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ABSTRACT: Hydrogen fuel is an excellent energy carrier for
the development of a low carbon emission economy that has
the potential to solve the energy and environmental problems
in the future. Photocatalytic H2 generation has received
significant growth over the past few decades. Due to their
unique properties, TiO2 microspheres have attracted much
attention to be utilized in the photocatalytic H2 generation
from water splitting. These microspheres-derived photo-
catalysts are known to offer the advantages of large surface
area, tunable pore sizes, better allowing light absorption,
efficient carrier separation, excellent electronic and optical
properties, and high durability. Over the past few decades, significant research efforts have been allocated to the design of TiO2
microspheres with desired functionality for efficient H2 generation. This perspective will concentrate on recent advances in the
synthesis of TiO2 microsphere-derived photocatalysts and their applications for efficient solar fuel H2 evolution from water
splitting. Advanced strategies for the fabrication of TiO2 microsphere-based materials have been critically reviewed. The up-to-
date developments of technologies applied to TiO2 microsphere-based materials for photocatalytic H2 evolution are compared
and commented. Current challenges and future perspectives for solar fuel H2 generation will be also highlighted and discussed.
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■ INTRODUCTION

Nowadays, with the rapid depletion of fossil fuels (e.g., coal,
natural gas, and petroleum oil) and the political concerns on
environmental issues, the development of renewable energies
based on sustainable energy sources for the long-term is in high
demand.1 It has spurred a number of efforts in exploring novel
methods for developing renewable energy technologies. Over
the past few decades, it has been demonstrated that the
conversion of solar energy into chemical energy in the form of
solar fuels (e.g., H2, methanol, methane) is one of the most
promising solutions to reduce our high dependence on the
diminishing fossil resources to solve the energy and environ-
mental problems in the future.2−6

H2 is an excellent energy carrier for the development of a low
carbon emission economy. Although H2 may associate with the
safe transportation issue, it has several overwhelming
advantages:4,6−11 (1) no harmful emissions, the biggest
advantage of the utilization of H2 energy is that almost no
harmful byproducts are left when it is burned; (2) environment
benignity, H2 is also nontoxic, which makes it a rarity among
fuel sources; (3) efficient fuel, H2 energy is much more efficient
fuel source than traditional sources of energy and produces
more energy per pound of fuel; (4) wide resources, H2 is the
most abundant element that can be obtained from a broad
range of substances (e.g., alcohol, biomass); (5) platform
chemical, H2 is also an important chemical reagent in the
chemical industry. To develop the H2 economy, extensive

research has been carried out on the photocatalytic or
photoelectrochemical (PEC) splitting of water into H2 as fuel
since the first report on TiO2 electrode by Honda and
Fujishima.12

One of the earliest studied n-type semiconductor photo-
catalysts, TiO2, has been widely used in our previous works and
other groups’ studies in environmental purification,13−16 H2
production,11,17−19 photosynthesis,20−23 CO2 reduction,4,24,25

methanol fuel cell,26 organic synthesis,27 solar cells,3,28 etc. Due
to its unique and attractive properties (e.g., cheap, stable,
nontoxic, and environmentally friendly), TiO2 has been
demonstrated as an ideal model of semiconductor photocatalyst
for the photocatalytic fuel generation, especially for H2
production.29−31 Different morphologies of TiO2 such as
nanoparticles, nanowires, and nanotubes have been fabricated.
To extend the absorption edge to the visible light range, doped
or modified TiO2-based materials were also developed.
It is well demonstrated that the crystal structure of

synthesized TiO2 powders will crucially influence their
photocatalytic performances.2,5,12,13 TiO2 can be present in
various microcrystalline structures, of which the most relevant
are rutile, anatase, and brookite, as shown in Figure 1. The
fundamental structural unit derived from TiO6 octahedron that
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has different modes of arrangement is depicted in Figure 1. The
unit cell, crystal structure, and properties of these types of TiO2

structures can be found in Table 1.
Structures based on microspheres are known to offer the

advantages of better allowing light absorption, the simultaneous

efficient carrier separation and collection in the nanometer scale
radial direction, and high durability.5,13,19 Over the past few
decades, significant research efforts have been allocated to the
design of nanostructured TiO2 microspheres with specific
functionality. They share certain common characteristics with

Figure 1. Connectivity of TiO6
2− octahedral units in (a) anatase, (b) rutile, and (c) brookite. Reprinted with permission.28 Copyright 2004, Elsevier.

