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Recent Progress in the Synthesis of Spherical Titania 
Nanostructures and Their Applications
 Recent progress in the fabrication and application of diverse spherical titania 
nanostructures, including mesoporous spheres, spherical fl aky assemblies, 
and dendritic particles of variable diameter and monodispersity in size, is 
summarized in this article. Utilizing different synthesis strategies, spherical 
titania nanostructures with tailored polymorphs (including amorphous, 
anatase, rutile, brookite and TiO 2 -B), particle sizes (from tens of nanometers 
to millimeters), monodispersity, porosity, and variable surface properties 
have been produced. Such spherical titania nanostructures show realized and 
potential applications in the areas of chromatographic separation, lithium-ion 
batteries, dye-sensitized solar cells, photocatalytic oxidation and water split-
ting, photoluminescence, electrorheological fl uids, catalysis, gas sensing, and 
anticancer intracellular drug delivery. Gaining further understanding of both 
synthesis design and application of these materials will promote the commer-
cialization of such spherical titania nanostructures in the future. 
  1. Introduction 

 Spherical materials are abundant in our daily lives, in confec-
tionary, exquisite opal gems (periodic arrays of spherical silica 
colloids), and the versatile latex particles and their derivatives 
(used in numerous rubber products) to name a few. [  1–3  ]  Due 
to their spherical morphology, these particles have the ability 
to undergo uniform and close packing, it is possible to tune 
the surface curvature as well as fl owability and, if suffi ciently 
small, the particles are dispersible. Hence, spherical mate-
rials have shown numerous real and emerging applications. 
For example, spherical ceria nanoparticles have demonstrated 
superior abrasive properties for chemical-mechanical planariza-
tion of advanced integrated circuits due to the absence of sharp 
edges, corners, and apexes. These nanoparticles can polish the 
silicon wafers in a ball bearing-like manner and reduce the 
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concentration of scratch defects, there-
fore facilitating the precise and reliable 
mass-manufacture of chips for nanoelec-
tronics. [  4  ]  The close-packing and high tap 
density of various (sub-)micrometer-sized 
spheres (e.g., LiCoO 2 , LiFePO 4 , carbon, 
V 2 O 5 ) improved the volumetric energy 
density and gave excellent rate capability 
when constructed into electrodes for 
lithium ion batteries. [  5–10  ]  Diverse mono-
disperse microspheres (e.g., silica, ZrO 2 ) 
with controllable particle size, porosity 
and surface properties have been widely 
used as packing materials for chromato-
graphic separation for many years because 
they form mechanically stable packing 
columns with very good packing repro-
ducibility and reduce the pressure drop 
over the column. [  11–13  ]  Spherical pharma-
ceutical colloidal particles with different 
sizes have demonstrated controllable drug dissolution rates as 
a result of the tunable surface curvature, making them supe-
rior candidates with enhanced therapeutic effectiveness to the 
conventional faceted crystallite counterparts. [  14  ,  15  ]  Non-agglom-
erated spherical phosphor nanoparticles with a narrow size dis-
tribution and much improved screen packing properties gave 
superior defi nition and brighter cathodoluminescent perform-
ance in photoluminescent applications compared to irregular 
morphologies. [  16  ,  17  ]  

 As an important oxide with numerous practical applications 
and industrial interest, titania (TiO 2 ) has attracted signifi cant 
attention since its commercial production in the early 20 th  cen-
tury as a replacement to the toxic lead oxides as a white pig-
ment for paints. Titania is widely used as an inorganic pigment 
(annual production of  > 4 million tons) in paints, plastics, paper, 
leather, textiles, foods and personal care products (e.g., tooth-
pastes, sunscreen creams, and diverse cosmetic products). [  18–20  ]  
Continuing titania research is exploring novel and highly 
promising applications including chromatographic separation, 
photo catalytic redox reactions and water splitting, dye-sensitized 
solar cells (DSCs), lithium ion batteries, gas sensors and drug 
delivery vehicles. [  13  ,  19–26  ]  Evidence indicates that the effi cacy of 
titania can be varied by its crystal phase and crystallinity, com-
position, specifi c surface area and porosity, and importantly, 
morphology. [  27–37  ]  Spherical titania nanostructures with control-
lable physical and surface properties (including crystal phase, 
particle size, monodispersity, specifi c surface area, porosity and 
surface features) have demonstrated high performance and ver-
satility in a series of applications. For example, spherical ana-
tase beads featuring high specifi c surface areas and variable 
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particle sizes have recently achieved high performance in DSCs 
with increased dye-loading, enhanced light scattering properties 
and improved electron diffusion due to the well interconnected 
nanoparticulate networks within the beads. [  38–47  ]  Micrometer-
sized anatase or rutile spheres with variable pore sizes have 
shown excellent performance as the packing materials for chro-
matographic separation and selective phosphopeptide enrich-
ment. [  11–13  ,  48–53  ]  The high packing density of the spherical 
titania polymorphs (anatase and TiO 2 -B) resulted in enhanced 
volumetric energy density and rate capability when applied as 
anodes in lithium ion batteries. [  54–57  ]  

