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a b s t r a c t

In this review, we present a summary of research to date on the anatase polymorph of TiO2 nano-
structures containing high-energy facet, particularly (001) plane, with porous structure, covering their
synthesis and their application in photocatalysis as well as a review of any attempts to modify their
electrical, optical and photocatalytic properties via doping. After giving a brief introduction on the role of
crystalline facet on the physico-chemical properties of the anatase TiO2, we discuss the electrical and
optical properties of pristine anatase TiO2 and after being doped with both metal and non-metals
dopants. We then continue to the discussion of the electrical properties of (001) faceted anatase TiO2

and their modification upon being prepared in the form of porous morphology. Before coming to the
review of the photocatalytic properties of the (001) faceted anatase and (001) with porous morphology
in selected photocatalysis application, such as photodegradation of organic pollutant, hydrogenation
reaction, water splitting, etc., we discuss the synthetic strategy for the preparation of them. We then end
our discussion by giving an outlook on future strategy for development of research related to high-
energy faceted and porous anatase TiO2.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

TiO2 is a wide band gap semiconducting materials that has been
for decades attracting a wide interest for broad range of applica-
tions ranging from cosmetic to photocatalysis [1e3], solar cell [4],
sensor [5,6], hydrogen energy harvesting from water dissociation
[7e10], fuel cell [11e14], application related to environment ben-
efits [15e17] and optoelectronics [18e21] due to its unique
physico-chemical properties, such as band gap energy level that
enables for a facile charge injection or extraction, high-chemical
stability that resists to photo-bleaching and non-toxicity and etc
[19,22e25]. TiO2 can be mostly found in the form of three poly-
morph, i.e. rutile, anatase and brookite and its electrical, optical and
other physicochemical properties depend on its crystalline phase
state. Unique to anatase, it demonstrates superior properties in
many aspect compared to others two phases, particularly its

photoactivity and surface physico-chemical properties [26]. These
crucial feature has made anatase polymorph become the center of
interest, particularly for an application in the field of photocatalytic
and energy conversion. Up to this stage, there is still a continuous
interest in the synthesis of anatase polymorph of TiO2 with peculiar
morphology that may facilitate enhanced photophysical processes
in this material, such as wide surface area high-energy facets
dominant structure. In anatase phase, the order of the surface en-
ergies follows the sequences of (110) > (001) > (100) > (101) with
surface energy (g) of 1.09, 0.90, 0.53 and 0.44 J m�2, respectively
[27]. The high-energy facet are thermodynamically un-stable and
rapidly annealed into a highly-stable (101) plane. For that reason,
preserving the high energy facet during the nanocrystal growth in
order to obtaining a reactive TiO2 nanocrystals is a challenging task.
Considering the role of TiO2 surface in many photophysical pro-
cesses, to develop methods to realize anatase TiO2 with a wide area
of high-energy facet is highly demanded for further augmenting
their performance in applications. We have recently witnessed a
number of attempts in realizing the nanostructured anatase TiO2* Corresponding author.
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with exposed high-energy facets and porous morphologies for
wide surface area availability. These efforts have produced anatase
TiO2 with variety of high-energy facet morphology, such as nano-
plates, nanosheet and other two-dimensional morphology [28,29].
In addition to peculiar high-energy facet properties, porous struc-
tures not only provide a wide surface area but also produces
additional cavity effect [30], the result of photon energy entrap-
ment in small hole structure, may further expand the photophysical
effect in applications, gaining photocatalytic performance or other
photophysical processes.

Besides increasing the surface area by engineering the anatase
TiO2 in order to have porous structure to expand their intrinsic
properties, introduction of metal or non-metals doping has been
seen to offer a sophisticated approach to further enrich the elec-
tronic and optical properties of anatase TiO2 [31e33]. Amongst a
potential effect inmetal doping is the shifting of the energy bad gap
of the anatase TiO2 to visible region (narrowing the band gap),
induces carrier trap density and oxygen vacancy or increasing the
free-carrier density. This effect enhances the photosensitivity of the
anatase TiO2, improving the performance in photocatalysis,
sensing, dye sensitized solar cell and etc.

In this review, we will present an analysis of the photocatalytic
properties of anatase TiO2 nanostructures containing high-energy
facet as well as the available synthetic strategy for their realiza-
tion. In discussing the synthetic approach, the method to prepare
large-surface area of high-energy facet, such as porous structure,
will also be overviewed. It is also described in this review the effort
to introduce metal or non-metal doping in such porous
morphology of anatase TiO2 in order to further enhance their
photoactivity. The discussion is continued on the review of the
photocatalytic properties high-energy faceted anatase TiO2 in
selected applications, such as pollutant degradation, water splitting
or oxygen reduction reaction. There have been available a wide
range of reported literature on the synthesis of anatase TiO2 with
variable morphology that span from porous, nanowires and
nanorods, high-energy facet structure [34], nanotubes synthesis as
well as the reviews on their applications in photocatalysis, water
splitting, energy storage, photoelectrochemistry, self-cleaning, etc.
Review on the bulk and surface properties of the TiO2 [35] and the
surface chemistry for photocatalyst [36] as well as doped with non-
metal [37] and metal have also been well documented. Here, we
highlight the method that leads to the formation of anatase TiO2
nanostructure containing large-scale high-energy facet of (001)
with porous properties and doped with metal or non-metal dop-
ants, for high-performance in photocatalysis applications.

2. Electronic and optical properties

2.1. Pristine system

2.1.1. Electrical property
Anatase is one of the polymorph of TiO2 that has received a great

deal of attention for application in photocatalysis, water splitting
and dye-sensitized solar cell. The anatase TiO2 has energy band gap
of approximately 3.2 eV. Its valence band is constructed by ener-
getic O pp at the top level of the valence band. Meanwhile its
conduction band is from Ti 3d and 4s as well as small portion from
the O pp (the lowest conduction band region). This condition is
little bit different if compared to the rutile and brookite poly-
morphs where the ratio between O pp state and Ti 3d at the con-
duction band in both polymorphs are higher. With high O pp state
in conduction band make the carrier mobility in rutile and brookite

polymorphs are lower than the anatase as the result of high-
resistivity due to high surface trap density contributed by the O
electronic species [22]. Such unique electronic structure in anatase
TiO2, has led to the high mobility of n-type charge carriers [38]. In
addition, the resistivity and Hall effect analysis also indicated the
existence of an insulatoremetal transition in a donor band in
anatase TiO2 due to the fact of a large Bohr radius of donor electron
in anatase TiO2, expanding the applicability of this materials in a
broader fields, particularly nanoelectronics. Such phenomena was
not observed in rutile phase [39]. Its electrical resistivity is
approximately 1015 Ohm cm�1 and it is influenced by several factor
including oxygen vacancy, interstitial of titanium and defect of
surface lattice, creating carrier traps. In many process, the carrier
trap resulted from the interstitial Ti can go up to as high as 0.5 eV
below the conduction band, enabling facile electron inter-band
excitation and transfer. It has also been observed that there is the
existence of bulk transport of exciton, from the excitation of deep
level of electronics, to the surface of the nanocrystal [26]. These
unique properties are amongst the key factor for a highly physi-
cochemical activities on the anatase crystal surface, such as unique
adsorption, coordination, trapping or charge-transfer between the
anatase and adsorbate molecules, accelerating the reaction for
photocatalysis or producing unusual surface physics phenomena
for photocatalysis, sensor and optoelectronics applications. As the
results, the anatase TiO2 exhibits superior performance compared
to its closes competitor of rutile polymorph.

2.1.2. Optical property
Amongst the attractive features of the anatase TiO2 is its optical

properties. For example, it has an optical absorption edge exhibits a
large dichroism as the existence of a significant optical anisotropy
in the components parallel and perpendicular to the crystal c axis.
This is attributed to the existence of the energetic lowest energy
nonbonding dxy orbitals of TiO2, permitting dominant perpendic-
ular component in direct dipole transitions [22]. Such unique
behavior is known as adjustable via dopant introduction either
with transitions metal [40,41], lanthanide [42], nitrogen and co-
doping [22] or defect introduction in the lattice [43], which may
significantly shift the absorption edge and the energy level of the
lowest nonbonding orbitals [33]. Plasma treatment on the anatase
TiO2 may also produce another interesting effect to the optical
properties. It is known that the plasma irradiation induces the
formation of Ti3þ and the oxygen vacancy inside the materials that
then improves the optical absorbance and optical absorption region
[44]. This feature envisages the applicability of anatase TiO2 as
potential photoactive materials for photovoltaic and photocatalysis
applications.

In different analysis, Ohta et al. indicate that the optical prop-
erties of anatase polymorph of TiO2 is pressure dependent. For
example, the absorption edge and the luminescence center of the
anatase shifts at a rate of 10 and 33 meV/Gpa, respectively. It is
understood that they are due to the high Stokes energy shift of the
exciton energy level compared to the band gap. Despite this special
phenomenon, the luminescence spectrum exhibits a wide band. It
is understood due to the intense recombination of self-trapped
exciton [45]. It has been well-known that the emission in anatase
TiO2 is mainly originated from the recombination of trapped elec-
tron with the hole in the valence band and is normally occurred at
the Ti4þ site in the anatase TiO2 [46,47]. Meanwhile, the higher
energy emission, typically green emission, is originated from the
recombination of the trapped holes with the mobile electron at the
oxygen vacancy site [48]. Such imminent exciton trapped in anatase
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TiO2 has a wide range of effect to the transport properties in the
materials. Deep trap level, which is resulted from highly defect
lattice, will impede the carrier transport and moderate trap may
facilitate better carrier diffusion inside the materials. It has been
demonstrated that such trap level can be manipulated via a sol-
vent- and a morphology control and application of external bias
[46].

The optical properties of anatase polymorph also indicates a
larger absorption edge, approximately 0.2 eV, compared to the
rutile, revealing the anatase optical properties, reflected by the
exciton self-trapping, strongly dependent on the imperfection in
the lattice [49]. It has been demonstrated that the absorption edge
is an exponential energy dependence and is less steep than the
absorption edge of the rutile, indicating the exciton self-trapping
and stronger influence of imperfections in the anatase [49]. Such
unique optical properties of the anatase TiO2 has also been earlier
observed by Chiad et al. [50] as the obtaining of a significant light
amplification scattering effect on TiO2 nanoparticles, enabling them
as a promising light scatterer in random lasers applications [21].

Interesting optical properties of the anatase TiO2 is also
exhibited in its unique photoluminescence properties with the
existence of visible broad band emission that is related to the
emission from the self-trapped excitons localized on TiO6 octa-
hedra. And these properties is temperature dependent and shift
toward higher energy when temperature was increased from liquid
helium to room temperature [51]. Time-resolved photo-
luminescence study near the band gap of anatase TiO2 has shown
that it exhibits highly stable Wannier exciton, generated from 2px,y
exciton that is followed by 1s exciton state [52].

Such understanding on the optical process in anatase TiO2
nanostructure led improved the performance of TiO2 in catalysis,
solar cell and sensing applications. For example, Pallotti et al.
discovered that large modulation of PL intensity can be obtained by
manipulating the PL active center due to specific morphology of
hierarchical structure, facilitating prime interplay between PL
active center, trapped charge and adsorbed gaseous molecules. It is
found that the modification of the nature of charge trap in the
anatase TiO2 has led to the generation of enhanced optical
responsivity up to 1100% under the exposure of oxygen gas [53],
which are promising for high-performance in currently existing
applications.

2.2. Doped system

The possibility to modify the optical and electronic properties of
anatase TiO2 is a fundamental factor that makes anatase polymorph
to be extensively studied over the years. In order to modify the

electrical and optical properties of anatase TiO2, doping process e
whether from metal or non-metal impurities e has always been
carried out. In typical process, the insertion of doping can shift the
band edge to visible region, induces carrier traps density, induce
oxygen vacancy or increase the free carrier, etc., enhancing the
visible photosensitivity or conductivity correspondingly [54].

Similar to Si, the possibility to manipulate the carrier type,
whether electron or hole, via doping are also there, allowing for the
preparation of n-type or p-type material system. In typical doping
process, the dopant can replace either Ti or O sites in the TiO2
lattice. The effectiveness of the doping process and the resulting
properties after being doped determined by several factors, such as
the atomic radius on the dopant and the electronegativity of the
dopant (oxidation number). Successful doping process is likely to
occur if using dopant with comparable radius with the atom to be
replaced in the lattice. Large difference may cause structural
deterioration and electronic properties instability via the creation
of additional defect or carrier trap in the lattice. To use several
dopants, or in other word co-doping process, to modify the prop-
erties of anatase TiO2 has been adopted to further improve the
performance of anatase TiO2 because the co-doping may either
further synergistically enhance the effect produced by other dopant
or neutralizes negative effect created by other dopant. Fig. 1 shows
general mechanism of doping process in the pristine TiO2. In pris-
tine TiO2, the electron transport is governed by the hopping process
amongst the resonance state adiabatically of shallow traps until
reaching the electrode (Fig. 1a). The transport properties is strongly
influenced by the density of such shallow trap. In the meantime,
the deep trap may exist and may behave as recombination site in
the materials. When doping introduced, the deep trap density may
be decreasing or increasing. In the case of deep trap density
decreasing, both conduction band and the Fermi level are shifted
upward (Fig. 1b). These process may overall reduce the electron
injection potential, but it vulnerably lowers the short-circuit cur-
rent density. However, it improves the open circuit voltage. For the
case of doping enhances the density of the deep trap states, the
conduction band and the Fermi level shifted downward. A most
prominent effect caused by this process is the recombination pro-
cess is enhanced. Thus, the open circuit voltage decreases.
Depending on the offset between the lowest unoccupied molecular
orbital of sensitizer molecules and the conduction band of TiO2, the
electron injection may improve, augmenting the short circuit cur-
rent density in the materials.