Table 1. Physical Properties of Different TiO2 Crystal Phases
1,28,39

rutile anatase brookite

crystal structure tetragonal tetragonal orthorthombic
lattice constant (Å) a = 4.5936 a = 3.784 a = 9.184

c = 2.9587 c = 9.515 b = 5.447
c = 5.145

space group P42/mnm I41/amd Pbca
TiO2 molecule/cell 2 4 8
volume/molecule (Å3) 31.216 34.061 32.172
density (g/cm3) 4.13 3.79 3.99
Ti−O bond length (Å) 1.949−1.980 1.937−1.965 1.87−2.04
O−Ti−O bond angle 81.2−90.0° 77.7−92.6° 81.2−90°

Table 2. Typical Works for the Synthesis of Nanostructured TiO2 Microspheres

no. titanium resources methods surfactant and/or additives crystal phase ref

1 titanium(IV) ethoxide soft template poly(acrylic acid), diethylene glycol, alcohol amorphous 45
2 tetrabutyl titanate soft template polyethylene glycol, HCl, CO(NH2)2, glacial acetic acid A 46
3 titanium(IV) isopropoxide soft template poly(acrylic acid), diethylene glycol, alcohol amorphous 45
4 titanium butoxide soft template formamide, octadecene sodium dodecyl sulfate A 47
5 titanium n-butoxide soft template ethanol, glycine A 48
6 titanium tetrafluoride soft template sucrose A 49
7 titanium chloride soft template ethanol, P123, urea A 19
8 titanium chloride soft template ethanol, CTAB, urea A 19
9 tetrabutylorthotitanate template-free KCl, NH4F A 50
10 titanium butoxide hard template SiO2 nanosphere, oleylamine, benzyl ether A 51
11 titanium isopropoxide hard template poly(methyl methacrylate), HCl A 52
12 titanium tetraisopropoxide hard template polystyrene, poly(vinylpyrrolidone), water, ethanol A 53
13 tetrabutyl titanate hard template polystyrene, sulfuric acid, ethanol, water A 54
14 potassium titanium oxalate template-free H2O2, HCl R 55
15 titanium chloride template-free alcohol, acetone A 56
16 titanium(III) chloride template-free butanol, HCl R or R+A 57
17 titanium chloride template-free HCl, Na2SO4 R or R+A 58
18 titanium chloride template-free benzyl alcohol A 59
19 titanium butoxide template-free amorphous 60
20 titanium butoxide template-free ethanol, H2SO4 A or A+R 61
21 titanium sulfate template-free ammonium fluoride, ethanol A 62
22 titanium(IV) oxysulfate template-free glycerol, ethyl ether A 63

Note: R, rutile; A, anatase; P123, poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol); CTAB, hexadecyltrimethylammo-
nium bromide.
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TiO2 nanoparticles and thin films, such as stable crystal
structure and quantum confinement effects. However, geo-
metrically they offer unique properties that are difficult to
achieve in the latter two categories. These fabricated TiO2

microspheres-derived photocatalysts present good crystallinity,
large specific surface area, and tunable pore volume and pore
size, with these properties increasing the size of the accessible
surface area and the rate of mass transfer for visible or UV−
visible light adsorption.32 These structural features increase the
light-harvesting capabilities of these materials because they
enhance light use by allowing as much light as possible to
access the interior and reduce the recombination of electrons
and holes. Their light-harvesting capability makes them good
candidates for use in photocatalysis with the advantages of high
photocatalytic activity and good durability. The good chemical
and thermal stability would render them to be recycled for use
over several runs. Due to their unique material properties (e.g.,
large surface area, good chemical and thermal stability, and
excellent electronic and optical properties), TiO2 microsphere-
derived materials have received significant growth and wide
applications in photocatalysis, solar cells, lithium-ion batteries,
catalyst supports, and heterogeneous catalysis.14,33−38 Several
reviews on TiO2 materials and photocatalytic H2 generation
have been published so far.1,2,37−39 However, no review on
TiO2 microsphere-derived photocatalysts has been reported. In
this perspective, we will concentrate on the recent advances in
the synthesis of nanostructured TiO2 microsphere-derived
photocatalysts and their applications for efficient solar fuel H2

generation.

■ METHODS FOR FABRICATION OF TIO2
MICROSPHERE-DERIVED MATERIALS

The photoactivity of TiO2 microsphere-derived materials has been
shown to be dependent on several key properties: crystal structure,
surface area, porous structure, uncoordinated surface sites, defects in
the lattice, and degree of crystallinity.40−42 Morphology control of
TiO2 microsphere-derived materials through synthesis has allowed for
the improvement and fine-tuning of many of these properties. The
anatase phase is typically considered more favorable, as it has a higher
reduction potential and a slower rate of recombination of electron−
hole pairs.41,42 A comprehensive overview of synthetic approaches for
the fabrication of TiO2-microsphere derived hollow structures will be
presented. These studied strategies can be generally divided into three
types: (1) soft templating synthesis, (2) hard templating synthesis, and
(3) template-free methods. TiO2 microspheres-derived materials are
typically prepared from a titanium alkoxide (e.g., titanium
tetraisopropoxide, titanium chloride).43,44 To compare better the
synthesis precursor, synthesis conditions and the resulted morphology
are depicted in Table 2.

Soft Template Synthesis. A template usually works as the
structure directing agent (SDA) in the fabrication of porous materials.
The templating routes employing cationic, nonionic, and anionic
surfactants as the SDA have given rise to a variety of mesoporous
structures. The utilization of the surfactant is to reduce the surface
tension or interfacial tension between two liquids. The structure of the
surfactant often has a hydrophobic (nonpolar) hydrocarbon “tail” and
a hydrophilic (polar) “head” group in a molecule. These molecules
have high molecular weight and are easy to aggregate in solvent to
form the self-assembled micelle.64,65

The soft template method is probably the most common and
effective method to synthesize TiO2 microspheres.