 The last decade has seen many advances in the fabrication 
and exploration of emerging applications of diverse spherical 
titania nanostructures. Hence a comprehensive review of this 
important functional material would highlight the research in 
this fi eld and promote commercial utilization of such titania 
nanostructures in the future. In this feature article, recent 
advances in the fabrication of spherical titania nanostructures, 
including mesoporous spheres, spherical fl aky assemblies or 
dendritic particles of diverse diameter and monodispersity in 
size, are reviewed. The realized and potential applications of 
these spherical nanostructures are then summarized. Spherical 
titania hollow structures were not included in this article as 
there are recent review articles detailing these specifi c struc-
tures. [  58–61  ]  The titania polymorphs described here include amor-
phous, anatase, rutile, brookite and TiO 2 -B (bronze) phases. 
This article brings together the various preparation techniques 
along with a range of applications of diverse spherical titania 
nanostructures with tailored properties to give an overview of 
this very topical and exciting research.   

 2. Synthesis Techniques 

 A range of synthesis routes have been applied to obtain porous 
titania spheres. Here the examples have been brought together 
under general headings according to the method used: pre-
formed templates, emulsions, aerosols or electrospray that 
guide the spherical morphology, sol-gel reactions, hydrothermal 
and solvothermal techniques and fi nally methods that do not fi t 
these specifi c categories.  

 2.1. Templating Method Using Preformed Hard Templates 

 Porous spherical titania structures have been fabricated using 
templating methods. This technique makes use of a structured, 
generally organic material, which holds the required mor-
phology. Chemistry is conducted within the template resulting 
in a template/titania hybrid, where the titania is commonly 
amorphous. During a heating step in which the titania is crys-
tallized, the organic material is removed through pyrolysis, 
thus leaving a titania network with a structure reminiscent of 
the initial template. Spherical templates that have been applied 
to the synthesis of titania spheres include porous beads of 
polystyrene crosslinked with divinyl benzene, [  62–64  ]  mesopo-
rous carbon spheres formed themselves through a templating 
process involving mesoporous silica spheres, [  65  ]  and spherical 
macroporous biopolymer gels (e.g., agarose and alginate). [  66–68  ]  
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 1356–1374
In most cases the porous organic spheres were infi ltrated with a 
titania precursor that undergoes hydrolysis within the template 
structure. The samples were heated between 500 and 600  ° C 
to obtain porous spheres in the anatase phase (higher tempera-
tures, 950  ° C, could be used to obtain the rutile phase). Alter-
natively, preformed titania nanoparticles could be infi ltrated 
within the porous organic sphere and similarly after heating 
the hybrid sample, produce porous anatase spheres. [  63  ]  

 The titania beads prepared using sol-gel chemistry within 
the polystyrene crosslinked with divinyl benzene spheres were 
monodisperse with a diameter about half that of the original 
organic sphere,  ≈ 7 or 12  μ m. As the sphere is composed of a 
network of nanoparticles (20–70 nm in diameter), the surface 
of the sphere and its core are porous (pore size of 50 nm). The 
specifi c surface area of these titania spheres was 30–35 m 2  g  − 1 . 
If hydroxyl or amine-functionalized beads were used, the syn-
thesis of monodisperse titania beads was not successful, as 
complete precursor infi ltration did not occur and excess titania 
particles (non-templated) formed. Using similar template 
beads, porous titania spheres with a diameter of 7  μ m and sur-
face area of 61 m 2  g  − 1  were prepared and applied in photocata-
lytic studies. The degradation of 2-chlorophenol was monitored 
with time, and although the porous beads were not as active as 
a commercial titania material, Degussa P25 powder, the ease of 
1357wileyonlinelibrary.combH & Co. KGaA, Weinheim
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 removing micrometer diameter beads over nanoparticles has to 

be considered. [  64  ]  
 Hydroxyl functionalized polystyrene crosslinked with divinyl 

benzene beads having a diameter of 11.5  μ m were used for 
infi ltration with preformed titania nanoparticles (4 nm in diam-
eter). [  63  ]  The fi nal diameter of the titania beads produced was 
5  μ m, and the beads were composed of both the anatase and 
rutile phase with a surface area of 81 m 2  g  − 1 . The photodegrada-
tion of 2-chlorophenol at pH 6 was monitored for the beads and 
compared to Degussa P25 samples. The higher surface area 
of the beads compared to the Degussa P25 ( ≈ 50 m 2  g  − 1 ) and 
the high photoeffi ciency of the titania sol used to produce the 
beads were factors attributed to the enhancement in degrada-
tion observed with the bead structures. 

 The thermal and chemical stability, as well as rigidity of 
carbon made it an attractive template for a range of inorganic 
beads. [  65  ]  Mesoporous silica beads were fi rst produced following 
Unger’s method, [  69  ]  within which carbon was synthesized then 
the silica was removed leaving mesoporous carbon beads. Tita-
nium (IV) isopropoxide was infi ltrated within the carbon beads 
and they were exposed to atmospheric moisture to undergo 
hydrolysis. The carbon was removed during the calcination step 
(after the inorganic species had undergone crystallization) by 
changing the gas atmosphere from nitrogen to air. The beads 
were 500–600 nm in diameter, were composed of 10 nm nanoc-
rystals, and contained pores of 6 nm. Increasing the tempera-
ture of calcination resulted in the rutile phase being present in 
the fi nal beads. 

