons.181

Fig. 12a shows the DOS for pristine anatase TiO2 and F-doped
TiO2, which indicates that the substitutional uorine acts as a
donor and shis the highest occupied state upto the bottom of
the conduction band. In this study, the extra electron introduced
by substitutional uorine was utilized to mimic a photo-excited
electron. From the partial charge densities associated with the
interfacial states at Pt/TiO2 and Pt/F-doped TiO2 (Fig. 12b), it was
found that the extra electron is mainly located at oxygen sites
near the interface. This implies that the gap states induced by
loading Pt on TiO2 make energy states available for electrons to
occupy; this is the likely driving force behind the electron
0 between highly symmetric points in the Brillouin zone associated with
tes are shown for (c) NO

�1 and (d) [NO–Tii]
0. Here, the local DOS for Tii

al dashed line indicates the highest occupied state. (e) Images of the
d the calculated total energy along this migration path in comparison to

J. Mater. Chem. A, 2014, 2, 12642–12661 | 12655

http://dx.doi.org/10.1039/c4ta00941j


Fig. 12 (a) Perdew–Burke–Ernzerhof (PBE) calculated total DOS for bulk TiO2 and F-doped TiO2 at the X point in the Brillouin zone. The vertical
dashed lines indicate the highest occupied state. The red shaded area indicates the F p states. (b) Partial charge density of electrons associated
with metal-induced gap states at the Pt/TiO2 interface for undoped and F-doped TiO2. The isosurface of the density is displayed at a value of
�0.08 electrons per Å3. Reproduced from ref. 181.
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transfer from the bulk TiO2 to the Pt/TiO2 interface. The accu-
mulation of electrons at the Pt/TiO2 interface leads to an upward
shi of the Fermi level of the system, which allows protons (H+)
to be more readily attracted and the adsorption of H2 on the Pt
surface to be weakened.181 Therefore, this simple model
successfully explains the photocatalytic evolution of H2 from
water splitting on the surface of Pt-loaded TiO2.

Theoretical studies have mainly focused on explanations of
observed phenomena or have suggested model mechanisms. In
recent years, however, there has been great demand for theory-
guided prediction of better materials in order to alleviate the
burden of experimental trial and error approaches. Reunchan
et al. have succeeded in developing a theoretical design for
visible-light driven photocatalysts using a co-doping scheme
applied to strontium titanate.182 The same approach is also valid
for TiO2 and it is expected that the photocatalytic performance
of transition metal-doped TiO2 can be controlled by co-doping
with either donors or acceptors, or by any other method that
adjusts the Fermi level of the system. A greater challenge for
theoretical studies is to predict entirely novel materials with
high photocatalytic activity instead of simply improving known
photocatalysts. Such computational materials design can be
realized only by close collaborations with experimentalists and
through iterative prediction and validation procedures, and will
become a key technology for accelerating the development of
advanced photocatalysts.
6. Conclusion and perspectives

In this article, we have selectively discussed recent advances in
TiO2-based photocatalysis from three of the most important
aspects dominating a photocatalytic reaction: light absorption,
charge separation, and surface reactivity. Starting from the
strategies in enhancing light absorption, novel approaches were
introduced, which were proved to be effective for increasing
light absorption of TiO2 not only from the range of wavelength,
but also from the amount of light. Adopting Mie's scattering
over size-optimized TiO2 spheres is shown to be promising to
12656 | J. Mater. Chem. A, 2014, 2, 12642–12661
improve the intrinsic light absorption of TiO2; to extend the
light harvesting from UV to visible light region, electronic
coupling emerged in the assembly of TiO2 nanocrystals can
effectively narrow the bandgap of TiO2 and enlarge its light
response to 500 nm; most signicantly, the LSPR based Au
nanorod photosensitization over TiO2 can even harvest the
near-infrared light. Noticeably, doping with a different element
in the matrix of TiO2 can vary the chemical composition of TiO2

to narrow its bandgap for more visible light harvesting.
However, the unexpected charge recombination occurred in the
dopant center largely impede the charge transfer from bulk to
surface. Then, for better charge migration, selective doping in
the inner layer or modulation of the dopant for the p–n junction
in TiO2 electrodes were conrmed to be valid routes for the
higher charge separation efficiency; in parallel, introducing
surface disorder in hydrogenated TiO2 powders can build stable
mid-gaps in TiO2 to localize the photogenerated charge carriers
from fast recombination. Furthermore, to promote the surface
reactivity, superior surface atomic and electronic structures of
TiO2 single crystals can be optimized via facet engineering.
Finally, the latest theoretical studies were also discussed for
better understanding about TiO2-based photocatalysis,
including a bold approach in understanding detailed behavior
of photo-excited electrons in TiO2 loaded with a Pt co-catalyst.
With signicant fundamental understanding achieved from the
past research, we can believe that TiO2-based photocatalysis
represents a promising way in both environmental remediation
and energy conversion. However, from the aspects of practical
application, many challenges remain in the materials
engineering.