43,48,66 It is relatively
easy to operate and control the synthesis parameters with high yields
of products. Another advantage is that the soft template is easy to
remove either by extraction or calcination. Over the past decades, soft
templates have attracted the greatest attention and significant progress
has been made. Figure 2 depicts typical soft templates utilized in the

Figure 2. Some commonly utilized surfactants in soft templating methods.
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synthesis of TiO2 microspheres. In the soft templating route, usually
there are three steps to form a porous solid. In the first step, the
surfactant (e.g., block copolymers) will go through self-assembly and
form micelles. By means of self-assembly, either concentration-driven
or induced by external promoter such as temperature, the surfactant
can undergo microphase segregation to give various morphologies
(micelles, vesicles, rods, and tubes) in solution. Subsequent
organization of the inorganic precursor over the surfactant via self-
assembly occurs, to form a stable inorganic−organic hybrid in the
second step. The last step is the removal of organic template, to result
in porous TiO2 microspheres. Calcination in aerial atmosphere is the
most familiar and simple method to remove the organic template
completely, which is also widely for the synthesis of mesoporous silica
and metal oxides.67−70 The exact calcination temperatures required for
removing templates are different, which are often determined by
thermogravimetric analysis (TG) and differential thermal analysis
(DTA).
By virtue of a soft template and well-tuning synthesis parameters, a

well-crystallized TiO2 microsphere with high specific surface area and
large pore volume and pore size can be successfully fabricated, and
these properties would enhance the accessibility and the rate of mass
transfer for visible or UV−visible light adsorption. Cui et al.46 reported
the mesoporous core−shell structured TiO2 microspheres with a large
surface area of 113.8 m2/g and an average pore size of 5.78 nm, which
were prepared in the presence of soft template polyethylene glycol
(PEG, MW of 2000). The authors found that the hydrothermal
reaction time presented a crucial influence on the morphology control.
They concluded that the shell morphology and the core size of core−
shell TiO2 spheres can be tuned by controlling the hydrothermal time
through the Ostwald ripening process, as shown in Figure 3. With a
short hydrothermal reaction time (12 h), crystallite nanoparticles of
TiO2 microspheres were small and gave a smooth surface morphology.
The crystallite nanoparticles grow bigger and brought a rougher
surface morphology with increasing the hydrothermal time to 24 and
48 h. At 48 h, a dramatic morphology change occurred with the
transition from solid primary spherical particles to well-faceted TiO2
nanoparticles.
Jiao et al.47 employed sodium dodecyl sulfate as the template to

synthesize TiO2 hollow spheres consisting of {116} plane-oriented
nanocrystallites, where titanium butoxide was used as the precursor,
formamide and octadecene served as water phase and oil phase, and
the additive H2O was used for titanium butoxide hydrolysis. The
interior structure was examined by transmission electron microscopy
(TEM), as shown in Figure 4. A TEM image revealed an interior

enclosed by a thin shell of TiO2 and different diameters of the TiO2
hollow spheres were observed (Figure 4A). An individual sphere was
selected to show the hollow interior and the clear shell (inset of Figure
4B). The shell thickness was ∼10 nm and consisted of large numbers
of crystallites (5−10 nm) with lots of intercrystallite nanopores
uniformly dispersed (Figure 4B), revealing a mesoporous structure
with a large surface area. With high resolution (HR)-TEM, clear
boundaries and crystal lattice fringes of crystallites with diameters of
5−10 nm were observed, which matched well with the anatse TiO2
crystal structure. A more intuitive understanding of the {116}
orientation is proposed in Figure 4D. The core−shell structure of
TiO2 was successfully fabricated, and the homogeneous dispersion
may require further careful control.

Hard Template Synthesis. Due to some metal oxides that cannot
be synthesized by soft template methods, a hard template has been

Figure 3. Schematic representation of the formation of core−shell structured titanium dioxide hollow spheres. Below is the morphology evolution of
core−shell TiO2 microspheres with the hydrothermal time. Reproduced with permission.46 Copyright 2010, American Chemical Society.

Figure 4. TEM (A, B) and HR-TEM (C) images of TiO2 hollow
spheres, and (D) the crystal structure diagram along TiO2 {116}
planes. The inset in panel B is a hollow sphere arbitrarily selected for
local sited HR-TEM. Red spheres and blue spheres in panel D present
Ti atoms and O atoms. Reproduced with permission.47 Copyright
2011, American Chemical Society.
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developed and considered as an attractive route to produce highly
crystalline mesoporous metal oxides.43,66,71 Highly crystalline meso-
porous metal oxide with well-defined crystal structures and facets can
not only offer high surface areas and fast carrier transport across the
crystal framework but also provide a pathway for tailoring crystal
surface, changing the selectivity and reactivity.71