2.2.1. Non-metal doped anatase TiO2

Various scale of band gap shift have been reported so far when
the anatase TiO2 doped with metal or non-metal. Rumaiz et al., by

Fig. 1. Schematic visualization of the effect of TiO2 doping on the CB and EF, showing the doping decrease (b) or increases (c) the deep trap density. (a) Pristine TiO2. (Reprinted from
Ref. [54], Copyright 2015 The Royal Society of Chemistry).
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using first-principle study and hard X-ray photoelectron spectros-
copy (HAXPES), discovered that the introduction N anion into the
anatase lattice has created large scale oxygen vacancy in the lattice
[55]. Altogether with the N impurity in the lattice and the oxygen
vacancy has enabled a visible light photocatalyst in the N doped
anatase TiO2. While initially this process has been associated with
the narrowing of the band gap or the effect of dopant N 2p state
localization above the O 2p state valence band maximum, the
HAXPES analysis showed that the N doping has created a tail like
state of N 2p slightly below the O 2p state, decreasing the valence-
bandmaximum to a lower binding energy. In their effort to obtain a
clear description of the extent of N doping to the electronic prop-
erties of anatase, they have carried out a first-principle analysis.
However, they discovered that the introduction of N anion has
apparently created a tail like state at the conduction band edge
(conduction band minimum). Although in contrast to the HAXPES
analysis result that shows the tail like state at the valence band
maximum, it could be related to an overestimation of the first-
principle study method. Nevertheless, this result reveals the
unique of tail-like state formation in the N anion doping. Moreover,
the calculation also indicated that in the presence of N doping and
oxygen vacancies, there is an impurity level at the Fermi energy.
Thus, all these phenomena are the reason for the shifting of
photosensitivity of N doped anatase TiO2 to the visible region.

In an earlier study by Finazzi and Di Valentine utilizing a scan-
ning tunnelling microscopy, it was shown that the incorporation of
nitrogen in the (101) anatase lattice also generated the formation of
localized state in the band gap. Moreover, the presence of N im-
purity in (101) anatase has also created more electron traps at the
Ti3þ for the electron generated from the oxygen vacancy state [56].
Nevertheless, although N anion doping into the anatase TiO2 has
profound effect on the electronic and optical properties, the N
anion dopant are vulnerable to degradation or loss from the lattice
site upon continuous ultraviolet irradiation. Chadwick et al. in their
recent study found that the N anion dopant has totally loss upon
continuously irradiated with UV A light for 28 days, which is
correspond to the solar light irradiation (Fig. 2). Certainly, this en-
lightens that the excellent performance of N doped anatase TiO2
may permanently disappear with times of use under UV irradiation
[24].

Interesting phenomena generated fromnon-metal doping in the
anatase TiO2 was further confirmed by Muhich et al. In their first-
principle study on the effect of non-metal doping, i.e. B, C and N,

on (101) anatase TiO2, it was demonstrated that the non-metal
dopants anions create filled band gap state with energies higher
than O 2pp, enhancing the adsorption and reduction of oxygen
molecules [57]. In a separate study, Sambandan et al. also found
that the C doping into the anatase TiO2 significantly shifts the en-
ergy band edge into the visible region. This has enhanced the
photocatalytic properties of C- TiO2 in the degradation of carma-
bazepine for several order higher compared to pristine anatase TiO2
[29]. However, despite the dopant effectively improve the visible
light photoactivity, doping may at the same time creates BO2, CO2
and NO2, due to the high exothermicity of O2, on the surface of (101)
anatase TiO2, deactivating the O2 reduction [57].

New interesting facts has also been recently discovered in
phosphor (P) doped TiO2, where the type of dopant species might
determine the overall properties of P-doped TiO2. For example, it
was found that the P5þ species dopant could enhance the photo-
generated carrier for several order higher compared to the pristine
TiO2, improving the photocatalytic properties. In contrary, in the
region with P3- dopant rich site, the photoactivity that is reflected
by the generation of photogenerated electron was severely
reduced, disrupting the photocatalytic performance of the TiO2

[58]. Similar process was also observed in the case of anatase TiO2
doping with S anion, where at a particularly low S concentration, a
significant alteration in the energy band gap with the existence of
impurity level due to a mixing of S 3s and O 2p states at the energy
band gap was revealed. However, it produces impurity levels so
that its photocatalytic activity lower than the P anion doping [59].

Abu Bakar and Caue Ribeiro indicated that the photocatalytic
performance of anatase TiO2 with rich (001) facets dramatically
enhanced by introducing the N and S anions into the TiO2 lattice.
They found that the introduction of dopant has significantly shift
the absorption edge to the visible region, enhancing the photo-
responsivity of the anatase TiO2. It was also observed that the (001)
facet behaves as the reservoir for the photogenerated electron-hole
pair, boosting the photocatalytic process at this crystallographic
plane [60]. In separate study, Chung et al. indicated that the S anion
doping into the anatase TiO2 facilitate effective adsorption of
organic dye onto the surface of anatase TiO2 and accelerated the
surface reaction. Meanwhile, the N anion doping enhanced the
visible light absorption, improving the formation of delocalised
state at the band gap [61]. Similar phenomena were also observed
in the hydrogenated anatase TiO2 [62,63] and doped with F anions
[64] due to the formation of unique defect centers for enhanced
charge transfer process to the adsorbed species for enhanced
photocatalytic process, where in many cases, e.g. rutile case, the
introduction of anion doping create Ti-interstitial. Meanwhile, in
anatase, oxygen vacancy is favoured to be formed. For example Liu
et al. [62] observed a remarkable enhancement in the photo-
catalytic of range of commercially available TiO2 in the H2 evolution
reaction upon being hydrogenated at high pressure. In typical
process, they found that the hydrogenated anatase TiO2 demon-
strated multiple order enhancement compared to the pristine
anatase TiO2 (See Fig. 3). HRTEM analysis indicated the develop-
ment of large-density of defect centers in the materials for the
promotion of charge transfer process, enhancing the photo-
activated surface reaction process.

While the non-metal doping of N anions induces variety of
impact on the optical and electronic properties of anatase TiO2 [65],
the obtained performance still can be further improved by many
ways particularly via co-doping with boron [66], phosphor [67],
fluorine [68], cobalt [14], tungsten [69], ammonia vapor treatment
[70], carbon [71], niobium [10], vanadium [72], lanthanium [73] etc.
The co-doping process was found to increase the N uptakes so that
the oxygen deficiency as the origin for the improvement of pho-
tocatalytic process is enhanced. Meanwhile, the ammonia vapor

Fig. 2. Effect of photo irradiation on the optical density in TiO2 nanocrystals
(normalized to N content) after 28 days irradiation by UV A light. (Reprinted from
Ref. [24], Copyright 2017 The American Chemical Society).
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treatment may decrease surface electron-hole recombination by
reducing surface trap via hydroxyl formation on the surface. Fig. 4
show typical photocatalytic performance of anatase TiO2 when N
anions dopant co-doped with other metal and non-metal dopants.

2.2.2. Metal-doped anatase TiO2

More or less similar phenomena are also observed in the case of
metal doped anatase TiO2. Modification of valence and conduction
band density of state are the most common effect observed for the
enhancement of optical and electrical properties of metal doped
anatase TiO2. Transition metal is the most often used metal in the
purpose of modification of intrinsic properties of anatase TiO2. The
most commonmetal used for doping from this group are Au, Ag, Pt,
Pd and Cu. In typical study, they expand the catalytic properties of
anatase TiO2 and have a profound effect in the narrowing of the
energy band gap of anatase TiO2, enabling visible light photo-
activation in catalysis application.

Zhang et al. demonstrated that by introducing W cation into the
anatase TiO2 found that the position of the doped TiO2 conduction

band decrease (positive shift) with the increasing of W doping
content. Such positive shift has several profound effect such as
suppression of electron-hole recombination and expanding the
carrier life time [74], an important parameters for excellent pho-
tocatalytic properties.

Electron paramagnetic resonance (EPR) spectroscopy indicated
that the metal doping may decrease the photogenerated electron-
hole recombination and increase charge carrier for photoactivity.
It is envisaged that the metal doping functioned as a center for
adsorbed species evolution [75]. Jovic et al. [75] examined such
effect in the study of interfacial charge transfer phenomena and any
process that takes a role in the enhanced photoactivity of TiO2
nanostructure in the presence of Au metal impurity in the H2
production from ethanol under UV irradiation. They evaluated
electronic excitation under magnetic field via EPR in pure anatase
and rutile phases and mixed anatase-rutile phase. They also
discovered that in the pure anatase TiO2, hole and electron trap
sites, from the surface and lattice sites, especially at the Ti4þ, are
both exist and play a critical role in charge transfer process. This is
indicated by the presence of intense peaks at a proportionality
factor g normal of 1.990 and weak and broad peak at g parallel of
1.958 under high magnetic field (See Fig. 5AeB). Another strong
signal at high magnetic field, namely at g normal of 1.975, is
observed in both pure anatase and P25 TiO2 sample. This signal is
actually generated from rutile phase electron trap. The existence of
rutile phase can be simply understood due to phase purity issues,
which in many case its presence plays a critical role in facilitating
facile electron transfer at the anatase-rutile interface.

Surprisingly, the signal related to the electron trap at the surface
and lattice site is reduced in the presence of Au nanoparticle in the
TiO2 system (see Fig. 5C at the g normal 1.990 and 1.975). This is a
strong indication of an active charge injection from both anatase
and rutile phase has been occurring. This reveals that under UV
excitation large portion of photoexcited in rutile will transport to
the anatase via a distorted Ti4þ sites, which then separated and is
available for a photoreaction. The charge separation become more
active in the presence of Au metal nanostructure that is existent at
the anatase-rutile interface. Thus, highly efficient H2 gas production
can be realized from ethanol oxidation (See Table 1).

The catalytic performance of anatase TiO2 enhanced due to the
effect of the presence of a surface species. This effect has helped the
generation of active hydroxyl radical species for rapid photo-
degradation of contaminant molecules. In this case, it is elucidated
that the presence of doping on the surface of anatase TiO2 has
promoted the reaction and behaved as co-catalyst along with the
anatase TiO2 [76]. For example, the photocatalytic performance of
the anatase TiO2 dramatically enhanced when it is being co-doped
with Mn and Ce, which is much higher compared to individual
photocatalytic performance of Mn and Ce doped TiO2 (see Fig. 6).
Spectrokinetic analysis of the reaction reveals that the co-doped
system has enhanced the formation of hole related species, accel-
erating the photo-oxidation of toluene. It is well-known that
toluene photo-oxidation on TiO2 is a hole triggered reaction. The
introduction ofMn into the TiO2 further increase the density of hole
related species formation in the TiO2 system. Addition of such high-
performance into intrinsically high photocatalytic activity of Ce
doping on TiO2, co-doped TiO2 system with exceptionally high
photocatalytic performance is achieved.

C. Christoforidis and Fern�andez-García discovered that the
introduction of Cu2þ and V4þ into the anatase TiO2 hasmodified the
photocatalytic properties in oxidation of toluene. They found that
the photocatalytic properties is metal doping dependent where

Fig. 3. Comparison of photocatalytic hydrogen evolution rate on TiO2 particle of
different anatase, rutile and mixed phase before and after hydrogenation (Hy-) under
AM 1.5 (100 mW/cm2) illumination at 500 �C, 20 bar treatment. b) Hydrogenated
anatase samples (Hy-an1) performance in hydrogen production over 5 days of
continuous AM 1.5 illumination. (Reprinted from Ref. [62], Copyright 2014 Wiley-VCH
Verlag GmbH & Co.).
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low-level doping was suitable for enhanced photodegradation of
toluene via facile separation of photogenerated electron-hole pair.
Meanwhile, high doping level may retard the photoactivity because
of the metal dopant may act as the recombination center. They also
realized that the metal doping functioned as the center for the
photoinitiated charge formation. From this work, the mechanism
for the improvement of the photocatalytic properties of anatase
TiO2 via metal doping and provides avenue for further enhance-
ment in the performance is envisaged [25]. It has also been shown
that the photoactivity of the anatase TiO2 effectively enhanced by
Sm3þ anion doping. It was obtained that the resonant excitation
energy transfer between the anatase TiO2 surface and the gaseous
species was improved upon being doped as the result of active
function of metal dopant anion as the center for energy transfer,
enabling facile energy transfer to the trapped state (defect), which
in turn transferred to the adsorbed gaseous analytes for enhanced
gas sensing performance [77].