It is essential to further enhance both the light absorption
and charge separation via fabrication of TiO2-based composite
materials. Doping and solid-solution strategies can modulate
the bandgap,6,106,183,184 even though the visible-light-response
can be achieved, the charge recombination occurring in the
dopant center remains hard to conquer. For the practical
application on a large scale, via combining the semiconductor
with a narrower bandgap, the light absorption edge can be red-
This journal is © The Royal Society of Chemistry 2014
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shied to a longer wavelength region for more light-harvesting;
in addition, the charge transfer and accumulation process
between the band-structure-matched phases will facilitate the
multiple-electron reactions (e.g. CO2 photoreduction), which
offers a promising route for higher solar-energy conversion
efficiency.185–188

With regard to the co-catalyst, there are indeed few details
understood until now. Nevertheless, the signicant inuence of
co-catalysts on photocatalytic activity has been known for
decades,49 and recently, the efforts in not only understanding
the mechanism of the co-catalysts, but also in exploring new co-
catalysts, including bimetallic alloy co-catalysts have been per-
formed widely.189,190 Via optimizing the element in alloys, the
Schottky barrier between the alloy and TiO2 can be tuned to
further inhibit charge recombination.191,192 Thenmore electrons
can be accumulated on alloy co-catalysts for an effective CO2

photoreduction, especially in which the resultant products
largely depend on the specic reaction pathway and the number
of electrons transferred, thus the product selectivity can be
achieved via tuning the component of an alloy co-catalyst.12 On
the other hand, since different metals possess different over-
potentials and adsorption abilities, we can selectively control
the electron accumulation and reactant adsorption/dissociation
occurring in various components of alloys to inhibit the resul-
tant material to be further decomposed for higher produc-
tivity.193,194 Therefore, more attention should be paid to the
engineering of bimetallic alloy co-catalysts on the TiO2 surface
in the perspective research. Besides the metal co-catalyst,
particular attention should also be paid on the carbonaceous
nanomaterials (such as graphene,195–197 carbon nanotubes,198

C60,199 etc.), which can act as electron acceptors for efficient
charge separation in the photocatalytic reaction and play the
role of a co-catalyst but with much cheaper cost.200

In addition to all the strategies described in this article, we
denitely need to pay more attention on how to activate the
targeting reactants (IPA, H2O, CO2, etc.) from both experimental
and theoretical approaches, including development of sophis-
ticated surface-interface engineering for realizing a higher
activity. Generally, via forming the chemical bonding with TiO2

not only the physically adsorption on the TiO2 surface, but also
the reactant molecules can be effectively activated with higher
reactivity, and then the photocatalytic reaction can be
completed with much lower chemical potential. It is known that
the linear CO2 molecule is highly stable, thus it is a big chal-
lenge to activate it in CO2 photoreduction. Nevertheless, when
chemisorbed on the basic oxides (such as MgO), CO2 will
become destabilized carbonate which is more easy to reduce
into CH4, and results in a higher CH4 evolution for the Pt–TiO2

with MgO modied on its surface.201

It is worth noting that TiO2 is a good model system in which
the fundamental mechanisms of photocatalysis can be investi-
gated. The wide bandgap of TiO2 fundamentally limits its solar-
energy conversion efficiency. Even though TiO2 has been
commercially used in air puriers and self-cleaning windows,
practical application in H2 evolution and solar fuel conversion
remains a big challenge. Therefore, further research and devel-
opment in TiO2-based materials are indispensable for exploring
This journal is © The Royal Society of Chemistry 2014
sufficient functionality required from the industry. More
importantly, the comprehensive investigation of TiO2-based
photocatalysis can provide scientists with valuable information
for the study of other semiconductor photocatalysts, especially
in the area of visible-light driven photocatalysis.
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