A hard template is often a solid material such as SBA-15, SBA-16,
FDU-12, or KIT-6, which is often filled with carbon or coating silica
layers inside mesopores of the amorphous precursor.73,74 After
crystallization by calcination, the carbon or silica layers can be
removed by calcination in air or treated with an alkaline (e.g., 1 M
KOH) solution. This method has been widely used for producing
crystalline mesoporous metal oxides materials.69 Overall, hard
template synthesis can be divided into four major steps, as illustrated
in Figure 5: (1) the fabrication of hard templates, (2) the
functionalization/modification of template surface, (3) the templates
hybrid with the target metal precursors, and (4) selective removal of
templates to obtain microsphere structures. The most commonly
employed hard templates include monodisperse silica particles,
mesoporous carbon, and polymer latex colloids. The utilization of
these templates was benefited from their narrow size distribution, and
was relatively easy to be fabricated in a large amount. In general, step 3
was the most crucial and was commonly considered as the most
challenging because it needed special attention to the fabrication of the
shell layer with controllable size. Step 4 was the simplest, in principle.
It typically entailed selective etching of the template in appropriate
solvents or calcination of the template at high temperatures.
Kondo et al.53 reported the synthesis of TiO2 hollow spheres by the

hydrolysis of titanium tetraisopropoxide in which polystyrene was used
as a hard template and was initially coated with the titanium species.
Polystyrene surfactants were removed through the calcination process,
and the titanium species converted to TiO2, which resulted in the
formation of TiO2 hollow spheres. The resulting TiO2 hollow spheres
possessed a large specific surface area and the potential for multiple
diffractions and reflections of light, providing the sphere with
properties that are advantageous for photocatalytic decomposition.
These advantages were clearly demonstrated by the superior
photocatalytic decomposition rate of 2-propanol using the TiO2

hollow spheres compared with the rate achieved using commercially
available TiO2 particles (P25). Lu and co-workers have developed the
synthesis of hollow spheres with a double-shelled complex structure by
using commercial polymer hollow spheres as templates. They
described an interesting approach to prepare inorganic hollow spheres
via preferential adsorption of inorganic precursors into the sulfonated
shell layer of PS templates.54,75 The core/shell PS templates were
obtained by an inward sulfonation of PS particles with the
concentrated sulfuric acid. The sulfonation process would produce
hydrophilic shells with sulfonic acid groups randomly attached to PS
chains.

Recently, Dinh et al.51 reported the synthesis of a three-dimensional
ordered assembly of thin-shell Au/TiO2 hollow nanospheres from a
SiO2 microsphere template. In the first step, the SiO2 microsphere was
initially coated with titanate nanodisks, then a gold precursor
(H4AuCl4) was loaded on it. After self-assembly, the resulted samples
were calcinated to obtain the Au/TiO2/SiO2 nanocomposite. The hard
template of SiO2 was finally removed by concentrated NaOH. The
designed materials exhibit not only exceedingly high surface area but
also photonic behavior originating from periodic macroscopic voids
from both the inside and the outside of hollow spheres that have very
thin shells. This strategy is considered as very suitable for controlling
the shell thickness and has potential in scale-up application.

Over the past several decades, great developments have also been
made in the synthesis and application of TiO2 microsphere-derived
nanocomposites using the hard template method.42,76−78 Song et al.
employed the hard template (polystyrene) method to successfully
fabricate well-defined nitrogen doped, hollow SiO2/TiO2 hybrid
spheres,76 where triethylamine was used as the nitrogen source. The
synthetic approach is proposed in Figure 6. The first step was to

synthesize polystyrene (PS)/silica microspheres, and then triethyl-
amine was used to treat PS/silica microspheres and insert the nitrogen
resource inside the microsphere. The last step was the elimination of
the PS core, nitrogen-doping process, and crystallization of amorphous
TiO2 in the calcination process to acquire the final hollow structure.
XPS analysis in their study displayed the anatase TiO2 shell was
composed of N−Ti−O and Ti−N−O.

In general, templating methods have been widely employed to
generate multiple hollow structures.43,80,81 A surfactant or polymer was
often added to provide a porous structure in the presence of an acid or

Figure 5. Schematic illustration of procedures for preparing inorganic and hybrid hollow spheres based on PS colloidal templates. Reproduced with
permission.72 Copyright 1998, AAAS.

Figure 6. Preparation of N-doped, hollow SiO2/TiO2 hybrid spheres.
Reprinted with permission.76 Copyright 2007, American Chemical
Society.
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salt to promote the synthesis.82,83 During the past few decades, a large
number of investigations have focused on interactions between
surfactants and titanium species in the realization of specific
morphology control.84 The conclusion has been reached that the
surfactant−titanium precursors spontaneously organize through the
interactive matching of organic and inorganic components in the
synthesis process. Through the careful control of the self-assembly,
titanium condensation rate, and other parameters, it is possible to
change the dimensions, crystal structures, and morphologies of the
resulted microspheres.13,32,85,86