 Beside the individual spherical entities, ordered arrays of 
mesoporous titania microspheres were also successfully fabri-
cated through a sol-gel self-assembly process confi ned within a 
reverse opal template. [  70  ]  To prepare such microsphere arrays, 
templates with ordered void spaces were fabricated by polym-
erizing methyl methacrylate (PMMA) in an opal structure 
made of sub-micrometer sized monodisperse silica spheres 
( Figure    1  ). The silica was removed using 10 wt% HF solution 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G

     Figure  1 .     a) Schematic of the fabrication process for titania microsphere
using PMMA reverse opal mesh. b) SEM image of the opal structure mad
spheres. c) SEM image of the PMMA mesh derived from the silica opal struc
of the replicated mesoporous titania microsphere array. Inset in (d) shows a
tion image of the titania microsphere array. Adapted with permission. [  70  ]  Co
Society of Chemistry.  
(24 h) to obtain a freestanding PMMA reverse opal mesh 
that was used as a template in which the sol-gel chemistry 
was conducted in the presence of the Pluronic P123 triblock 
copolymer. Calcination at 400  ° C in air removed the PMMA 
template and the triblock copolymer surfactant giving ordered 
arrays of mesoporous titania microspheres. The spheres were 
composed of anatase nanocrystals and possessed a high spe-
cifi c surface area of 145 m 2  g  − 1  and a narrow mesopore cen-
tered at 3.6 nm.    

 2.2. Emulsion-Mediated Synthesis 

 Spherical sub-micrometer-sized titania clusters consisting of 
ultrafi ne anatase nanodots or nanorods can be fabricated via an 
emulsion (oil-in-water) assisted self-assembly process. [  52  ,  53  ,  71–73  ]  
To prepare such spherical titania clusters, ligand-capped hydro-
phobic anatase nanocrystals in a low-boiling-point organic 
solvent (e.g., cyclohexane) were dispersed in water to form an 
oil-in-water emulsion with the aid of a surfactant (e.g., sodium 
dodecyl sulphate) and ultrasonic dispersion. The organic sol-
vent, cyclohexane, in the oil droplets was evaporated by heating 
the solution at 70  ° C for a period of time (usually several hours), 
causing the nanocrystals confi ned in the oil droplets to self-
assemble into spherical clusters. Calcination in air (usually at 
400 or 500  ° C) was conducted to remove the organic ligand and 
enhance mechanical stability of the resulting titania clusters. 
Yin and co-workers recently found that a silica coating on the 
resulting titania clusters prior to calcination can prevent aggre-
gation during the thermal treatment and retains the spherical 
morphology of the products; the pre-coated silica layer can be 
readily etched away using a dilute NaOH solution after calcina-
tion. [  52  ,  53  ,  73  ]  The diameters of these clusters can be controlled by 
adjusting the titania nanocrystal concentration in the organic 
solvent, surfactant concentration in the water phase, oil-to-
water ratio or the extent of sonication during emulsifi cation. 
mbH & Co. KGaA, Wein

 arrays templated 
e of 290 nm silica 

ture. d) SEM image 
 higher magnifi ca-
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Spherical titania clusters having specifi c sur-
face areas of up to 441 m 2  g  − 1  and an average 
pore diameter of 3.5 nm have been prepared 
using anatase nanorods (3 nm  ×  28 nm). 
These properties vary with the crystal size 
of the anatase building blocks and calcina-
tion temperature. Such titania clusters are 
highly promising for selective enrichment 
of phosphorylated peptides in phosphopro-
teome analysis. Hybrid titania clusters con-
taining magnetic iron oxide nanoparticles or 
quantum dots (e.g., CdSe) can also be fabri-
cated via this facile emulsion assisted self-
assembly process. [  52  ,  53  ,  72  ]  

 Reverse water-in-oil emulsions, formed by 
dispersing an aqueous suspension of titania 
nanoparticles into hexadecane (oil phase) 
using a drop break-off technique in a co-
fl owing stream, were employed to confi ne 
the assembly of the preformed titania nano-
particles within the droplets geometry. [  74  ]  
Yang and co-workers found that the diam-
eter of the titania microspheres ( d  m ) can be 
heim Adv. Funct. Mater. 2013, 23, 1356–1374
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     Figure  2 .     a) Schematic of the microemulsion-assisted self-assembly process for titania micro-
spheres. b) Optical microscopy image of the uniform emulsion droplets with an average diam-
eter of 60  μ m that were obtained from micropipettes with an inner diameter of 10  μ m. Titania 
nanoparticle content in the aqueous suspension was 0.2 wt%. c) SEM image of titania micro-
spheres with an average diameter of 7  μ m after evaporation induced consolidation. Adapted 
with permission. [  74  ]   
controlled by the inner diameter of the micropipette ( d  t ) and 
weight fraction of the titania nanoparticles in suspension (  ϕ   w ), 
as follows,
     Figure  3 .     a) Schematic of the aerosol-assisted self-assembly process for spherical titania par-
ticles. b) SEM and c) TEM images of the typical mesoporous titania microspheres. d) TEM 
image of an ultramicrotomed titania microsphere prepared in the presence of latex spheres as 
porogens for the macropores (the larger white spots). Panel (a) reproduced and panels (b,c) 
adapted with permission. [  81  ]  Panel (d) reproduced with permission. [  84  ]   
 dm ∝ dtφ
1/3
w   