Recent study by Lian et al. on the Pt doped anatase TiO2 showed
that the existence of Pt, besides modifying the band edge absorp-
tion and the Fermi level, creates a PteO bridge on the surface of the
anatase lattice and facilitates a facile transfer of high-density
photogenerated electron from bulk to the surface of the doped
anatase TiO2. They found that the density of photogenerated elec-
tron transfer increases as high as 2.5 times compared to the pristine
anatase TiO2. This properties will enhance the reduction of Hþ to
produce H2 [31]. Similar phenomena were also observed in Mo
doped anatase TiO2. By incorporating a Mo layer via reactive elec-
tron beam etching forming an array of trenches on the surface of
anatase TiO2, the photogenerated electron improved up to 56 times
compared to the pristine anatase TiO2 and linearly depend on the
thickness of the Mo layer (See Fig. 7A). The systemwas operated at
the visible light region [32]. It is assumed as the result of the ex-
istence of large density of carrier located at the bottom of the
trenches, which is hardly saturated and exhibits a linearly

increasing with the depth of the trench (Fig. 7BeD). It is indicated
that the sharp current increase is due to an extremely large parallel
diffusivity of the carrier in the films compared to the perpendicular
diffusivity. This is related to the effect of the difference in the Fermi
level of the base that is higher than the surface layer, generating a
self-built electric field directed toward the surface layer at the
interface. Thus, electron will be swept into the bottom layer, while
holes to the surface layer, during the light illumination. Because of
the carrier transport within the depletion layer is fast, the recom-
bination between electron and hole is neglected.

In different metal doping of anatase TiO2, i.e. tantalum (Ta),
unique effect was induced by the dopant on the electronic and
optical properties of doped anatase TiO2. In typical procedure, the
presence of Ta in the TiO2 lattice has also improved the charge
separation for potential solar driving water splitting. This unique
facile charge separation was enabled by the existence of facile
phase segregation of Ta both in bulk and the surface of anatase TiO2
during the growth process relative to the applied redox potential,
where the segregation of Ta on the surface is higher under oxidizing
condition and lower under reducing condition, manifesting the
accumulation or depletion of Ta on the surface during the photo-
processing. Thus, this allows a better control over the photo-
activity of Ta-doped TiO2 in photocatalytic water splitting applica-
tions [78].

Wang et al. via first eprinciple study demonstrated a general-
ized understanding on the effect of the introduction of metal
dopant into the lattice of the anatase TiO2. In their study, they used
a local density approximation (LDA) exchange-correlation func-
tional with Perdew-Burke-Ernzerh generalized gradient approxi-
mation (GGA) that is implemented in Castep module and carried
out the calculation on the anatase lattice model with 2 � 1 � 1
supercell model. The doping were carried out by substituting the Ti
atomwith 3d transitionmetal atom (V, Cr, Mn, Fe, Co, Ni, Cu and Zn)
and 4d transition metal atoms (Y, Zr, Nb, Mo and Ag). The energy

Fig. 4. Photocatalytic performance of TiO2 upon being doped with several elements. (Reprinted from Ref. [71], Copyright 2012 American Chemical Society).
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gap of anatase TiO2 has significantly changed up to 0.27 and 0.54 eV
when being doped with 3d and 4d transition metal atoms,
respectively, dependent on the type of the metal dopant used
(Fig. 8). They also found that the impurity levels formation in the
doped anatase TiO2 were mainly due to the hybridization of 3d or
4d state of dopant with O 2p and Ti 3d states. Such effect has
significantly shifted the photoactivity of the doped anatase TiO2
into the visible region [79].

3. Porous and doped (001) faceted system

Lattice structure of anatase TiO2 with (101) and (001) facet are
shown in Fig. 9. In typical synthetic process, anatase is thermody-
namically grown into a nanostructure that ends with a highly stable
face, namely (101) plane. This plane is characterized with rich 6
coordination (6c) of Ti ion, which is the most stable state of Ti in the
lattice and 5c Ti ion that are topologically buried under the back-
ground of 2 and 3 coordination of O ions. Such geometry makes the

Fig. 5. A. Comparison of EPR spectra of P25 TiO2 and isolated anatase under irradiation of UV (black lines) and visible (red lines) light. Inset: High-resolution scan of the isolated
anatase spectrum showing the electrons trapped at residual anatase-rutile interfacial sites. B. EPR spectra of anatase reference powder. C. Corresponding EPR spectra of P25 TiO2 and
isolated anatase after being doped with 3 wt% Au/TiO2 under UV irradiation and its expanded scan (insets). The cartoon is the proposed mechanism for photocatalytic H2 production
from ethanol/water mixtures over Au/P25 TiO2. (Reprinted with permission from Ref. [75], Copyright 2015 Wiley-VCH Verlag GmbH & Co.). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

Table 1
The physical and photocatalytic data for the various TiO2 and Au/TiO2 photocatalyst. (Reprinted from Ref. [75], Copyright 2015 Wiley-VCH Verlag GmbH & Co.).

Sample Mean Au particle size (nm) Sbeta (m2g�1) (mmol g�1 h�1) H2 production rate (mmol m�2 h�1) (molH2 molAu�1 h�1)

P25 TiO2 e 49.6 1.3 0.025 e

Anatase (from P25 TiO2) e 51.2 1.4 0.027 e

Rutile (from P25 TiO2) e 30.4 0.4 0.014 e

3 wt% Au/P25 TiO2 5.50 46.5 31.5 0.676 221
3 wt% Au/P25 TiO2 5.49 48.5 21.7 0.447 147
3 wt% Au/P25 TiO2 5.45 27.9 10.3 0.369 72
Physical mixtureb 5.50 45.4 17.0 0.374 120

a Brunauer-Emmett-Teller surface area.
b Physical mixture: 3 wt% Au/anatase þ3 wt% Au/rutile (85:15 wt%).
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(101) face relatively stable and inert compared to the high-energy
facet of anatase polymorph, such as (001) face. As can be seen
from Fig. 11b, i.e. the geometry of high-energy facet of (001) face, its
geometry is much different compared to the (101) face, where in
(001) plane the surface is characterized by the highly energetic 5c
Ti ions with a highly active 2c O ions at the topmost of the surface.
With TieO bond on the (001) surface is much higher compared to
the TieO bond in (101) up to 1.2% higher, the electron density
distribution along the bond become weakly bound to the atoms,
generating highly energetic electrons that are vulnerable for an
active charge transfer and surface reaction as well as optical
interactions.

The surface atoms of (001) faceted anatase TiO2 reconstructs to
(1 � 4) and the entire properties produced from the (001) faceted
structure are originated from such this surface atoms construction
[80,81]. The atomic site with reduced Ti pairs or oxidized Ti pairs
plays a key role in the chemical activity of the surface. For example,
it has been witnessed in the dehydrogenation methanol via the
formation of water molecules at the defect site. The methoxy are
then form the site and further generates CH3 radical, forming
formaldehyde and again methanol via disproportionation reaction.
Large-range of distinguish properties of (001) faceted anatase TiO2
in current existing application have then been discovered. In a
recent study, it was found that the (101) facets could only absorb
water molecules on its surface while the (001) facets could disso-
ciate the water molecules, thanks to its high- unsaturated Ti atoms
on the surface, producing hydroxyl radicals [82]. Similar chemical
activity has also been observed in wide range of organic species
adsorption on these surface, such as bacterial inactivation [82,83],
verifying the unique surface chemistry of (001) high-energy facet of
anatase TiO2, promising high-performance in current applications.

3.1. Synthetic methods

3.1.1. Non-porous systems
There have been a couple of method to realize a thermody-

namically stable (001) faceted- TiO2 nanostructure. They can be
grouped into two-general method, i.e. hydrothermal and sol-
vothermal. The key parameter in the preparation of (001) faceted
anatase TiO2 prepared using these two procedures lay on the

Fig. 6. Toluene photooxidation (C0 ¼ 700 ppm, relative humidity ¼ 70%, T ¼ 30 �C) on
Mn and Ce doped TiO2. (Reprinted from Ref. [76], Copyright 2014 The American
Chemical Society).

Fig. 7. (A) Photocurrent density in samples with different etching depths (B and C)
Schematic of the carriers transfer near a planar and array depletion layers. (D) Relation
between the collection probability and distance away from the edge of a depletion
layer. (Reprinted from Ref. [32], Copyright 2014 The American Chemical Society).
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directing agent or the surfactant used during the reaction. The key
materials can be fluor, amine, malic acid and etc [85]. For example,
Liu et al. realized the formation of (001) facet rich anatase TiO2 via
a malic acid assisted-hydrothermal synthesis [86]. The approach is
very simple involving the dripping of TiCl4 into 50mL of deionized

water containing D,L-malic acid (about 1.82 mmol) and 0.3205 g of
polyvinylpyrrolidone (PVP, MW~ 40 000). The solution mixture
was transferred into a 30 mL Teflon-lined autoclave for a hydro-
thermal reaction at 120 �C for 10 h. In the typical procedure, (001)
faceted nanocrystal of anatase TiO2 were formed and the structure
can change to boxed by modifying the ratio between the malic
acid and TiCl4 precursors (see Fig. 10). The evolution of (001)
faceted TiO2 nanocrystal is assumed due to the accelerated
Oswald annealing process of the structure in the presence of
maleic acid and the existence of high-yield structural crack in the
body of the nanocrystal. It should find potential application for
reactor applications.

Hydrolysis of titanium complex in the presence of tetra-
fluoroborate ionic liquid [87] has also been demonstrated. For
example, Zhao et al. effectively realized the formation of (001)
faceted anatase TiO2 nanocrystal by applying a solvothermal
approach on a mixture of titanium tetraisopropoxide (TTIP) in
acetic acid (HAc) in the presence of an ionic liquid 1-butyl-3-
methylimidazolium tetrafluoroborate ([bmim] [BF4 ]) capping
agent. The dimension of the nanocrystal were found to be strongly
dependent on the reaction condition particularly the composition
of [bmim] [BF4 ], water, and HAc in the quaternary solution system.
The formation of nanocrystal of anatase TiO2 with (001) facet is
assumed to be due to the effective capping of ionic liquid molecules
on the (001) facet of anatase TiO2.

Surface fluorination [88e90] was also recognized as a powerful
method to promote the formation of (001) facet rich anatase TiO2

nanocrystals. For example, Yang et al. have succeeded to control the
portion of (001) facet in the anatase TiO2 nanocrystal by simply
adjusting the hidrofluoro acid concentration in a hydrothermal
synthesis of TiO2 [88]. Hydrothermal of titanium complex in hy-
drofluoric acid [91] and benzyl alcohol in the presence of oleyl
amine [92] media, and liquid-phase deposition method in the
absence of fluoride scavenger [93e96], etc., were also discovered to
be capable for the preparation of (001) faceted anatase TiO2.
However, amongst the available techniques, surface fluorination is
considered as versatile approach for controlling the faceting in the
nanocrystal of anatase TiO2 [88] as its capability to change the
surface energy of the facet. So far, via the fluorination method, the
percentage of facets on the anatase TiO2 crystal can be controlled,
for example the (001) facet portion can be upgraded from 18% up to
90% by simply controlling the reaction condition and approach
(Fig. 11). A clean, free-fluorine surface can then be obtained via
calcination without deteriorating the surface structure and
morphology.

So far, fluorinated method was thought to be the most versatile
method to obtain (001) faceting in the TiO2 nanostructure. How-
ever, non-fluorinated process has also been reported by several
researcher that included the solvothermal alcoholysis of TiF4, gas-
phase thermal oxidation of TiCl4 or borate-based ionic liquid
surfactant and surface chlorination using hydrochloric acid.
Similar to fluorinated method, the anatase TiO2 nanostructure
produced using these method also indicated a variety of
morphology including nanocube, nanosheet and other platonic
morphologies. Cheng et al. [97], for example, used hydrochloric
acid (HCl, 36.5e38 wt %) that was diluted with 1 mL of water and
added into toluenic solution of titanium n-butoxide [Ti(OC4H9)4,
TBT] and was transferred into an electric oven for a hydrothermal
reaction at 180 �C for 24 h. It was found that thin nanosheet of
anatase TiO2 with (001) facet has been successfully obtained. In
their approach, the typical nanosheet dimension was ranging
from several ten to hundreds of nanometers (Fig. 12). The nano-
sheet was single crystalline in nature.