Template-Free Synthesis. Template methods are very effective
and versatile for synthesizing a wide array of TiO2 microspheres, even
for other hollow metal oxides structures.69 However, some clear
drawbacks still exist. The high cost and tedious synthetic procedures
have impeded scale-up of many of these methods for large scale
utilization. Besides, the template-removal step is unavoidable when
hard templates are used. It will not only increase the cost but also
detrimentally affect the quality (e.g., high impurity levels and inevitable
shell collapse) of the fabricated TiO2 microsphere. The template-free
method is more ideal for the controlled preparation of hollow
structures in a wide range of sizes. Over the past few decades, many
researchers have contributed a lot to this method, as shown in Table 2.
Li et al. reported the preparation of hollow TiO2 spheres with a

sphere-in-sphere structure using a template-free process, and the
resulting spheres were found to have high photocatalytic activity,33

where the multiple scattering and reflections of light within the TiO2
spheres would extend the light path length. Liu et al.34 studied the
synthesis of hollow TiO2 microspheres with exposed {001} facets by
using a modified fluoride-mediated self-transformation strategy and
titanium sulfate as a Ti resource. Ethanol solvent was used to stabilize
{001} facets of the resulted anatase polyhedra. Ammonium fluoride
(NH4F) was used as an additive to promote the reaction. The internal
structure of the resulting TiO2 microspheres was examined by SEM
(Figure 7). Figure 7a displays a relatively homogeneous dispersion,

and when zoomed-in (Figure 7b), some microspheres were found to
be connected with each other. Searching different areas, we found
some broken microspheres indicated the interior void structure
(Figure 7c). The surface with exposed {001} facets was observed
(Figure 7d). The template-free method is not only successful for the
synthesis of the hollow interior structure but also can ideally introduce
the dopant inside.

Shang et al.56 reported that submicrometer-sized anatase TiO2
microspheres were fabricated through a template-free solvothermal
route using titanium(IV) chloride as a raw material and a mixture of
alcohols−acetone as the solvent at 220 °C for 12 h. The use of
titanium chloride as a precursor needs special attention because it is
too easy to be hydrolyzed even under the air environment. It was
reported that TiO2 microsphere with sizes from 400 nm to 1 μm can
be obtained by adjusting the ratio of alcohol to acetone in the
solvothermal system. TEM and field emission (FE)-SEM images
(Figure 8a,b) indicated the presence of uniform hollow structures with

a wall thickness of 40−60 nm and a diameter of 0.8−1.0 μm. HR-TEM
images display that the hollow spheres were randomly aggregated by
the TiO2 nanoparticles of ca. 20 nm (Figure 8c), where the
nanoparticles are octahedral double cones with some 3−4 nm
particles attached on the surfaces. The interplanar distance of 0.236
nm corresponded to the (004) plane of anatase TiO2. The X-ray
diffraction (XRD) pattern of the solvothermal product (Figure 8d)
indicated that all the reflections could be indexed to tetragonal anatase
TiO2 and no peaks of impurities were observed, indicating the anatase
phase-pure nature of the product. They further proposed the
formation mechanism. In the first step, TiCl4 was considered to be
hydrolyzed to form anatase TiO2 nanoparticles followed by the quick
aggregation, the TiO2 microsphere will be formed through the final
step named Ostward ripening. In general, this method is easy to
operate, and prone to produce TiO2 microspheres in a large amount.
Following the similar process, TiO2 microspheres with radially
assembled single crystalline TiO2 nanorods were also successfully
fabricated and exhibited high performance in dye-sensitized solar
cells.57

Kandiel et al.87 reported the tailorable synthesis of TiO2 with
different structures and found that high quality brookite TiO2
nanorods could be obtained by the thermal hydrolysis of commercially
available aqueous solutions of titanium bis(ammonium lactato)-
dihydroxide in the presence of high concentrations of urea (6.0 M),
as shown in Figure 9. Low concentrations of urea (0.1 M) would
produce mainly anatase microspheres. By the systematic investigation
of different parameters, the authors suggested that there was no phase
transformation (anatase ↔ brookite) during the synthesis. The ratios
between anatase phase and brookite phase can readily be tuned
through the control of the urea concentration. This method provides

Figure 7. Scanning electron microscopy (SEM) images of the fluoride-
mediated TiO2 samples: (a) overall view of TiO2 microspheres; (b)
image of a few microspheres showing their unique structure consisting
of primary TiO2 nanoparticles; (c) single microsphere showing its
hollow nature; (d) portion of the microsphere shell composed of
nanosized polyhedra with exposed {001} facets. Reprinted with
permission.62 Copyright 2010, American Chemical Society.

Figure 8. TEM (a), SEM (b), and HR-TEM (c) images, and (d) XRD
pattern of the solvothermal product (THS-E). The insets in panels a,
b, and c are, respectively, the images of a sphere’s surface, a broken
hollow sphere, and the local surface of a hollow sphere. Reprinted with
permission.56 Copyright 2012, American Chemical Society.
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an alternative for the tailorable synthesis of TiO2 microsphere with
tunable phase structure.
Recently, wang et al.88 reported that the single-crystalline hollow

TiO2 spheres were produced through a simple one-step laser process
performed at room temperature. Single-crystalline hollow spheres were
successfully produced due to the unique pulsed laser heating. The
fabrication process combined mechanic property and chemical route
together, as shown in Figure 10. In the first step, abundant voids were
created in agglomerates of TiO2 nanoparticles through high dispersing
in liquids (Figure 10a). In the second step (Figure 10b), the TiO2
congeries absorb laser energy upon pulsed laser irradiation, the liquid
layer would be around particles that are not yet melted in the center,
and will capture the air inside the agglomerate during its further

melting process. Through a mechanism analogous to the Kirkendall
effect, the hollow center would be formed (Figure 10c). After
numerous pulsed heating cycles, the sphere would grow up by fusion
with nearby nanospheres and recrystallize into a single crystalline
hollow sphere (Figure 10d). The clear advantages of this process are
performed at room temperature, and the size-tailored hollow spheres
display tunable light scattering over a wide visible-light range.