Using a colloidal suspension consisting 
of pre-mixed nanoparticles (e.g., silica and 
titania) as the precursor ( Figure    2  ), fairly 
monodisperse composite microspheres with 
different component weight ratios, surface 
roughness and tunable refractive indexes 
can be fabricated via this process. Pre-mixing 
organic dye molecules with the aqueous 
colloidal suspension gives coloured titania 
microspheres with a homogeneous dye 
distribution inside the sphere that may be 
applied as biological probes. Using a reverse 
emulsion-mediated synthesis method, Tartaj 
reported the synthesis of spherical titania 
mesocrystalline assemblies by mixing 
aqueous TiOSO 4  solution, Igepal CO-520 
(surfactant) and cyclohexane (continuous 
oil phase). [  75  ]  The resulting products have a 
diameter ranging from 50 to 70 nm and vari-
able surface area and pore size. The titania 
assemblies synthesized at 80  ° C have a spe-
cifi c surface area of  ≈ 250 m 2  g  − 1  and a pore 
size around 2.5 nm, while those prepared 
at 120  ° C possess a specifi c surface area of 
 ≈ 200 m 2  g  − 1  and a pore size around 4 nm. 
Landfester and co-workers prepared porous 
titania nanospheres ( ≈ 200 nm in diameter) 
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, WeinAdv. Funct. Mater. 2013, 23, 1356–1374
via an inverse miniemulsion method using 
a water-soluble glycol-modifi ed precursor 
(bis(2-hydroxyethyl)titanate) dispersed in 
a continuous organic phase containing a 
home-made block copolymer surfactant and 
an organic solvent (Isopar M). [  76  ]  Porous 
nanospheres consisting of  ≈ 5 nm titania 
nanocrystals and having a high surface area 
of 321 m 2  g  − 1  were fabricated in the presence 
of 5 wt% block copolymer surfactant.    

 2.3. Aerosol-Assisted Self-Assembly Method 

 The aerosol-assisted self-assembly method, 
an integration of aerosol spray, sol-gel chem-
istry and evaporation-induced self-assembly 
processes, [  77  ,  78  ]  is a versatile approach for the 
fabrication of spherical particles with varied 
size, porosity and composition. [  54  ,  79–84  ]  Aer-
osol (liquid droplets dispersed in a carrier gas) 
of the precursor solution usually containing 
titanium species, surfactants and solvents 
can be generated by a powerful air jet, ultra-
sonic nebulizer or other means. The resultant 
aerosol was carried by the carrier gas through 
a tubular heating chamber to remove solvent 
and volatile solutes, and initialize the self-assembly between 
titanium species and surfactant molecules, giving rise to con-
densed spherical particles with robust frameworks ( Figure    3  a). 
This is a continuous process and the aerosol remains at high 
1359wileyonlinelibrary.comheim
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 temperature for a short period (usually several seconds) before 

being collected. A subsequent thermal treatment is essential to 
totally remove the organic surfactants and to further condense 
the inorganic framework. Wang and co-workers fabricated 
titania sub-micrometer sized spheres composed of anatase 
nanocrystals less than 10 nm in size using a precursor solu-
tion containing hydrolyzed titanium (IV) butoxide, acetic acid, 
amphiphilic block copolymer (Pluronic F127), HCl, ethanol 
and water (Figure  3 b,c). [  81  ]  The titania spheres possess a short-
range mesoscopic order, specifi c surface area of 237 m 2  g  − 1  and 
pore diameter of 4.8 nm when calcined at 350  ° C for 5 h. [  81  ]  
Increasing the calcination temperature to 400  ° C, the specifi c 
surface area decreased to 154 m 2  g  − 1  due to coarsening of the 
titania nanocrystals. The composition of these titania spheres 
can be readily adjusted by adding other metal species, such as 
Cu(NO 3 ) 2 , EuCl 3  . 6H 2 O, SmCl 3  . 6H 2 O, HAuCl 4 , H 2 PdCl 4 , and 
H 2 PtCl 6  into the precursor solution. [  81–83  ]  Apart from the diverse 
surfactants employed as the porogens for mesoporosity, other 
relatively large porogens, such as latex colloids, can be added 
into the precursor solution to synthesize titania microspheres 
containing multiscale porosities via this method (Figure  3 d). [  84  ]  
Yamauchi and co-workers found that this aerosol-assisted self-
assembly method is more suitable for continuous production 
of mesoporous titania microspheres on a large scale by using 
a cyclone separator, rather than a fi lter, to collect the fi nal prod-
ucts. [  85  ]  The titania microspheres fabricated via this aerosol-
assisted self-assembly process usually have a broad particle 
size distribution ranging from tens of nanometers to several 
micrometers. [  54  ,  81–88  ]  In order to obtain relatively monodisperse 
particles, a size-partitioning process, such as density gradient 
centrifugation, [  88  ]  is generally exploited.    
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag 