Fig. 8. (Top panel) Comparison of the TDOS and PDOS of 3d transition metal-doped
TiO2. Black, red and blue-dashed lines are TDOS, impurity's 3d states and Fermi
level, respectively. (Lower panel) Comparison for the TDOS and PDOS of the 4d tran-
sition metal-doped TiO2 with pure TiO2. (Reprinted from Ref. [79], Copyright 2014
Springer International Publishing AG). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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Chen et al. [98] reported a different versatile method to grow
anatase TiO2 nanocrystal with variety of morphology and high-
energy facet percentage via microwave-assisted topochemical
conversion reaction. Layered titanate structure of K0.8Ti1.73Li0.27O4
(KTLO) that was synthesized by hydrothermal treatment of 5.1 g of
KOH, 0.6 g of LiOH$H2O, and 6.9 g of TiO2 (anatase form) in 25mL of
distilled water at 250 �C for 24 h was firstly prepared in this study.
The sample was then treated in a 0.2 M HNO3 solution for 24 h to
facilitate ion exchange between lithium and potassium ions with
hydrogen. Layered titanate of H1.07Ti1.73O4 (HTO)was obtained from
this process and it was dried under freeze condition. The HTO
colloidal was prepared by mixing the sample with 0.1 M of n-

propylamine and was stirred for 24 h. The pH of the colloidal so-
lution was adjusted using HCl and KOH. The anatase TiO2 nano-
crystal were then prepared by following a microwave-assisted
hydrothermal process under a temperature of about 175 �C. Typical
results are (001) faceted nanocrystal with several portion of
different facet, depending on the reaction condition, particularly
the temperature of the reaction (microwave power), pH of the re-
action and reaction time. Fig. 13 described a general picture of
morphology transformation of anatase TiO2 under different reac-
tion condition. For example, under different microwave power, the
morphology of the anatase TiO2 nanocrystal changed from
amorphous-like morphology to well-defined platonic structure

Fig. 9. Lattice structure of (101) (a) and (001) (b) planes of anatase TiO2. (Reprinted from Ref. [84], Copyright 2014 The American Institute of Physics).

Fig. 10. (AeD) Typical FESEM images of (001) faceted anatase TiO2 prepared using malic acid assisted hydrothermal process prepared at 120 �C for 10 h. (Reprinted from Ref. [86],
Copyright 2009 The American Chemical Society).
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when the hydrothermal temperature increased from 95 to 175 �C.
Meanwhile, under the temperature of 175 �C, the nanocrystal
morphology changed from square shape nanosheet to platonic
nanorods when the reaction time elongated from 1.5 h to 11.5 h
(Fig. 13). This method provides a versatile strategy to obtain
nanocrystal with different percentage of active crystalline facet for
specific in applications, such as photocatalytic and DSSCs.

The use of amines functional group surfactant has also been
capable for controlling the facet growth in the TiO2 nanocrystals.
Roy et al. [28], for example, added a diethyl amine (DEA) into a
reaction that contains TiO2 precursor of titanium tetraisoprop-
oxide and tetrabutyl ammonium hydroxide (TBAH). The growth
process was carried out using a hydrothermal method. It was
found that by changing the concentration ratio between TBAH and
the DEA, the amine surfactant, the morphology of the TiO2
nanocrystal could be control from nanorod, nanocubes and
nanosheet with different dominant facet exposure (See Fig. 14). As
can be seen from the figure, the control of morphology indicated
the possibility to obtain TiO2 nanostructure with particular facet

dominant structure. For example, the nanorods, the dominant
facet is (101) that contains up to 70% of the total area of the
nanorods. Meanwhile, the nanocubes, the dominant facet is (001)
with almost 100% of total surface area. Such nanostructure with
particular unique morphology has enabled the study of facet-
related physicochemical and photo activity properties in the
anatase TiO2 nanostructures (see Table 2).

3.1.2. Porous system
There are various method to prepare porous anatase TiO2. In

Table 3 we summarize several available methods to date that are
available for the preparation of anatase TiO2. They can be grouped
into several general categories, i.e. template, etching, alcoholysis
and surfactant directed methods. Although the methods are very
versatile to grow anatase TiO2 nanostructure with exceptionally
high porosity properties, nevertheless, most of the methods real-
ized the formation of porous TiO2 nanostructure with morphology
containing less-reaction facet, such as (101) plane. However, the
method that leads to the formation of porous TiO2 nanostructure

Fig. 11. Typical structure of (001) faceted anatase TiO2 crystals prepared via fluorination method. (a) Schematic illustration of facet portion in anatase TiO2. (bed) Typical
morphology of TiO2 nanocrystal prepared using different concentration of HF (120, 80, and 40 mL) (e-h,j,k) Typical low and high-resolution TEM images of the samples with
different morphology. (j, l) Schematic atomic models along 11⁄2 10 and [010] directions; white Ti4þ, black O2. (Reprinted from Ref. [88], Copyright 2008 Nature Publishing Group).
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with high-energy facet have been limitedly demonstrated up to this
stage. In the following, we will discuss a few typical synthetic
strategy of the available method in each group that are capable for
the formation of porous morphology containing high-energy facet
of (001).

3.1.2.1. Template method. In many approach, templated porous
synthesis provide facile strategy to obtain TiO2 nanostructure with
controlled porosity properties. Depending on the type of template
used, the method can be further grouped into the hard and soft
template approaches. The hard template approach is normally used
hard inorganic template as the scaffold of mesoporous TiO2 nano-
crystal growth. Meanwhile, the soft template approach always uses
organic materials as the scaffold for TiO2 nanostructure growth,
such as metal organic framework or MOF, polymer template, lipids
or protein template, surfactant template, etc. Quite recently, gra-
phene has also been used as the template for producing porous TiO2
nanosheet. By combining the template and suitable deposition
methods of TiO2 layers, such as sputtering, atomic layer deposition,
liquid phase deposition, electrochemical deposition, hydrothermal
methods, etc., as well as using an appropriate method for removing
the initial templates, TiO2 nanostructure with large-range of
porosity and morphology properties can be realized.

Regarding the hard template method, common template used is
highly-ordered porous silica. For example, Zheng et al. [117] re-
ported that by using silica templates coupled with a hydrothermal
growth method could produce anatase TiO2 with controlled
porosity properties with nanostructure basal plane of (001). The
porous anatase TiO2 were formed via a negative replication of silica
template and the porosity properties depended on the growth
parameter, including hydrohalic acid condition, seed density, and
temperature. In typical process, they prepared a silica template
using powder of as synthesized silica spheres (approximately 5 g)
by mixing them into a dilute aqueous solution of titanium tetra-
chloride (TiCl4). The mixture was heated at 70 �C for 1 h. After that
the silica template were rinsed and then re-sintered at 500 �C for

30 minwith ramping time of 150 min. From this process, they were
successfully prepared TiO2 nanoseed on the surface of silica spheres
template. The porous anatase TiO2 were then prepared by following
a hydrothermal method at 150e220 �C for 12 h. The reaction
contained a titanium butoxide in a solvent of mixture of water and
hydrofluoro acid (50%) and 360 mg seeded-silica templates. The
samples were then collected via a centrifugation and the silica
template was removed by etching in 2 MNaOH at 80 �C for 1 h. (see
Fig. 15).

In Fig. 15, it is also shown typical mesoporous anatase TiO2
product obtained from this process. As can be seen from the figure,
the typical product is mesoporous nanoseed with pore diameter as
high as approximately 50 nm. Sheet morphology was assumed to
form due to the presence of F anion that actively attach onto the
growing crystalline facet of the TiO2 and modify its surface energy.
Thus two-dimensional crystal growthwas achieved. The dimension
of the nanosheet is quite large with edge-length varied from 700 to
800 nm with thickness as low as 150 nm. One interesting point
highlighted in this study was no nanosheet morphology were ob-
tained when the F anion absence in the reaction.

The porous TiO2 gave excellent performance in hydrogen evo-
lution reaction due to synergetic effect of wide surface area and
exposed high energy facet of anatase TiO2. They also found that the
enhanced photocatalytic performance is due to the combinative
activity of high-energy facet rutile TiO2 (110) and anatase (001) in
the porous TiO2 which provides reductive site for photoreduction
process and oxidative process, respectively. These feature promise
excellent strategy for energy conversion purpose utilizing porous
TiO2 nanostructure.

In separate study, Crossland et al. [19] used similar method with
a modification to prepare mesoporous anatase TiO2 (see Fig. 16). By
controlling the concentration of TiCl4 during the seeding process on
the silica template, the morphology and porosity can be controlled.
The mesoporous anatase TiO2 may then accommodate high loading
of organic perovskite, realizing a high-performance perovskite so-
lar cell system. In the typical procedure, the power conversion

Fig. 12. Typical FESEM image of anatase TiO2 prepared using alcoholysis method. (a and b) Low-magnification TEM image and SAED pattern of TiO2 nanosheet sample., and (c and d)
corresponding HRTEM image of flat and vertical orientation anatase TiO2 nanosheet. (Reprinted from Ref. [97], Copyright 2014 The American Chemical Society).
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efficiency as high as 7.3% was achieved, thanks to high-surface area
and an efficient carrier transportation in such highly-porous
anatase TiO2 system.

Different hard template has also been used in the synthesis of
hollow and porous two-dimensional anatase TiO2 nanostructure,
such as demonstrated by Song et al., namely using a-Fe2O3 nano-
plates [118]. In typical process, the two-dimensional hollow

nanoplates of TiO2 were obtained by depositing the TiO2 precursors
onto a removable a-Fe2O3 nanoplates via a hydrothermal method.
In normal process, the template were removed by using phosphate
ion etchant. Two-dimensional nanostructure of anatase TiO2 with
average diameter and shell‘s thickness of approximately 600 nm
and 30 nm, respectively, were the typical of the product.

There are still many hard templates [85] that have been used in

Fig. 13. (Top panel) Mechanism of the formation of (001) faceted anatase TiO2 via microwave-assisted topochemical reaction. (Lower panel) Typical HRTEM image of (001) faceted
anatase TiO2 nanocrystals prepared using different reaction time, i.e. (a) 1.5, (b) 3.5, (c) 9.5 and (d) 11.5 h, respectively. Microwave power was 175 mW. (Reprinted n from Ref. [98],
Copyright 2014 The American Chemical Society).
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producing porous TiO2 nanostructure, such as anodic aluminium
oxide (AAO) template [119], porous carbon template [120,121],
alumina membrane, disordered glass, polymer inverse opal [122],
colloidal template [123,124], etc. Depending on the method used
for the deposition of TiO2 layer and a suitable method for the
template removal, a porous TiO2 nanostructure with variety pore
size and density have been successfully obtained.

More or less similar with hard template approach for the
realization of porous TiO2 nanostructure, the soft template,
namely the template that is mainly from the organic substances,
offers interesting outcome with a straightforward process. Metal
organic framework template has presented as a different potential
alternative strategy for the preparation of porous TiO2 nano-
structures [125e127]. Xiu et al., for example, demonstrated that
by using titanium metal organic framework (MIL-125 Ti), the
highly porous titanium-based MOF MIL-125 (MIL ¼ Materials of
Institut Lavoisier) [128] (see Fig. 17), in a spray pyrolysis may
produce porous microdisc of TiO2 [129]. Recently Zhao et al. [130]
reported that by utilizing titaniummetal organic framework (MIL-
125), it was realized the formation of highly porous 3D nano-
structure of anatase TiO2. That was achieved by simply hydro-
lyzing the precursor of titanium metal organic framework that
was followedwith a calcination process at 400 �C for 4 h in air. The
typical result of the approach is characterized with a bimodal
hierarchical porosity with mesopore diameters of up to 28 nm

along with a macropores diameters of up to 185 nm. Meanwhile,
the BET surface area and the total pore volume are 147 m2 g�1 and
0.6238 cm3 g�1, respectively [125,130]. Mesoporous TiO2 with
different morphologies, such as porous nanosheet or plate
[126,131], cake-like structure [132], hierarchical structure [133],
etc., have also been realized using the MIL-125-Ti metal organic
frameworks and they have found to have a high-performance in
storage, photocatalysis and solar cell [131].

Different MOF template, namely hierarchical structure of
Zeolitic Imidazolate Framework [134] (ZIF-8 and ZIF-67) (see
Fig. 18), has also been widely used for the formation of micro-sized
porous TiO2 microcube. Yang et al. [135] reported that microscale
hierarchical porous TiO2 nanostructure with BET surface area as
high as 800 m2/g can be realized by coating the shell structure of
TiO2 via any available coating method on this template that was
followed with a thermal decomposition of the MOF template. Liu
et al. [136] in different study also demonstrated the facile formation
of porous and high-energy facet TiO2 nanostructure using ZIF-8
MOF template. In typical process, they used 0.4 g mesoporous
TiO2 beads and mixed with ZIF-8 with theoretical mass ratio of 1:2
between ZIF-8 to TiO2 in methanol solution. The TiO2-ZIF-8 com-
posites were precipitated and washed using centrifugation and
finally dried at 60 �C for 12 h. During the growth process, a layer of
ZIF_8 polyhedron will cover the TiO2 bead, producing faceted
mesoporous TiO2 nanocrystals (see Fig. 19).

Fig. 14. Typical FESEM image of anatase TiO2 nanocrystals prepared using different TBAH:DEA molar ratio, i.e. (a) 1:1, (b) 1:2 and (c) 2:5. The other reaction parameters, such as
temperature, growth time and TTIP precursors concentration, are 225 �C, 24 h and 3 mmol, respectively. (Reprinted from Ref. [28], Copyright 2014 The American Chemical Society).

Table 2
Morphology-photoredox activity relationship of the anatase TiO2 nanocrystals. (Reprinted from Ref. [28], Copyright 2014 The American Chemical Society).