■ PHOTOCATALYTIC H2 GENERATION ON TIO2
MICROSPHERE-DERIVED MATERIALS

Hydrogen Evolution Process. Water splitting into H2 and
O2 needs the standard Gibbs free energy change ΔG0 of 237
kJ/mol or 1.23 eV, as shown in eq 1:

→ + Δ = +GH O 1/2O H , 237 kJ/mol2 2 2 (1)

Thus, the bandgap energy (Eg) of TiO2 microsphere-derived
photocatalysts should be >1.23 eV for water splitting. To use
efficiently the visible light, Eg should be lower than 3.0 eV (λ >
400 nm). Efficient H2 production requires the level of
conduction band to be more negative than the reduction
potential of H+/H2 [0 V vs NHE (normal hydrogen
electrode)].
Figure 11 shows a schematic diagram of water splitting into

H2 and O2 over TiO2 microsphere semiconductor photo-

Figure 9. Suggested reaction pathways for the hydrolysis of titanium
bis(ammonium lactato)dihydroxide in the presence of varying
concentrations of urea to form either anatase particles or brookite
rods or mixtures thereof. Reprinted with permission.87 Copyright
2010, American Chemical Society.

Figure 10. Schematic illustration of single-crystalline TiO2 hollow sphere formation by bottom-up laser processing range. Reprinted with
permission.88 Copyright 2011, American Chemical Society.

Figure 11. Schematic of different processes of photocatalytic water
splitting. SEM image reprinted with permission.19 Copyright 2014,
Elsevier.
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catalyst. Photocatalysis on TiO2 microsphere involves three
main steps:14,35,36,89 (i) when the energy of a photon is greater
than the bandgap of the material, the photon is absorbed by the
material and excites an electron from the valence band into the
conduction band, leading to the generation of electron (e−) and
hole (h+) pairs in the semiconductor particles; the properties of
porous structure, large surface area and well crystallinity of
TiO2 microsphere will increase the size of the accessible surface
area and the rate of mass transfer for visible or UV−visible light
adsorption. (ii) Charge separation and the followed migration
of these photogenerated carriers in TiO2 nanoparticles, where
the multiple scattering and reflections of light within the TiO2

spheres would extend the light path length and reduce the
recombination of electron and holes. (iii) Surface chemical
reactions between these carriers with various compounds (e.g.,
H2O); electrons and holes may also recombine with each other
without participating in any chemical reactions. When the TiO2

micropshere-derived photocatalyst is used for water splitting,

the bottom of the conduction band must be more negative than
the reduction potential (0 V vs NHE) of water to produce
H2.

90−94 The band structure, charge separation, and lifetime of
photogenerated electrons and holes affect the photocatalytic
generation of H2 from water splitting significantly.

Recent Advances. A wide range of TiO2 microsphere-
derived materials have been developed as photocatalysts for use
under UV−visible or visible light irradiation. These typical
examples are shown in Table 3. After excited charges are
created, charge recombination and separation are two
important competitive processes inside the TiO2 micro-
sphere-derived photocatalysts that largely affect the efficiency
of the photocatalytic reaction for water splitting.95 It should be
noted that crystal structure, crystallinity and particle size all
strongly affect this step. Typically, the higher crystalline quality,
the higher the activity toward photocatalytic water splitting
because less defect sites, such as dislocation and grain

Table 3. Recent Advances of H2 Evolution on TiO2 Microsphere-Derived Photocatalysts

no. catalyst reaction conditions irradiation type H2 evolution rate
quantum
efficiency refs

1 0.4 wt % Pt-C/TiO2 80 mL of water, 20 mL of methanol, quartz
reactor

500 W Xe lamp, UV−visible
light

26.2 μmol h−1 g−1 N.D.a 99

2 0.6 wt % Pt-C/TiO2 80 mL of water, 20 mL of methanol quartz
reactor

500 W Xe lamp, UV−visible
light

24.6 μmol h−1 g−1 N.D. 99

3 1 wt % Pt/TiO2 focused intensity: ∼300 mW cm−2, 1 mg
catalyst, 3 mL water−methanol

450 W Xe lamp with a cutoff
filter (λ > 400 nm)

200 μmol h−1 g−1 N.D. 34

4 2 wt % Pt/F-TiO2 focused intensity: ca. 20 mW/cm2, 20 mL
ethanol and 60 mL water

350 W Xe arc lamp, UV−
visible

16.7 mmol h−1 g−1 N.D. 100

5 0.23 mol Ni(OH)2/TiO2 Pyrex flask, focused intensity: ∼ 80 mW/cm2, 20
mL methanol and 60 mL water