     Figure  4 .     a) Schematic of the electrostatic spray process for titania micro
images of the resultant mesoporous titania microspheres consisting of De
ticles. Adapted with permission. [  89  ]  Copyright 2011, American Chemical So
 2.4. Electrospray Method 

 A schematic of the electrostatic spray process and typical mor-
phology of the resultant product are shown in  Figure    4  . For 
this synthesis, a homogeneous dispersion that usually contains 
partially hydrolyzed titanium species or colloids, solvent and 
binders (optional) is required. This dispersion is loaded into 
a syringe pump and forced through the nozzle under a direct 
electric fi eld applied between the metal nozzle and the collec-
tion substrate. The resulting detached droplets are generally 
collected on the substrate or in an oil solvent. As water and sol-
vent evaporate, the titania colloid and surfactants (binder) can 
directly self-assemble into robust microspheres. For example, 
using commercial titania nanocrystals (e.g., Degussa P25) well 
dispersed in a mixed ethanol-H 2 O solvent in the absence of 
any surfactants and additives, Kim and co-workers prepared 
mesoporous titania microspheres using this technique. [  89  ,  90  ]  
These microspheres have diameters ranging from 200 nm to 
micrometers and can be controlled by tuning the size of the 
droplets, which is adjusted by diverse process parameters, such 
as concentration of the suspended nanocrystals, fl ow rate and 
voltage applied. Crack-free and uniform titania microsphere 
fi lms showing enhanced adhesion to the substrates can be 
directly electrosprayed onto conducting fl uorine-doped tin 
oxide (FTO) glass or fl exible substrates via this facile process. 
Using a similar method, Cao et al. also fabricated polydisperse 
titania aggregates (0.3–2.5  μ m in diameter) using a mixture of 
Degussa P25 nanocrystals, poly(vinyl pyrrolidone) (PVP, MW  ≈  
1.3  ×  10 6  g/mol) in a water–ethanol solution at a fl ow rate of 
0.3 mL h  − 1  and an applied voltage of 12 kV. [  91  ,  92  ]  This elec-
trostatic spray process can also be combined with the sol-gel 
GmbH & Co. KGaA, Weinh

spheres. b–d) SEM 
gussa P25 nanopar-
ciety.  
synthesis and solvothermal process to pre-
pare mesoporous titania microspheres with 
relatively high surface areas (from 108 to 
198 m 2  g  − 1 ) and large pore volume (from 0.31 
to 0.67 cm 3 g  − 1 ). [  93  ]  In this case, a mixture of 
partially hydrolyzed titanium (IV) butoxide, 
acetic acid, PVP (MW  =  25 000 g/mol) and 
ethanol was loaded into a syringe pump to 
fabricate the precursor microspheres. The 
precursor microspheres underwent a sol-
vothermal crystallization in the presence of 
acetic acid of diverse concentrations. The 
titania microspheres were composed of ana-
tase nanocrystals with exposed high-energy 
facets, including step-like {001} and smooth 
{010} facets. The percentage of exposed {001} 
facets was adjusted by changing the amount 
of PVP used in the electrospray process and 
the concentration of acetic acid added during 
the solvothermal treatment.    

 2.5. Sol-Gel Synthesis 

 Due to the high reactivity of the titanium 
alkoxides, sol-gel syntheses of spherical 
titania colloids were usually conducted in 
a non-aqueous solvent containing small 
eim Adv. Funct. Mater. 2013, 23, 1356–1374
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amounts of water or in the presence of diverse chelating agents 
(e.g., acetylacetone or ethylene glycol) to slow down the hydrol-
ysis of alkoxides and allowing more control of the material 
properties. [  94–105  ]  For example, Xia and co-workers developed an 
ethylene glycol modifi ed sol-gel process to reduce the hydrolysis 
rate of the titanium alkoxides and thus fabricate monodisperse 
spherical titanium glycolate colloids with tunable diameters 
ranging from 200 to 500 nm using acetone containing  ≈ 0.3% 
water as the solvent. [  102  ]  After annealing at 500 or 950  ° C for 
2 h, the spherical titanium glycolate colloids were readily con-
verted into anatase or rutile sub-micrometer-sized spheres with 
 ≈ 14% or  ≈ 17% shrinkage in diameter, respectively. The tita-
nium glycolate colloids could also be employed as the building 
blocks to form 3D opaline lattices through self-assembly in a 
home-made microfl uidic cell. The resulting face-centered cubic 
opaline lattices were crystallized into an anatase counterpart 
after annealing at 500  ° C for 2 h, with  ≈ 16% volume shrinkage 
and some cracking in the opaline structure. The authors found 
© 2013 WILEY-VCH Verlag Gm

     Figure  5 .     a) Schematic of the sol-gel synthesis of titania microspheres us
b) SEM images of the titania microspheres prepared with varied fl ow r
40 mL min  − 1 ). c) SEM images of the titania microspheres prepared with d
molar ratios (from 0 to 0.12, ODA: Octadecylamine). Adapted with permis
2012, Royal Society of Chemistry.  