Morphology Sbet (m2g�1) Band gap (eV) % of (101) facets % of (001) facets % of (100) facets kMO (h�1 s�1) kMB (h�1 s�1)

Nanoellipsoids 11.25 3.16 ~100 0 0 0.048 0.070
Nanorods 6.22 3.17 25 0 75 0.220 0.150
Nanocapsules 18.92 3.07 13 14 73 0.073 0.060
Nanocuboids 22.05 3.21 25 28 47 0.078 0.099
Nanosheets 60.23 3.05 0 72 28 0.015 0.019
Degussa P 25 51.58 e e e e 0.059 0.048
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Table 3
Methods for the preparation of porous anatase TiO2 nanostructures.

No Sample Picture Method Reference

1. Anatase TiO2 nanosheets-based
hierarchical spheres

5 mL of acetic acid was added in a 0.01:0.03 M
(TiF4:DEG), magnetic-stirred for 3 h at room
temp., then autoclave for 8 h at 180 �C. Scale bar
is 100 nm.

[99]

2. Hierarchical layer-by-layer
self-assembled TiO2 nanosheets

Titanium tetrafluoride (0.20 g) mixed in 80 mL
of benzyl alcohol and stirred continuously for
4 h until a homogeneous solution obtained and
transferred to a Teflon-lined stainless steel
autoclave. It was then heated at 160 �C for 24 h.
Through centrifugation, white, crystalline
titania powder was collected, washed with
ethanol, and dried in vacuum at 80 �C.

[100]

3. HF-free synthesis of anatase TiO2

nanosheets
9 mL of HCl, 36.5e38 wt % was diluted with
1 mL of water, and then transferred to a 45 mL
Teflon-lined steel autoclave. 20 mL of toluene
solution containing 0.6 mL of titanium n-
butoxide [Ti(OC4H9)4, TBT] added on top of mix
solution without stirring and heated at 180 �C
for 24 h. White powder precipitates was
collected by centrifugation, followed by
washing with ethanol and water for several
times. The powder was then air- dried at 40 �C
for 10 h.

[97]

4. Anatase TiO2 nanosheets Anatase TiO2 sheets were synthesized through
the hydrothermal method. (OC4H9)4 (50 mL)
and HF solution (6mL,concentration of ca. 40 wt
%) were added to a 200-mL Teflon-lined
autoclave, which was then heated to 180 �C for
24 h. After it was cooled down, the precipitates
were obtained by centrifugation. It was then
washed with ethanol and distilled water before
being dried in an oven at 60 �C. Different HF
content used (2, 4, 8, and 12 mL) for anatase
TNSs sheets prepared under the same
conditions.

[101]

5. TiO2 anatase nanowires 2 g of TiO2 powder and 25 mL of 10 M NaOH
aqueous solution were put into a Teflon lined
stainless autoclave and heated at 150 �C for
72 h. After it was cooled down to room
temperature, the precipitate was washed by
H2O and filtered in the vacuum before being put
into 500 mL of HCl aqueous solution at pH 2 and
stirred for 24 h. It was then centrifuged and
repeated 3 times for HCl aqueous solution
treatment.

[102]
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Table 3 (continued )

No Sample Picture Method Reference

6. TiO2 nanocrystal/nanotube double-
layered films

Hydrolysis of titanium isopropoxide followed
by a peptization process under hydrothermal
condition. TiO2 nanotubes were synthesized
except that the obtained products did not
undergo further drying process in order to keep
the morphology of nanotube intact.

[103]

7. TiO2 nanorod Titaniumisopropoxide (TIPT) mixed with
triethanolamine (TEOA) at molar ratio of 1:2
then mixed with DDA and put into 100 ml
Teflon autoclave 100 �C for 24 h

[104]

8. Nanostructured TiO2 hollow fibers Mixed solution of (NH4)2TiF6 and H3BO3, with
concentration of the Ti(IV) precursor and the pH
of the solution were adjusted to 0.03 M and 2.0
heated at 50 �C, as TiO2 deposit on cotton fibers
(Flawa, oxygen-bleached, hydrophilic, 100%
pure cotton wool) for 5 h. Hydrolysis and
dehydration of (NH4)2TiF6 produces TiO2

nanoparticulate films on hydrophilic cellulose
fibers. The fibers were then washed with
deionized water and dried. The cellulose
template was then removed through annealing
process at 500 �C for 3 h.

[105]

9. TiO2 porous tubes TiO2 powder was dispersed in an aqueous
solution of NaOH (10 N) under vigorous
magnetic stirring for about 1 h to form a white
suspension, followed by placing it into a Teflon
container (80 mL) in an oil bath with constant
agitation at 160 �C. centrifuged and rinsed with
distilled water and then with HCl solution until
pH ¼ 6e7

[106]

10. (0 0 1) faceted mesoporous anatase
TiO2

microcubes

For mesoporous single crystal formation, 0.24 g
of TiF4 in 50 mL of pure water was acidified
using HCl (pH 2) to prepare 40 mM solution
with 1.67 ml of BMIM-BF4 was added under
constant stirring. Later, 1 g of the TiCl4 treated
silica template was added and stirred and then
finally hydrothermally treated at 190 �C for
12 h. The product obtained was washed with DI
water and then etched for 1 h in 170 mL of 2 M
NaOH solution at 80 �C under constant stirring.
It was then vacuum filtered and washed with DI
water and ethanol using PTFE filter paper of
0.2 mm pore size.

[107]

(continued on next page)
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Table 3 (continued )

No Sample Picture Method Reference

11. Porous anatase TiO2 derived from a
titanium metaleorganic framework

MIL-125 (Ti) was synthesized by a solvothermal
method. Then the as-synthesized MIL-125 (Ti)
was refluxed in water. Finally, the as-refluxed
TiO2 was calcined at 400 �C in air to remove the
residual organic linkers.

[108]

12. Nanowall of Cu-doped TiO2 5 mL of 0.5 M (NH4)2TiF6, 1 mL of 6.25 mM
Cu(NO3)2$H2O and 1 mL of 0.5 M
hexamethylenetetramine (HMT).The solution
was ultrasonicated for 2 min, and then placed in
a water bath for the reaction at a temperature of
90 �C. The growth time was for 10 h. Scale bar is
10 mm.

[109]

13. Poriferous microtablet of anatase
TiO2

Growth solution containing 5 mL of 0.5 M
(NH4)2TiF6 and 5 mL of 1.0 M H3BO3 at room
temperature for 15 h. The sample was taken out
and rinsed with a copious amount of pure water
and then dried under the flow of nitrogen gas.
Finally, the sample was annealed in air at 400 �C
for 1 h. Scale bar is 5 mm.

[94]

14. TiO2 nanograss 5 mL of 0.1 M (NH4)2TiF6 and 5 mL of
0.2 M H3BO3 for a growth process of 25 h at
room-temperature. The as prepared TiO2

nanostructure was further annealed at
temperature of 400 �C for 30 min. Scale bar is
100 nm.

[110]

15. Mesoporous assembly of cuboid
anatase nanocrystals into hollow
spheres

13.6 mmol of TiCl4 was added drop-wise to a
50 mL of water containing NH4F. The reaction
mix was immediately transferred into a 75 mL
Teflon lined stainless steel hydrothermal vessel
and autoclaved at 180 �C for 24 h. The autoclave
then cooled to room temperature, the products
washed several times with de-ionized water,
followed by ethanol and then dried at 60 �C in
an oven.

[111]
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Very recently, Ren et al. [137] prepared mesoporous three-
dimensional hierarchical interconnected TiO2 nanostructure via a
biomolecular self-assembly method utilizing lipids and protein
template [138]. The mesoporous TiO2 nanostructure product is
composed of interconnected nanoparticles. The resulting nano-
structure exhibits excellent electrochemical properties with high

initial Coulombic efficiency of up to 94% at 1C and capacity reten-
tion up to 90%. Thanks to the high-chemical stability of mesoporous
TiO2 3D network, the porous system demonstrate high-degree
charge-discharge recyclability and is predicted as potential candi-
date for high-performance photocatalytic system.

Surfactant template method has also been used to prepare

Table 3 (continued )

No Sample Picture Method Reference

16. Hierarchically structured
mesoporous anatase TiO2

microspheres

0.5 mL TBT was mixed in 30 mL of 2 M H2SO4

aqueous solution for 30 min and transferred
into a 60 mL Teflon autoclave. The autoclave
was heated up to 180 �C for 5 h before being
cooled down to room temperature. Precipitates
was then collected by filtration, washed with
distilled water and dried at 60 �C.

[112]

17. Porous TiO2 hollow microspheres 3mL of titanium tetrachloride (TiCl4) was added
into 84 mL of isopropanol, magnetically stirred
for 30 min. The solution was transferred into
Teflon-lined autoclave and heated at 200 �C for
24 h before being cooled down to room
temperature. The white precipitates obtained
was filtrated and washed with ethanol, before
being dried.

[113]

18. Mesoporous TiO2 core-shell spheres PVP K30 (Mw ¼ 25 000, 0.1e0.7 g) was
dissolved in a mixture of ethanol (2.5 mL) and
acetic acid (3.8 mL) with stirring. After 10 min,
titanium butoxide (TBT, 7.0 mL) was added. The
mixture was stirred continuously for 1 h to
obtain a uniform pale yellow PVP-Ti sol and
then was loaded in a syringe pump and then
pumped through a small metal nozzle onto a
large aluminum target placed about 35 cm away
at a rate of 1.0 mL h�1. A voltage of 35 kV was
applied between the metal needle and
aluminum target.

[114]

19. Nanosheet-constructed porous TiO2

eB
Mixed solution of TiCl4 and ethylene glycol at
room temperature, heated and condensed TiO2

eB in the presence of ammonia solution.

[115]

20. Trifunctional TiO2 nanoparticles
with exposed {001}
facets

The 50 nm TiO2 NPs with exposed (001) facets
were synthesized using a fast microwave-
assisted hydrothermal (FMAH) method and a
commercial instrument.

[116]
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porous structure of anatase TiO2. The most common surfactant
template used is a combination of ionic and non ionic surfactant,
namely triblock copolymer from the Fluoronic family, such as poly
(ethylene oxide) (PEO) and poly (propylene oxide) (PPO). PEO
group normally composed of hydrophilic ligand. While the PPO
contains hydrophobic ligand. By mixing the two surfactant, sur-
factant micelles with variable morphology and the hydrophilic part
at the outside of the micelles, depending on themixture ratio of the
two component, can be obtained. The morphology and porosity
properties of polymer template can be further modified by
combining ternary or quaternary polymer system, producing
unique polymer micelles templates. The TiO2 layer can be then
deposited onto the micelles via a number ways such as hydro-
thermal, alcoholysis and etc. By removing the surfactant template
via annealing, porous TiO2 nanostructure can be obtained. The
faceting can be obtained by simply controlling the morphology of

the micelles bymeans of modification of mixture ratio between the
two components of ionic and non ionic surfactant. For example, Yu
et al. earlier reported that by using the surfactant template from
mixture of ionic and non ionic surfactant and followed with the
removal of the surfactant via calcination at 500 �C has effectively
solidified the framework and pore-wall crystallization. The result
was the porous structure and it produced surface area as high as
100 m2/g, which is equivalent to porosity as high as 40% providing
three-dimensional communicated pore system. The porous anatase
TiO2 was highly transparent and exhibit outstanding photocatalytic
properties in acetone reduction [139]. Ortel et al. used different
polymer template, i.e a combination of polymer micelles and
PMMA sphere, in the formation of highly porous TiO2 system in the
presence of a suitable titanium dioxide precursor, i.e. titanium(IV)
bis(ammonium lactato) dihydroxide, and the presence of other
reagent, such as colloidal Pd nanoparticles (Fig. 20), may form

Fig. 15. (Top panel) Schematic method of porous anatase TiO2 growth prepared using silica template by a hydrothermal method. (Lower panel) SEM images of solid (a1) TiO2

nanorods and (b1) TiO2 nanosheets prepared without SiO2 template. (a2, b2) SEM images and (a3, b3) TEM images of mesoporous TiO2short nanorods (a2, a3) and mesoporous TiO2

nanosheets (b2, b3). Seeding concentration: 0.3 mM, 180 �C, 12 h. The corresponding selected-area electron diffraction (SAED) patterns were shown in the insets. Left panels (a): no
HF. Right panels (b): [HF] ¼ 0.05 M. (Reprinted from Ref. [117], Copyright 2013 The American Chemical Society).
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porous Pd-doped TiO2 nanostructures. In this method, it was
demonstrated that the porosity properties could be finely
controlled by the concentration of the precursor and the pH of the
reaction. The highly porous Pd-TiO2 nanostructure system exhibi-
ted excellent photocatalytic properties in hydrogenation of 1,3
butadiene [140]. Unique to the polymer template system, the pore
size and density as well as the morphology, such as two-

dimensional or three-dimensional pore structure, of the TiO2
nanostructures can be straightforwardly controlled by changing the
dimension of the ionic and non-ionic surfactant or using a mixture
of ternary or quaternary polymer surfactants used during the
growth process. The method for the preparation of three-
dimensional pore structure in TiO2 nanostructure has been well-
summarized in Ref. [141].