UV-LEDs 3056 μmol h−1 g−1 12.4% 101

6 0.38 mol Ni(OH)2/TiO2 Pyrex flask, focused intensity: ∼ 80 mW/cm2, 20
mL methanol and 60 mL water

UV-LEDs 2273 μmol h−1 g−1 9.3% 101

7 0.60 mol Ni(OH)2/TiO2 Pyrex flask, focused intensity: ca. 80 mW/cm2,
20 mL methanol and 60 mL water

UV-LEDs 1804 μmol h−1 g−1 7.3% 101

8 TiO2/MoS2/graphene focused intensity 20 mW/cm−2 350 W Xe arc lamp 165.3 μmol h−1 9.7% 102
9 F-TiO2 sphere with 45%

{001} facets
80 mL water + 20 mL methanol 300 W Xe arc lamp 5841 μmol h−1 g-1 N.D. 103

10 50 wt % TiO2 @MoS2 quartz flask, 0.35 M Na2S and 0.25 M Na2SO3 300 W xenon arc lamp 1.6 mmol h −1 g −1 N.D. 104
11 1.2 wt % Pt/TiO2 quartz reactor, 54 mL water and 6 mL methanol 350 W mercury lamp ∼2.7 mmol h−1 g−1 N.D. 98
12 1 wt % Pt/TiO2 10 vol % methanol solution, top-irradiation

vessel connected to a glass-enclosed gas
circulation system

unknown ∼800 μmol h−1 g−1 N.D. 36

13 1 wt % Pt/B-TiO2 10 vol % methanol solution, top-irradiation
vessel connected to a glass-enclosed gas
circulation system

unknown ∼200 μmol h−1 g−1 N.D. 36

14 0.3 wt % Pt/TiO2 2.17 M Na2CO3 400 W mercury lamp 1893.3 μmol h−1 g−1 N.D. 105
15 0.9 wt % Pt/TiO2 Pyrex Ñask, 2 M KBr, 6.5 mM FeCl2 500 W mercury lamp 233.3 μmol h−1 g−1 N.D. 106
16 TiO2 1 M NaOH solution 100 W Hg lamp ∼7.5 μmol h−1 N.D. 107
17 eosin Y sensitized 1.0 wt %

CuO/TiO2

15% diethanol amine, H2O 200 W halogen lamp with a
cutoff filter (λ > 420 nm)

∼530 μmol h−1 g−1 5.1% 108

18 eosin Y sensitized 0.5 wt %
Pt/N-TiO2

80 mL riethanolamine 400 W Hg lamp with a cutoff
filter (λ > 420 nm)

∼800 μmol h−1 g−1 N.D. 109

19 eosin Y-Fe3+ (1:1) − 1.0 wt
% Pt/TiO2

80 mL 0.79 mol/L TEA solution as sacrifice
electron donors; pH 7.0; initially N2-saturated

metal halide lamp (400 W)
with a cut-off filter
(λ > 420 nm)

2750 μmol h−1 g−1 19.1 110

20 eosin Y sensitized 1.0 wt %
Rh/TiO2

70 mL, 15% DEA H2O; DEA as sacrifice
electron donors;

200 W halogen lamp with a
cutoff filter (λ > 420 nm)

730 μmol h−1 g−1 7.1 111

21 eosin Y sensitized 0.1 wt %
Pt/TiO2

250 mL, 15% DEA H2O; DEA as sacrifice
electron donors;

300 W Xe lamp with a cutoff
filter (λ > 460 nm)

∼216.7 μmol h−1 g−1 10 112

22 merocyanine sensitized 1.0
wt % Pt/TiO2

100 mL 95% AN-H2O;acetonitrile, I anions as
sacrifice electron donors

300 W Xe lamp with a cutoff
filter (λ > 440 nm)

∼340 μmol h−1 g−1 2 113

23 carboxylate, phosphonate in
Ru complex-3.0 wt % Pt/
TiO2

EDTA as sacrifice electron donors 450 W Xe lamp with a cutoff
filter (λ > 420 nm)

∼8800 μmol h−1 g−1 22.4 114

24 0.5 wt % Pt/TiO2 75 mL of aqueous methanol solution N.D. UV−visible light ∼4266 μmol h−1 g−1 N.D. 87
aNot determined.
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boundaries, exist to promote the recombination of electron
hole pairs.96,97