Adv. Funct. Mater. 2013, 23, 1356–1374
www.afm-journal.de

that high purity acetone (HPLC grade) played a key role in 
the formation of monodisperse colloids, as spherical colloids 
with an inferior monodispersity in size were obtained when 
replacing acetone with other organic solvents, such as meth-
anol, 1-propanol, 1-butanol, acetonitrile, ethyl acetate, dimethyl 
sulfoxide and  N , N -dimethyl formamide. Sugimoto and Kojima 
investigated the formation of monodisperse  ≈ 450 nm amor-
phous titania spheres by hydrolyzing titanium (IV) butoxide 
and condensation of the resulting hydroxide monomer in the 
presence of 0.1  M  ammonia aqueous solution using a mixed 
solvent of butanol and acetonitrile. [  95–97  ]  The ammonia can 
simultaneously accelerate the precipitation of the hydrolyzed 
hydroxide species, retard the coagulation of the growing 
hydroxide particles, regulate surface energy of the particles and 
promote the production of highly spherical particles, clearly 
demonstrating its versatile multiple roles in controlling the for-
mation of the spherical titania colloids. Beside the ammonia, 
the water content, reaction temperature and solvent composi-
bH & Co. KGaA, Weinh

ing a fl ow reactor. 
ates (from 0.5 to 
ifferent ODA:TTIP 
sion. [  108  ]  Copyright 
tion also affected the kinetics of precipita-
tion, size, morphology and monodispersity 
of the spherical particles. With the aid of a 
microfl uidic fl ow reactor, [  106–108  ]  Ogawa and 
co-workers recently fabricated monodisperse 
titania-octadecylamine hybrid sub-micro-
meter-sized spheres using a discrete sol-gel 
hydrolysis and self-assembly processes. In 
this synthesis, pre-hydrolyzed amorphous 
titania primary colloids prepared within a 
Y-type fl ow reactor were subsequently assem-
bled into spherical particles in a batch reactor 
in the presence of octadecylamine as a struc-
ture-directing agent ( Figure    5  ). Adjusting the 
fl ow speed, the hydrolysis and condensation 
of titanium (IV) isopropoxide and residence 
time of the titania primary colloids within 
the fl ow reactor can be readily controlled, and 
thus result in the formation of titania-octade-
cylamine hybrid spheres with variable mono-
dispersity in size. A fast fl ow (2.5 to 40 mL 
min  − 1 ) gave rise to the spheres with a narrow 
particle size distribution (coeffi cient of varia-
tion, CV, of 4–7%), while slow fl ow (0.5 mL 
min  − 1 ) gave rise to polydisperse spheres with 
a CV of 27%. Octadecylamine plays a vital 
role in controlling the formation of spher-
ical particles (Figure  5 ). Irregular particles 
formed in the absence of octadecylamine and 
the diameter of the titania-octadecylamine 
hybrid spheres decreased from 890 to 470 nm 
when the octadecylamine to titanium (IV) 
isopropoxide mole ratios were increased 
from 0.06 to 0.18. Washing with an HCl-eth-
anol mixed solvent, removed octadecylamine 
from the hybrid spheres when the mole ratio 
of octadecylamine/titania oxide was less than 
0.25 and produced nanoporous amorphous 
titania spheres with a specifi c surface area of 
620 m 2  g  − 1  and a uniform pore size centered 
at 2.2 nm.    
1361wileyonlinelibrary.comeim
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     Figure  6 .     SEM images of the dendritic rutile nanostructures: a–c) Spherical assemblies con-
sisting of nanorod subunits obtained from aqueous titanium (IV) isopropoxide solutions with 
continuously reduced titanium (IV) isopropoxide concentrations (from a to c). d–f) Spherical 
assemblies consisting of nanoribbon subunits obtained from mixed aqueous titanium (IV) iso-
propoxide and ethylene glycol solutions with continuously increased ethylene glycol amounts 
(from d to f). g–i) Spherical assemblies consisting of nanowire subunits prepared in the pres-
ence of 5 mmol urea from mixed aqueous titanium (IV) isopropoxide and ethylene glycol solu-
tions with continuously increased ethylene glycol amounts (from g to i). Reproduced with 
permission. [  110  ]  Copyright 2011, American Chemical Society.  
 2.6. Hydrothermal/Solvothermal Method 