Fig. 16. (a) Mechanism of mesoporous single crystal (MSC) synthesis of TiO2. (b), Typical pristine silica template used in the approach made up of quasi-close-packed silica beads
(fast Fourier transform (FFT) with sixfold symmetry with 49 ± 3 nm spacing (inset). (ced), FESEM image of non-porous TiO2 crystal prepared in a 20-mM TiF4 solution at 210 mC. (e),
Expanded image of the mesoscale pore structure within the templated region (reaction conditions 170 mC, 40 mM TiF4). (f and g), Typical morphology of fully mesoporous TiO2

crystals. (Reprinted from Ref. [19], Copyright 2013 Nature Publishing Group).

Fig. 17. (left) Schematic visualization of MIL-125 template visualized from [001] and (right) [010] orientations. Ti, O, C, and H are depicted in blue, red, black, and beige, respectively.
Porous TiO2 nanostructures can be realized by simply applying a thermal decomposition of the template. (Reprinted from Ref. [128], Copyright 2013 American Chemical Society).
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Graphene-template method has also been reported to be po-
tential for the preparation of highly porous anatase TiO2 nano-
structure. Li et al. [142] has successfully made a sandwich structure
of mesoporous TiO2-graphene-mesoporous TiO2 by using GO
nanosheet as a substrate for anatase TiO2 nucleation in an
ammonia-assisted hydrolysis of titania precursor and followed by a
thermal annealing treatment in Ar. Under this process, the amor-
phous TiO2 shell could be crystalized and GO reduced to graphene.
In typical procedure, a very thin nanosheet of graphene-anatase
TiO2 composite with thickness was less than 50 nm and BET

surface area of 252 cm2g-1 were obtained (see Fig. 21). Anatase TiO2
with such properties and in the presence of graphene nanosheet
may find potential used in photocatalysis and battery. The use of
graphene oxide or reduced-graphene oxide templates have also
been demonstrated for the preparation of two-dimensional porous
TiO2 nanostructures [143,144].

3.1.2.2. Etching method. Etching method has been present as an
alternative, versatile approach for the preparation of hollow and
porous anatase TiO2 nanostructure. It normally uses an ammonia or

Fig. 18. (a), Structural model of ZIF-8 and (b), ZIF-8 sodalite cage. The yellow ball represents void space with red, grey and blue structure are the ZnN4 tetrahedra, C and N atoms,
respectively. (c), HRTEM image of ZIF-8 along the [111] axis (scale bar, 2 nm) with unfiltered (upper inset) and FFT (lower inset), respectively. (d), (Left), CTF-corrected (using a
Wiener filter) image within the green square in c. (middle and right panel) are symmetry-imposed and simulated projected potential map of the structure in where individual
atomic columns of Zn and imidazole rings can be identified. (Reprinted from Ref. [134], Copyright 2017 Nature Publishing Group). (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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a strong base [145e147] and acid [148] as the etchant agent. Li et al.
[149,150], for example, following a single step process, namely
preparation of amorphous silica protected TiO2 in the presence of
ammonia etchant could produce hollow anatase TiO2 sphere. By
subjecting the sample to a thermal annealing, porous, hollow
spherical anatase TiO2 nanostructure were obtained (see Fig. 22).
The shell structure of the sphere is characterized with a rich (001)
facet. The thickness of the TiO2 shell can also be further modified by

following additional etching and thermal annealing on the porous
and hollow nanostructures. Wang et al. in separate study reported
that by applying an acetic acid on anatase TiO2 thin film, highly
porous two-dimensional anatase TiO2 could be realized. They re-
ported that the effectiveness of porous structure formation were
determined by the concentration of acetic acid used and the pH of
the reaction [151]. Although its straightforward procedure, due to
the nature of etching process is chemically massive process, the

Fig. 19. Typical microscopic image of TiO2/ZIF-8 hybrid beads showing the morphology of the nanostructure. (a) and (b) are FE-SEM images, and (c) and (d) are TEM images.
(Reprinted from Ref. [136], Copyright 2017 The Royal Society of Chemistry).

Fig. 20. Schematic mechanism for the formation of hierarchical porous TiO2 nanostructure prepared using polymer pore templates. (Reprinted from Ref. [140], Copyright 2012 The
American Chemical Society).

A.A. Umar et al. / Optical Materials 75 (2018) 390e430 411



reaction is hardly controlled so that the faceted, porous TiO2
nanostructure is limitedly produced. Nevertheless, if suitable re-
action parameters are discover, porous and morphology-controlled
TiO2 nanostructure can be obtained.

3.1.2.3. Alcoholysis method. In most approached, aqueous phase
reaction is used to prepare TiO2 nanostructure both in solution and
on the substrate surface. In this regards, the presence of H2O sol-
vent has facilitated the hydrolysis of the TiO2 precursors. However,
the reaction will produce titanium hydroxide complexes, which

Fig. 21. Top panel: (aed) Typical TEM images of TiO2 nanosheets prepared using graphene-template. Graphene sheet remains in the structure after the growth process. (eef) AFM
topography images of the sample on a mica substrate and its corresponding height-profile. (geo) STEM image and EDX elemental maps of C, Ti, and O of the samples, respectively.
Lower panel: Schematic formation process of the mesoporous TiO2 nanosheets. (Reprinted from Ref. [142], Copyright 2015 The American Chemical Society).
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mainly resides on the surface and via thermal decomposition low
surface crystallinity of anatase TiO2 is obtained. The existence of
titanium complexes along with the TiO2 phase more or less dete-
riorate the surface structure of the materials, especially during the
thermal decomposition of the complexes. Hence, their surface
chemistry properties. In order to obtaining a well-crystallinity of
anatase TiO2, non-aqueous phase process, typically alcohol phase, is
normally used. Jin et al. [152], for example, developed a sol-
vothermal alcoholysis of TiO2 precursors, to obtain a well-
crystallinity of porous anatase TiO2. They found that a porous and
high-energy facet anatase TiO2 can be simply realized using the
solvothermal alcoholysis mixture solution of 3 mL of titanium
tetrachloride (TiCl4) with 84 mL of isopropanol and then the solu-
tion was magnetically stirred for 30 min prior to further reaction
process. Finally, the reaction was transferred into a Teflon-line
autoclave for a solvothermal reaction at 200 �C for 24 h. The
product was then collected and washed via centrifugation. In a
typical procedure, a hierarchical structure that composed of
straight nanorods and nanochannel with high-percentage of (001)

facet was obtained. The formation of anatase TiO2 with such unique
structure and morphology is predicted via the releasing of water
molecules from an esterification process of alcohol that promoted
hydrolyzing of titanium precursors. Hydrogen ion that is required
in this process was produced from the solvothermal alcoholysis
process. Due to and Oswald ripening process during the reaction
has led to the formation of anatase TiO2. In a medium of alcohol and
acetone mixture, hollow nanosphere were formed. In the effort for
minimizing the high surface energy of TiO2 nucleates, they attached
each other, in many case, via oriented-attachment mechanism.
Such process is selective and only occur on a similar crystalline
plane. Thus, single crystal of hierarchical structure is possible to
obtain via this process. In this process, it was assumed that the Cl
ion may also play a central role in directing the formation of
nanorods component in the hierarchical structure by attaching
onto the (001) faces. Thus, the nanostructure product is reach of
high-energy (001) facet.

Up to date, several modification in the reaction composition,
such as using a different Ti precursors, and reaction condition in

Fig. 22. (AeD) Typical TEM of the porous TiO2 nanostructure prepared using etching method at different temperature (A: ambient temperature; B: 40 �C, C: 60 �C and D: 80 �C).
(EeH) Their corresponding high-magnification TEM images. (Reprinted from. [150], Copyright 2016 The American Chemical Society).
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alcoholysis approach, porous and high-energy faceted TiO2 nano-
structure with large range of morphology, particularly hierarchical
structure, yolk-shell [153], etc., have been impressively achieved.

3.1.2.4. Hydrothermal method. While alcoholysis method utilises
alcohol ligand in dissociating the TiO2 precursor in the presence of
thermal heating, water base reaction or hydrolysis is also capable to
realize the formation of anatase TiO2 nanostructure from the TiO2
precursors. Due to its simplicity and greener process, it has been
widely used for the preparation of TiO2 nanostructure with wide-
range morphologies. Fang et al., for example, reported the syn-
thesis of porous (001) faceted TiO2 nanostructure via surfactant-
assisted-hydrothermal method [154]. Two-different nano-
structure of anatase TiO2 with rich of (001) facets exposure were
obtained, namely yolk-shell and nanosheet product, which were
achieved via two different reactions condition. For the case of yolk-
shell morphology synthesis, diethylenetriamine surfactant was
introduced into the reaction that contains titanium oxide precursor
(i.e. titanium isopropoxide). Meanwhile for the nanosheet of
anatase TiO2, the surfactant was replaced with hidrofluoro acid
(HF). The reaction was carried out using a hydrothermal method in
an autoclave at a temperature of 200 �C for 24 h. Regarding the
nanosheet TiO2, more or less similar steps was also used. However,

the hydrothermal reaction temperature was lower than the yolk-
shell structure of TiO2, i.e. 180 �C for 24 h. With time growth, the
precipitate of anatase TiO2 is obtained in the solution and via
centrifugation, powder of a highly crystalline anatase TiO2 were
obtained.

FESEM analysis on the result indicated the formation of yolk-
shell structure if using amine surfactant, meanwhile nanosheet
product were obtained when the amine surfactant were replaced
by the HF in the reaction. An interesting point to be underlined here
that both structure were characterized by rich of (001) high energy
facet of anatase phase TiO2, as judged by the X-ray diffraction re-
sults. As can be seen from Fig. 23, the yolk-shell structure possess a
dimension in the range of 1e1.5 mm wide of diameter. When the
structure brought into HRTEM analysis, it was surprisingly estab-
lished that the rounded structure of yolk-shell morphology is
indeed a hierarchical structure that composed by large-number of
small-flakes that randomly assembled into a microsphere. The shell
thickness was in the range of approximately 200 nm thick, mean-
while the inner sphere structure possess diameter as large as
650 nm.

As can be seen from the figure, the nanosheet structure that
composed the yolk-shell structure contain lattice fringe spacing as
high as 0.19 nm, which is corresponding to (001) facets (Fig. 23d).

Fig. 23. Structure and morphology of TiO2YSHSs prepared using water-based hydrolysis hydrothermal method prepared at 200 �C for 24 h. (Reprinted from Ref. [154], Copyright
2012 The Royal Society of Chemistry).
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Fig. 24. The typical morphology of porifeorus TiO2 microtablet prepared using surfactant-directed hydrothermal method (AeG). The reaction contains 0.5 M of ammonium
hexafluorotitanate and 1 M of boric acid. The growth time is 15 h. (HeK) The FESEM image of the inner structure of the microtablet showing the brick-like assembly of the
nanocuboid of TiO2. The scale bars are 20 mm in (A), 1 mm in (B)e(D), 200 nm in (F), 100 nm in (G), 5 mm in (H) and 250 nm in (I) to (K). (Reprinted from Ref. [94], Copyright 2013
Elsevier B.V.).

Fig. 25. The modification of the microtablet morphology to diatom-like structure upon being doped with Ga of different concentration, i. e. 0.005 (A), 0.010 (B), 0.015 (C), 0.020 (D),
0.025 (E), 0.030 (F) and 0.035 mM (G). (H) TEM image shows the nanostructures is constructed by TiO2 nanoplatelet. Inset in H is typical SAED pattern of the structure showing with
normal plane is (001). The scales bars are 2 mm in A to G. (Reprinted from Ref. [93], Copyright 2016 Elsevier B.V.).
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The nanosheet is single-crystalline in nature. The portion of
exposed (001) facets on the nanosheet is approximately 87%, which
is extremely wide in term of nanospherical morphology structure.
A different facet, namely (101), was also discovered in the nano-
structure, particularly the aged sample, which was predicted due to
the Oswald annealing effect on the nanostructure. Interestingly, the
BET surface area of the nanostructure is distinguish high, i.e.
245.1 m2 g�1, which is almost doubled of the surface of the nano-
sheet anatase TiO2 itself (88.9 m2 g�1). These feature may facilitate
excellent molecular adsorption and efficient interfacial charge
transport.

Wang et al. in a different study also obtained that by modifying
the precursor of the reaction, including the introduction of impu-
rity, porous and high-portion of energy facet of (001) can be ob-
tained. It was found that the presence of impurity during the
growth process has driven the faceting process in the anatase TiO2

system. In addition, owing to the existence of impurity, namely Bi
ions, Bi doped porous and high-energy facet anatase TiO2 system
can be obtained [155]. Large range of anatase TiO2 morphology
were then obtained via the hydrothermal method, that ranges from
cube to boxes, hierarchical structure, etc., potential for high-
performance catalyst or photoanode systems.