Wei et al.98 reported the synthesis of TiO2 microspheres
using a template-free method in the presence of hydrofluoric
acid and titanium butanoxide as the precursor. The different
amounts (0.1−1.6 wt %) of Pt supported on TiO2 micro-
spheres were prepared by the impregnation-reduction method.
The H2 evolution rate as a function of Pt loading is shown in
Figure 12a. The optimal amount of cocatalyst Pt loading was
1.2 wt % and presented the H2 evolution rate of ∼3.0 mmol h−1
g−1. The high activity was due to the enhanced visible
absorption and the presence of cocatalyst Pt. The good
crystallinity, small and relatively homogeneous distribution of
particle, and large surface area would contribute significantly for
the light adsorption. The presence of cocatalyst Pt could act as
better traps for photogenerated electrons in the interior of the
TiO2 microsphere and efficient separation of photoinduced
electrons and holes. The life stability is another crucial
parameter to realize the practical applications. The repeatability
on the 1.2 wt % Pt/TiO2 microsphere was tested over three
cycles, as shown in Figure 12b. No degradation was found,
which confirmed a high stability of the resulted TiO2
microsphere.
Dinh et al.51 reported the construction of three-dimensional

ordered assembly of thin-shell Au/TiO2 hollow nanospheres,
where the TiO2 hollow nanospheres were fabricated in the
presence of soft template oleylamine using a titanium butoxide
precursor. The designed photocatalyst exhibited not only
exceedingly high surface area but also photonic behavior
originating from periodic macroscopic voids from both the
inside and the outside of hollow spheres that have very thin
shells. The multiple light scattering and slow photon effects
resulting from this unique architecture greatly enhanced the
surface plasmon resonance of Au nanoparticles, which leaded to
a significant enhancement in the visible light absorption. As a
result, these new photocatalysts exhibited a photocatalytic
activity that was several times higher than conventional Au/
TiO2 nanopowders under visible-light illumination.
Liu et al.34 have synthesized mesoporous brown carbonate-

doped TiO2 microspheres with a combination of features by a
template-free method using a titanium isopropoxide precursor.
These features contributed the high photocatalytic activity that
included the high specific surface area, tunable pore diameter
and grain size, high crystallinity, well-defined morphology, and
high visible light absorption due to carbonate doping. By
adjusting the amount of titanium alkoxide in the starting
reaction solution and the solvothermal reaction time, the

microsphere diameter, nanocrystallite size, pore diameter, and
specific surface area could be varied. The as-prepared
carbonate-doped TiO2 microspheres display remarkable per-
formance with the H2 production rate of ∼200 μmol h−1 g−1,
which were 3 orders of magnitude more photoactive than
commercial TiO2 nanoparticles under visible light illumination.
This method is convenient and easy to scale-up, which is highly
promising for H2 production.
Overall, TiO2 microspheres not only share common

characteristics with nanoparticles but also offer unique
properties that are difficult to achieve in nanoparticles. The
good crystallinity, high specific surface area, tunable pore
volume and pore size, well-defined morphology, and easy
doping would enhance the mass transfer for visible or UV−
visible light adsorption and increase the light-harvesting
capabilities. The hollow interior and porous structure would
trap more photons, enhance the photogenerated charge
separation, and reduce the recombination of electrons and
holes.

■ CONCLUSIONS

The synthesis of TiO2 microsphere-derived photocatalysts has
had increased attention over the past few decades and will likely
continue to increase in the coming years. These TiO2
microsphere-derived materials offer unique properties (e.g.,
large surface area, better mass transfer for visible light
adsorption, trapping more photons, the reduced recombination
of electron and holes). With these properties, enhanced
photocatalytic activities of H2 production on TiO2 micro-
sphere-derived photocatalysts have been achieved. With the
increasing need for clean and sustainable H2 energy sources,
TiO2 microsphere-derived materials may play a crucial role in
developing solutions to many of these problems.
A templated method has been proved to be an effective

strategy to yield TiO2 microspheres with specific functionality.
Although many template syntheses are labor and energy
intensive, much recent progress has been made. Through the
careful control of the self-assembly, titanium condensation rate,
and other parameters, it is possible to change the dimensions,
crystal structures, and morphologies of TiO2 microspheres. Due
to the low cost and simple operation, the one-step template-
free method has great promise for the controlled preparation of
hollow structures in a wide range of sizes. The crystallinity,
crystal structure, surface structure, and morphology need to be
investigated systematically in the synthesis and further modified
to optimize the preparation method.

Figure 12. (a) Hydrogen generation rate of Pt loaded TiO2 microspheres with different Pt loading amounts. (b) Time courses of photocatalytic H2
production over the 1.2 wt % Pt/TiO2 microspheres. Reprinted with permission.98 Copyright 2013, Elsevier.

ACS Sustainable Chemistry & Engineering Perspective

DOI: 10.1021/acssuschemeng.5b00154
ACS Sustainable Chem. Eng. 2015, 3, 779−791

787

http://dx.doi.org/10.1021/acssuschemeng.5b00154


A number of modification techniques and chemical additives

have been developed in recent years to improve photocatalytic

H2 production from water splitting on TiO2 microsphere-

derived photocatalysts under UV and visible light irradiation.

Due to the quick charge recombination of electrons and

produced holes, fast backward reaction, and poor ability in the

utilization of visible light, the H2 evolution rate reported is low

and there is still large room for improvement.
Because this perspective does not involve the theoretical

calculation, future studies on computational prediction based

on first-principle, or density functional theory calculations, it

may provide an efficient way to identify TiO2 microspheres

with specific morphologies and suggest useful processing and

production conditions. Additionally, new insights are needed

into the water-splitting mechanism, particularly with regards to

identification of any thermodynamic and kinetic bottlenecks.

This would facilitate the design of the most effective

photocatalytic water-splitting systems.
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