 As a versatile method to synthesize diverse, well-dispersed 
nanocrystals, the hydrothermal/solvothermal process has been 
employed to prepare spherical titania nanostructures with well-
defi ned morphologies. [  109–125  ]  Recently, spherical 3D dendritic 
titania nanostructures consisting of rutile nanorods, nanorib-
bons or nanowire subunits have been fabricated via hydrolysis 
and controlled crystallization of titanium (IV) isopropoxide in 
the presence of cetyltrimethyl ammonium bromide and HCl 
( Figure    6  ). [  110  ]  The morphologies of the constituent units can 
be readily changed from nanorod to nanoribbon and nanowire 
by adding ethylene glycol and urea during the hydrolysis and 
crystallization step. The diameters and specifi c surface areas 
of the dendritic titania nanostructure can be tuned from 1.3 to 
10  μ m and 25 to 97 m 2  g  − 1 , respectively, by varying synthesis 
conditions including concentrations of the titanium (IV) iso-
propoxide, cetyltrimethyl ammonium bromide, ethylene glycol 
and urea. Kuang and co-workers prepared hierarchical anatase 
titania microspheres consisting of nanorods and nanoparticles 
via a hydrothermal process in an acetic acid solution combined 
with a thermal treatment. [  46  ]  Hydrothermal treatment at 140 
 ° C in the presence of acetic acid formed  ≈ 2.1  μ m hierarchical 
Ti-complex intermediate (Ti 6 O 6 (Ac) 6 (OBu) 6-n (OH) n , 0 ≤  n  ≤ 6) 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, We
microspheres consisting of nanoribbons. 
These intermediate microspheres can be 
readily converted into anatase titania micro-
spheres composed of nanorods and nanopar-
ticles without obvious shrinkage in particle 
diameter after thermal treatment at 500  ° C. 
Zhao and co-workers reported the synthesis 
of anatase titania microspheres with exposed 
mirror-like plane {001} facets derived from 
hydrothermal crystallization. [  109  ]  To syn-
thesize such unique microspheres, Ti foils 
were fi rst dissolved in a dilute HF solution 
(0.5 vol%), then sealed in an autoclave and 
heated to 180  ° C for 3 h. The resultant titania 
microspheres had diameters ranging from 
1.5 to 2.1  μ m, and the surface of these micro-
spheres was covered by square-shaped {001} 
crystalline facets. These titania microspheres 
show an enhanced light scattering capability 
when used as a scattering layer in dye-sensi-
tized solar cells.  

 The diverse properties of organic solvents 
give the ability to tune the morphologies and 
textures of the resulting titania materials 
during the solvothermal process. [  57  ,  116–124  ]  For 
example, diluting titanium (IV) isopropoxide 
in isopropyl alcohol and adding diethylenetri-
amine, Lou and co-workers fabricated spher-
ical assemblies of anatase fl akes with nearly 
100% exposed {001} facets via a solvothermal 
treatment at 200  ° C for 24 h. [  57  ]  The spherical 
fl aky assemblies had an average size of 1  μ m 
and a specifi c surface area of 170 m 2  g  − 1 . 
This morphology imparted the materials with 
excellent properties for fast reversible lithium 
storage due to the extremely short transport length scales in 
the [001] direction and the pores facilitated fast lithium inser-
tion/extraction. Hierarchically porous spherical titania nanos-
tructures composed of anatase ultrathin nanosheets ( ≈ 7 nm 
in thickness) were obtained via a solvothermal process using 
titanium tetrafl uoride as the precursor and diethylene glycol 
as the reaction medium in the presence of acetic acid. [  121  ]  The 
constituent anatase nanosheets have over 90% high energy 
{001} facets exposed due to the presence of fl uorine species 
during the solvothermal synthesis. The fl uorine species can be 
removed by a thermal treatment at 600  ° C in air. The diameter 
of the spherical structures decreased from  ≈ 250 nm to  ≈ 200 nm 
by increasing the concentration of the titanium tetrafl uoride 
from 10 m M  to 30 m M . Meanwhile, the quantity of the con-
stituent anatase nanosheets in the products tended to increase 
without an obvious increase in the thickness of the nanosheets. 
The product had a specifi c surface area of 63.5 m 2  g  − 1 , and 
bimodal mesopores centered at 2.5 nm and 17.9 nm. Bian and 
co-workers synthesized spherical anatase aggregates with single 
crystal-like properties and preferable exposure of {001} facets via 
a solvothermal process using TiOSO 4 , dilute sulphuric acid and 
 tert -butyl alcohol. [  126  ]  These titania aggregates were constructed 
by oriented attachment of primary anatase nanocrystals along 
their (101) planes during solvothermal crystallization. Selective 
inheim Adv. Funct. Mater. 2013, 23, 1356–1374
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and effective adsorption of SO 4  2 −   on the (001) planes of the pri-
mary anatase nanocrystals enabled the preferential exposure of 
such highly active planes. As evidenced by elemental analysis, 
the sulphate species could be completely removed by washing. 
The resulting materials possessed a high surface area of 180 m 2  
g  − 1  and a disordered mesopore centered at 3.4 nm. Nitrogen-
doped mesoporous titania microspheres were fabricated by 
reacting titanium (IV) butoxide and urea in a HCl-ethanol mix-
ture at 130  ° C for 6 h within an autoclave, followed by a thermal 
treatment at 400  ° C for 2 h. [  119  ]  The urea played a crucial role in 
the product formation: Increasing the urea:Ti mole ratio from 0 
to 3 during the solvothermal reaction process increased the spe-
cifi c surface area and pore size of the fi nal products from 101 
to 154 m 2  g  − 1  and 3.8 to 6.6 nm, respectively, whereas the uni-
formity of the spherical morphology decreased. The nitrogen 
content of the calcined microspheres increased slightly from 
0.50 to 0.81 at% when the initial urea:Ti mole ratio increased 
from 1 to 3. The nitrogen-doped mesoporous titania micro-
spheres showed higher visible-light photocatalytic activity than 
the undoped counterparts.   