3.1.2.5. Surfactant-directed hydrothermal method. As has been
previously discussed, the hydrothermal method, even though with
the absence of any directing agent, has demonstrated an excellent
capability for producing high-energy facet anatase TiO2 nano-
structure. Nevertheless, this process is vulnerable to limited success
and solely depend on the uniqueness of the chemical precursors to
produce faceted anatase TiO2 nanostructure. Therefore, a general-
ized procedure is highly demanded in order to attaining a better
control over the formation of TiO2 nanostructure with high energy

Fig. 26. Morphology of TiO2 nanocrystals prepared using surfactant directed-hydrothermal method with Zn doping prepared using an equimolar mixture (0.5 M) of (NH4)2TiF6,
Zn(NO3)2$xH2O and HMT. Growth temperature and growth time are 90 �C and 5 h, respectively. Scale bars are 1 mm for (A), 500 nm for (B) and 100 nm for (C) to (F). (Reprinted
from [95], Copyright 2013 Elsevier B.V.).
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faceted. One well-known method is to introduce a directing agent
in the hydrothermal method. Our group has also been working in
the realization of anatase TiO2 growth containing high-energy facet
of (001) with surface area via a liquid phase deposition (LPD)
method with several modification [93,94,156] in the presence of
surfactant directing agent. LPD method is a wet-chemical process
that was normally used to growmetal oxide complex thin film on a
solid surface. By following a thermal annealing in air, correspond-
ing metaloxide film can be obtained. The thin film of metaloxide is
formed via a ligand-exchange process of metalfluoro complex
involving a scavenging of F� anion by the fluor anion scavenger of
boric acid. For the case of TiO2, typical product is a continuous thin
films with visible crack due to high surface tension of the material.
The crack structure becomes persistent with the increasing of the
reaction time and thermal annealing temperature.

In our typical approach, a different TiO2 nanostructure instead of

continuous thin film can be realized by controlling the amount of
ligand-exchange generated F� anion in the reaction. By increasing
the concentration of F� anion during the growth process, TiO2
nanostructure with cubic and nanoplates morphologies, which are
rich of (001) facet, can be obtained. The concept is more or less
similar with the addition of fluoric acid in to the reaction for
achieving high concentration of F� anion. We used two different
approaches for this purpose: (i) by increasing the metal-fluoro
complex concentration in the reaction, exceeding the concentra-
tion of scavenger [94]. When all the scavenger have been consumed
the F� anion freely available in the bulk solution and attached onto
the growing plane of the TiO2 nanocrystal. The preferred plane for
F� anion attachment is (001) so that the product of the nanocrystal
growth is characterized with large-percentage of (001) facet
(Fig. 24). Unique to the structure prepared using this approach, the

Fig. 27. TEM and SAED analysis result for Zn-TiO2 nanowall confirming the (001)-faceted nature. Scale bars are 1 mm, 20 nm, 5 nm, 2.5 nm for (A), (B), (C) and (D), respectively.
(Reprinted from Ref. [95], Copyright 2014 The Royal Society of Chemistry).

Fig. 28. Comparison of photocatalytic properties of TiO2 anatase calcined nanoplates
(a), washed nanoplates (b) and P25 (c), for NO oxidation and acetaldehyde decom-
position. (Reprinted from Ref. [158], Copyright 2013 Elsevier B.V.).

Fig. 29. Performance of photocatalytic disinfection of E. coli by TiO2 nanosheet with
rich (001) facet under visible light irradiation. (Reprinted from Ref. [165], Copyright
2013 Elsevier B.V.).
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nanostructure are actually hierarchical system with small (001)
faceted nanocuboid as the key element that constructs the struc-
ture, which are arranged resembling a brick-like construction via an
oriented-attachment process (See Fig. 24HeK). As the result, the
nanostructure contains high-density nanovoids or so called
microporous (see Fig. 24JeK).

The morphology of the nanostructure was modified whenmetal
dopant is introduced into the growth reaction. For example, when
Ga dopant introduced in the growth reaction [93], the product
change from microtablet to diatom-like morphology (see Fig. 25).
Despite change in the overall morphology, the structure also
composed (001) faceted small nanocuboid that are hierarchically
assembled forming microstructures. HRTEM analysis result as
shown in Fig. 25HeI indicates that the structure is composed of
(001) faceted nanocuboids.

Much different morphology were obtained when the Zn [95] or
Cu [109] were doped into the anatase TiO2. Instead of microtablets
or nanodiatoms, the anatase TiO2 morphology when being doped
with Zn and Cu cations change to “thin” nanoplates morphology.
Unique to our present approach, the nanoplates grew vertically on
the substrate forming nanowall-like morphology (Fig. 26). How-
ever, similar to our earlier results, the nanowalls were also hierar-
chical structure that were composed by nanocuboids structurewith
(001) faceted surface (Fig. 27).

3.2. Photocatalytic properties

3.2.1. Non-porous system
When the TiO2 or other semiconductingmaterials interacts with

photo irradiation with energy larger than the optical energy gap of
the material, electron in the valence band of the material will excite
to conduction band, leaving hole (a quasi-particle with positive
charge) in the valence band. The photogenerated electron and hole
can then react with any chemical species adsorbed or in the vicinity
of the material surface, triggering a redox reaction or a charge
transfer reaction. Uniquely, the photogenerated electron and hole
position in the anatase TiO2 are also facet dependent, where hole
prefers to reside on the (001) facet, meanwhile the electrons are on
the (101) facet, enabling a selective photogenerated surface or
charge transfer reaction. In addition to the (001) facet, it provides
facile adsorption and reaction of adsorbed species during the
photocatalytic process due to its higher conduction band minimum
inwhich it produces more strongly reductive electron, accelerating

the reaction on the surface [157]. Thus, the existence of surface
orientation- photoactivity dependence has highlighted a site se-
lective reduction and oxidation on the surface of anatase TiO2,
enabling a different photocatalytic properties towards difference
redox species, and further allows the design of special catalyst for
specific application, placing the anatase TiO2 at the forefront of
most photoprocess applications [89].

Sofianou et al. [158] discovered such phenomena when using
anatase TiO2 containing large-portion of (001) facet in the nano-
crystals in the oxidation of NO and acetaldehyde gases. In typical
process, the (001) faceted anatase nanoparticles powder, which
were prepared using a hydrothermal process, were pressed in a
sample holder with a surface area of 20 cm2. The sample was then
soaked in a UV-A lamp with intensity of 10 W/m2 for three days.
This is to remove any organic residue and pollutant on the surface.
The sample were then placed into a reactor that allows gas flow
through the powder. The reactor possesses a quartz window for
sample irradiation using UV-A. The photocatalytic reduction of NO
and acetaldehyde gases on several condition of anatase TiO2 are
shown in Fig. 28. As can be seen from the figure, a clear difference in
the photoactivity of anatase TiO2's facet is demonstrated. Where,
the anatase TiO2 containing (001) facet, namely platelet
morphology, exhibit superior activity compared to anatase TiO2

with other dominant facets. As has been earlier mentioned, the
existence of the photoexcited electron and hole segregation in
anatase TiO2 to (101) and (001) facets, respectively, enables such
unique selectivity properties. On the (101) facet, photogenerated
electron initiate an oxidation reaction via the generation of super-
oxide (O2�) radical, which is required for degradation of reducing
gas such as NO. Meanwhile the photogenerated hole on (001)
triggers the reduction reaction via the production of hydroxyl
(OH�), superoxide (�O2

�) and peroxide (H2O2) radical [159], which is
crucial for degradation of oxidizing gas such as acetaldehyde. All
these process are indicated from the results as shown in Fig. 28,
where on the (001) facet, the NO experienced a sluggish degrada-
tion process. Contrary, the acetaldehyde underwent rapid degra-
dation, exceeding the efficiency of degradation by the (101) plane.

Crystalline facet-photoactivity relationship is further verified in
the photocatalytic dissociation of CO2 molecules. For example,
Mino et al. envisaged that the CO2 is favoured to be adsorbed on the
(101) facet, meanwhile the formation of variety of surface carbon-
ates is preferred on the (001) facet [160]. In an independent study,
Huygh et al. explored how the nature of CO2molecules adsorbed on

Fig. 30. Comparison of photocatalytic performance of anatase TiO2 with (001) over other structure in the degradation of MB under visible light. (Reprinted from Ref. [170],
Copyright 2014 Elsevier B.V.).
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Table 4
Photocatalytic performance of porous and (001) faceted anatase TiO2 nanostructures.

No Sample Picture Performance Reference

1. Mesoporous TiO2 single crystals Oxidative photocatalytic activity with performance
up to 90% for R-MSC-0.3 and 97% for A-MSC-0.3
after the irradiation for 180min for MO degradation
under white light.

[117]

2. Flower-like TiO2

nanostructures with exposed
(001) facets

The photocatalytic degradation rate constant can be
up to 1.23 � 10�2 min�1, which is almost double of
that for the P25 TiO2 powders under visible light.

[172]

3. TiO2 hollow fibers Higher efficient photocatalytic activities and
stabilities toward the hydrogen evolution with a
rate of ~499.1 mmol g�1 h�1 and ~99.5% degradation
Rhodamine B (RhB) in 60 min under white light

[173]

4. Mesoporous TiO2 nanocrystals
grown in situ on graphene
aerogels

The sample can degrademethyl orange (MO, 10mg/
l) up to 90% on within 5 h of reaction under Solar
light irradiation. This is far higher than the
performance demonstrated by the P25-based GA
catalysts (67 wt %). The photocatalytic stability is
high where the performance maintain at 83% after 5
cycles of uses. While the P25/GAs decreased rates of
MO degradation (9.4%) for the same measurement
cycles.

[174]

5. Hollow TiO2 boxes The porous TiO2 nanoboxes exhibites excellent
performance in H2 evolution with rate as high as
7.55 mmol g�1 h�1 under white light

[175]

(continued on next page)



Table 4 (continued )

No Sample Picture Performance Reference

6. Carbonate ions-assisted
syntheses of anatase TiO2

nanoparticles

The sample with high-percentage of (001) facet can
degrade up to 95% of MB under irradiation of white
light, which is double from the sample with (101)
facet (46%) during 20 min of reaction under white
light.

[176]

7. Mesoporous TiO2 nanoparticles
terminated with carbonate-like
groups

Photocatalytic activity as high as 90.2% for 60 min
was obtained for the degradation of RhB compared
to SA sample (64.1% for 180 min) under visible light.

[177]

8. TiO2 cubical morphology The efficiency of hydrogen evolution can be up to
7054.5 mmol h�1 g�1 on the samples under white
light.

[178]

9. TiO2 and heterogeneous carbon
coreeshell nanofibers

The sample shows excellent performance in the
degradation of Rhodamine Bwith degradation up to
51.6% for 30 min of reaction under white light

[179]

10. Anatase TiO2 nanowalls The sample can degrade MB up to 31.6% during
120 min of the reaction with kinetic rate as high as
0.0029 min�1 under UV light.

[95]

11. Nanocuboid TiO2 based
organic-inorganic hybrids

Catalytic performance in the degradation of
Rhodamine B is 5 times (96%) higher than P25
during 10 min reaction under white light. Scale bar
is 100 nm.

[180]



the (001) facet, especially during the dissociation of CO2 molecules
[161]. They highlighted that the monodentated carbonate-like
structure is the most stable form of CO2 adsorption on the (001)
facet of anatase TiO2. However, the dissociation of CO2 is unwork-
able on the stoichiometric surface. It was also indicated that the
presence of oxygen deficiency on the surface of anatase TiO2 may
produce additional high stability CO2 adsorption configuration that
is played by a stronger CeO bond. Thus, efficient CO2 conversion on
the (001) facet was achieved.

As has been discussed earlier, such unique photocatalytic
properties of different facet in the anatase TiO2 system is merely
due to the difference activity of the electronic system in O 2p orbital
[162] and it can be further modified and enhanced by introducing a
defect, impurity or oxygen vacancy in the anatase lattice. These
processes in turn intensively perturbed the occupied dxy and empty
dyz orbitals as well as the enhancement of the electronic de-
generacy [43] in the material. All these effects may then actively
transfer negatively charged particles to the adsorbate molecules for

enhanced surface reaction [163]. Such process are certainly con-
centration dependent [164].

Wang et al. [165] investigated the photoactivity of (001) faceted
anatase TiO2 when being co-doped with B� and F� anions in the
degradation of methylene blue dye and inactivation of e-coli bac-
teria. The performancewas compared to the commercially available
P25 anatase TiO2. They prepared the nanosheet of anatase TiO2 and
co-doped with B� and F� anions using one-pot hydrothermal
approach in the presence of hydrofluoric acid and obtained the
(001) faceted anatase TiO2 with several morphology, such as
rounded and square nanosheet. It was realized that the square-
shape nanosheet exhibited higher photocatalytic performance
compared to others morphologies, thanks to its unique shape
containing large-density high-energy site, such as vertexes. The
existence of co-dopant of B� and F� anions might also take an
additional role in the improvement of the performance in the
photodegradation. In the typical procedure, it was able to degrade
the methylene blue dye up to 95% within only 5 h. This

Table 4 (continued )

No Sample Picture Performance Reference

12. TiO2 nanocrystals with internal
pores

The sample can degrade the concentration of crystal
violet (CV) under the UV irradiation up to 97%
compare to 70% on P25 within 80 min of reaction.

[181]

13. Single-crystal TiO2 nanoparticle
film with exposed (001) facets

The sample demonstrate excellent performance in
the degradation of 4-chlorophenol and MO with
rate constant 5.15 � 10�3 min�1 and 1.24 � 10�2

min�1, respectively, under UV light irradiation

[182]

14. Platonic TiO2 crystal facets with
(001) facet.

The sample effectively degrade the MO with rate
constant as high as 0.031min�1, 7.7 times higher
than conventional TiO2 nanoparticles.

[183]

15. TiO2 nanosheets with (001)
facet.

The sample exhibits excellent performance in the
degradation of oxalic acid up to 86% during a
reaction time of 240 min under ozonation process.

[184]
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photocatalytic properties was then further shown in the inactiva-
tion of e-coli bacteria under visible irradiation (Fig. 29) inwhich it is
indicated that the bacteria was fully inactivated within only a very
short time, i.e. 15 min. This process is associated with is due to a
combinative effect of highly active (001) facet of anatase TiO2 and
the existence of co-doping. While the high-energy facet of (001)
promote intense surface adsorption and reaction, remarkable active
surface reaction and charge transfer are further augmented by the
co-doping effect via band gap narrowing due to the mixing of B 2p-
orbital with O 2p [166] and partial reduction of Ti4þ to Ti3þ, which
acts as a photo-induced electron trap and charge separation [167].

Amano et al. in a different study discovered that the doping of
anatase TiO2 with non-metal, such as hydrogen, which was ach-
ieved via hydrogen thermal treatment, has efficiently improved its
electrical conductivity, photoactivity and photoelectrochemical
properties via the increasing of electron trapping at the Ti lattice
site (Ti3þ) [168,169]. In a recent investigation by Li et al., it was
understood that the introduction of carbonaceous materials in the
lattice or in the vicinity of (001) faceted anatase TiO2 has also
effectively expanded its photoactivity and shifted its photosensi-
tivity to visible region (see Fig. 30) [170].

3.2.2. Porous system
Porous TiO2 nanostructure system has come as promising

alternative for high performance in photocatalysis, dye sensitize
solar cell, and other surface photo physico-chemical process. Beside
enhancing the mass transport, porosity also modifies the nature of
redox species adsorption onto the surface of the catalyst, modifying
the nature of the catalyst-redox species interaction and deter-
mining the efficiency and the selectivity [171]. There arewide range
of study that have been carried out on determining the relationship
between the porosity and the catalytic performance of the porous
anatase TiO2. In Table 4, we list down several recent study on this
issue with application ranging from pollutant degradation, hydro-
genation or dehydrogenation to hydrogen evolution reactions. For
example, in our recent study, it was found that the photocatalytic
performance of (001) faceted anatase TiO2 can be further enhanced
up to multiple order by preparing them in the form of porous
structure, i.e. nanowall that is composed of hierarchical assembly of
high-energy facet contained nanocuboids [95]. In typical process, it
was understood that the porous nanowall exhibited much higher
photocatalytic performance in the degradation of methylene blue
dye with TOF reaches the value of 9.84 min�1 (see Fig. 31)
compared to the performance shown by the non-porous system.
Different investigation using porous anatase system also indicated
that the availability of large-area of high-energy facet anatase TiO2
has effectively augmented the mass of adsorbates adsorption and
accelerated the reaction. Besides this phenomena, the accumula-
tion of optical field inside the porous structure has further multi-
plied the photoactivation of the high-energy facet anatase TiO2,
enhancing the performance.

Yang et al. [185] has investigated such porosity effect on the
photocatalytic performance of hierarchical spherical-shape anatase
TiO2 nanostructure in the degradation of several organic dye, such
as phenolphthalein and methyl orange. They found that the porous
hierarchical structure of anatase TiO2 demonstrated an exceptional
high performance if compared to the solid spherical structure or
spherical P25 due to its much higher pore density (0.27 cm3g-1) and
surface area (223 m2/g) compared to solid spherical structure (pore
density and surface area of 0.05 cm3g-1 and 26 m2/g, respectively).
For example in the case of methylene blue degradation, it was
required as short as 50 min to completely remove a 100 mL of
30 mgL�1 methylene blue. Meanwhile, it was around 70 min if
using solid spherical nanoparticle of TiO2 and even it was longer if
using P25 nanoparticles. Similar trend was also observed in the
case of other dye, such as methyl orange, phenolphthalein and
procion red (Fig. 32).

Further, such phenomenon was also observed by Zheng et al.
[117] By preparing porous anatase TiO2 nanostructure with domi-
nant (001) crystalline plane, which is constructed by (001) faceted
small structure, outstanding photocatalytic performance has been
obtained in the degradation of methylene orange dye. The perfor-
mance of porous anatase nanocrystal was compared with the non-
porous anatase single crystal, rutile single crystal and mesoporous
rutile single crystal (see Fig. 33). As can be seen from the figure, the
mesoporous anatase single crystal (A-MSC) TiO2 sample shows
exceptionally high catalytic performance compared to the non-
porous single crystal or even compared to the rutile mesoporous
nanocrystal in the degradation of MO. As has been predicted, it is
due to the efficient adsorbates diffusion and attachment onto the
surface of catalyst, facilitating facile surface reaction and charge
transfer process. It was also understood that the porous structure
provides a facile charge transport from the bulk to the nanocrystal
surface, enabling the suppression of photogenerated electron and
hole recombination. Thus, activating massive photocatalytic pro-
cess. Similar phenomena have also been observed by several re-
searchers [186,187] earlier, where the enhancement in the

Fig. 31. FESEM image and their corresponding photocatalytic performance of porous
anatase TiO2 nanowall with rich (001) facet and comparison with the performance
after being doped with Zn and the performance of anatase TiO2 microtablet. (a) TNW,
(b) ZTNW and (c) microtablet. (Scale bars are 100 nm in (A). (Reprinted from Ref. [95],
Copyright 2014 The Royal Society of Chemistry).
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photocatalytic performance of anatase TiO2 can be realized when
the nanostructure were prepared in the form of porous properties
and containing (001) crystalline facet.

Nevertheless, while the porosity effectively gives rise to the
catalytic performance via an enhanced adsorbates adsorption and
surface reaction as well as augmented photoactivation effects, the
performance can be further upgraded by introducing dopant into
the porous anatase TiO2 lattice. We have recently observed this
process by comparing the photocatalytic properties of doped (Zn)
and undoped porous high-energy facet anatase TiO2, i.e. TiO2
nanowalls and TiO2 microtablets, respectively. As has been ex-
pected, despite in the typical process the BET surface area of the
TiO2 nanowall much lower than the TiO2 microtablet, its photo-
catalytic performance is higher than the undoped TiO2 micro-
tablets. As has been already discussed earlier, this is certainly due to
the modification of electronic properties of the surface upon being
doped, enhancing the surface reaction and charge transfer on the
surface. Such unique performance was also demonstrated in the
solar cell applications [156]. Nevertheless, the introduction of
dopant into the porous anatase lattice may affect the nanocrystal
growth morphology, but the (001) facet nature is maintained [93].

Cheng et al. [188] also demonstrated how the doping process
modified the photocatalytic performance of the porous anatase
TiO2 system. By carrying out a straightforward hydrothermal
approach, porous anatase TiO2 doped with several transition metal
of 2þ oxidation state, i.e. Co, Zn and Ni were prepared (Fig. 34). The

porous doped samples were high in surface area with BET surface
area of approximately as high as 208 m2/g. It was also found that
the doping process has dramatically enhanced the photocatalytic
performance of the porous samples via a modification of their
electrical and optical properties (Fig. 34e). The process was un-
derstood to be a type of metal dopant dependent.

Enhancement in the photocatalytic hydrogen evolution has also
been demonstrated from porous and hollow N-doped anatase TiO2

[150]. Hollow sphere with variable thickness were prepared and
was realized that the thinner the sphere shell the higher the pho-
tocatalytic hydrogen evolution was (see Fig. 35). The improvement
of the photocatalytic performance in the thinner shell sample was
assumed due to the increasing of the specific surface area and
reactive active sites for redox reactions. The existence of facile
carrier transfer and separation during the photoexcitation in the
shell was also considered to contribute to the enhancement of the
photocatalytic performance. It was also found that the nano-
structure with lowest shell's thickness enabled rapid diffusion due
to short pathway to the reactive site. Such unique structure and
porosity as well as crystalline facet availability properties have also
enabled high-photocatalytic performance in conversion CO2 into
renewable fuels [189], water splitting [190], decomposition of dye
molecules [146,191,192], anti-bacterial [193], Doping or composi-
tion of hollow sphere anatase TiO2 withmetal, such as Au [194,195],
Ag [196], Pt [197], C [198], etc., have also further enhanced its
performance in existing application.

Fig. 32. Photocatalytic performance of porous TiO2 in the degradation of (A) MB, (B) MO, (C) PP, and (D) MX-5, under UV irradiation. (Reprinted from Ref. [185], Copyright 2012
Elsevier Inc.).
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4. Conclusions and outlook

This review is to provide a selected strategy to realize high-
energy facet of anatase TiO2 nanostructure with porous struc-
ture and to introduce a metal or non-metal dopants into their
lattice as the effort to modify their electrical, optical and photo-
catalytic properties. There have been a couple of methods avail-
able nowadays that may realize the formation of such
nanocrystals. They can be clustered into several group, including
template, etching and surfactant directed methods. The template
approach may present as a versatile strategy to prepare highly
porous high-energy facet TiO2 nanostructure by simply using a
pre-existing mould during the growth process, which could be
from hard or soft templates, and removing them via etching or
thermal annealing. The etching method presents as different po-
tential alternative strategy for the preparation of high-energy
facet and porous anatase TiO2 nanostructures. The selection of
facet selective etching agent may further enable the formation of
controlled-facet and porosity properties of anatase TiO2 nano-
structures. Meanwhile, the surfactant directed method so far is
the most versatile strategy to realize porous and high-energy
faceted anatase TiO2 nanostructures, which ranging from fluori-
nation process to using a more complexes surfactant system for
surface passivation of porosity formations. The anatase TiO2
nanostructures with such these properties have demonstrated
exceptionally high performance compared to anatase TiO2 with

different morphology. It was highlighted that the existence of
facet selected photogenerated carrier segregation is considered as
a driving factor for the boosting of their performance in photo-
catalysis application and others photoprocess. For example, the
(001) facets is favoured to be occupied by the photogenerated
hole, enhancing a reduction reaction on this surface. Meanwhile,
the photogenerated electrons are favoured to be segregated into
the (101) facet, promoting active oxidation reaction on this
surface.

Owing to the important role of facets on any photoprocess as the
presence of facile photogenerated carrier segregation, to continue
the effort to develop a new strategy in order to realize anatase TiO2

containing special facet, such as (110), (111), etc., is highly
demanded in short future, providing the avenue for exceptionally
high-performance in photocatalysis applications. We estimate that
the proper approach to achieve this goal is to use surfactant
directed approach to control the growth of the anatase TiO2
nanocrystal, beside the fluorination effect. Potential surfactant
could be polyvinylpyrrolidone, cetyltrimethylammonium bromide,
hexamethyletetramine, etc., which are well-known agent for pla-
tonic nanocrystal growth in metals and metaloxides nano-
structures. By using combinative effect of different surfactants as
well as fluorination effect, controlled growth of high energy facet
anatase TiO2 nanocrystals could be realized.

It is also well understood that the particular physico-chemical
process is facet depended process involving unique interaction

Fig. 33. Photocatalytic performance of mesoporous faceted anatase TiO2 with different porosity properties in hydrogen evolution (a) and methyl orange degradation (b) compared
to their rutile counterpart. (c) The mechanism of photoreduction for hydrogen evolution on R-MSCs and photo-oxidation MO degradation on AMSCs, respectively. (Reprinted from
Ref. [117], Copyright 2013 The American Chemical Society).
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Fig. 34. Performance of N-doped porous anatase TiO2 in the degradation of rhodamine B. (a) Nitrogen adsorptionedesorption isotherms and (b) pore size distribution of doped TiO2

products; (c) change of rhodamine B concentration (Ct/C0) during photocatalysis process under a 500 W Xe lamp with a 420 nm cutoff filter; (d) Degradation rate of rhodamine B
removal; (e) Photocurrents response of doped TiO2 sample under a 500 W Xe lamp light irradiation at a constant potential; (f) PL spectra of the sample at room-temperature with
the excitation wavelength of 200 nm. (Reprinted from Ref. [188], Copyright 2015 The Royal Society of Chemistry).
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between the surface atom and the reactant, such as photolysis of
water preferred to occur on (101) surface meanwhile hydrogen
adsorption favour (001) facets. To design porous anatase TiO2

containing controlled the right facet ratio is highly desired to
facilitate expanded-photolysis of water and hydrogen capturing.
Potential performance in existing application could also be pro-
duced if porous (001) faceted TiO2 nanostructure containing mixed
phase of anatase and rutile is prepared.

As the quantum effect always generates unusual phenomena in
the materials system, especially the two-dimensional (2D) system,
atomically thin nanoplates (i.e. few nanometers thick) anatase TiO2
will offer outstanding performance in applications, thanks to
unique one-dimensional confinement of photogenerated electron
and holes. Introduction of porosity in the atomically thin sheet will
further augment the surface active sites, thus their photocatalytic
properties. Therefore, the future research direction should be
focused on the attempt to realize atoms thick porous anatase TiO2
nanosheet. The method should also have capability to produce
different crystalline facet and surface properties so that
outstanding photocatalytic properties in strategic field, such as
energy and environment issue, could be achieved.
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