 2.7. Combined Sol-Gel Self-Assembly and Solvothermal Process 

 Due to the high reactivity of the titanium dioxide precursors 
and the complexity of the synthetic procedures, there is no 
facile process reported on the synthesis of titania spheres that 
simultaneously controls a number of properties: including 
high specifi c surface area, variable pore size, high crystallinity, 
monodisperse particle size and well-defi ned spherical mor-
phology. This can be achieved by combining sol-gel chemistry 
with a solvothermal process as illustrated in  Figure    7  . [  38–45  ]  
The morphology, monodispersity in size and diameter of the 
mesostructured hybrid beads can be controlled during the 
sol-gel cooperative self-assembly process in the presence of a 
structure-directing agent (e.g., hexadecylamine, HDA), whereas 
crystallite size, specifi c surface area, and pore size distribu-
tion of the anatase titania beads can be varied by altering the 
ammonia concentration in a solvothermal process or the tem-
perature of solvothermal crystallization and calcination.  

 Typical structures of the amorphous precursor beads and 
resultant mesoporous titania (anatase) beads are shown in 
 Figure    8  . [  39  ,  40  ]  Monodisperse hybrid precursor beads with 
© 2013 WILEY-VCH Verlag Gm

     Figure  7 .     Schematic illustration of the synthesis of monodisperse mesoporo
process. Adapted with permission. [  40  ]  Copyright 2010, American Chemical S

Adv. Funct. Mater. 2013, 23, 1356–1374
tunable diameter were produced during the sol-gel synthesis 
(Figure  8 a–c). The diameters of the precursor beads can be 
tuned from 300 to 1150 nm by varying the H 2 O:Ti mole ratios 
from 10:1 to 3:1. These hybrid precursor beads possess a fairly 
smooth surface and uniform wormhole-like mesostructure 
throughout the whole bead. They also have quite low specifi c 
surface areas and pore volumes due to the presence of HDA 
in the interstices among the primary sol particles. The pre-
cursor beads are amorphous as revealed by the XRD studies. 
To prepare mesoporous titania beads with a highly crystal-
line framework and controllable mesoporosity, a solvothermal 
treatment was conducted in the presence of ammonia. As 
shown in Figure  8 d, monodisperse mesoporous titania beads 
were obtained after this solvothermal treatment and calcina-
tion in air. The beads had rough granular surface features and 
were composed of anatase nanocrystals with a size  <  18 nm 
(Figure  8 e). Increasing the concentration of ammonia used in 
the solvothermal treatment leads to an [010] direction oriented 
growth of the anatase nanocrystals and results in the formation 
of elongated nanoparticles (Figure  8 f). Abundant mesopores 
were found throughout the spherical anatase particle (Figure  8 g), 
and a well interconnected and densely packed nanocrystal net-
work was observed within the titania beads (Figure  8 h). [  38  ]  As 
revealed by the corresponding HRTEM image shown in Figure 
 8 i, intergrowth between the anatase crystals occurred during 
the solvothermal process.  

 Using a similar synthesis strategy, Yoon and co-workers 
recently investigated the effects of carbon chain length of the 
n-alkylamine and sol-gel synthesis temperature on the mono-
dispersity and particle diameter of the amorphous precursor 
beads. [  127  ]  To avoid hydrolysis of titanium (IV) isopropoxide 
prior to the sol-gel synthesis of the precursor beads, the syn-
thesis was conducted under an inert argon atmosphere using 
pre-distilled titanium (IV) isopropoxide and ethanol. The mon-
odispersity of the resulting amorphous precursor beads was 
improved by removing the pre-existing nuclei in the as received 
titanium (IV) isopropoxide and employing n-alkylamines con-
taining 10, 12, or 14 carbon atoms in the alkyl chain. Upon 
such optimization, monodisperse amorphous precursor beads 
with a relatively low standard deviation (less than 4%) in par-
ticle size were successfully fabricated at synthesis temperatures 
ranging from 0 to  − 20  ° C, and the diameter of the resulting 
precursor beads increased from 900 to 2040 nm over this 
1363wileyonlinelibrary.combH & Co. KGaA, Weinheim

us titania beads using a combined sol-gel self-assembly and solvothermal 
ociety.  



136

www.afm-journal.de
www.MaterialsViews.com

FE
A
TU

R
E 

A
R
TI

C
LE

     Figure  8 .     SEM images of the monodisperse amorphous precursor beads of tunable diameters 
prepared with H 2 O:Ti mole ratio of a) 3:1, b) 5:1 and c) 7:1. SEM images of the d) monodis-
perse mesoporous anatase beads and e) at higher magnifi cation showing the rough granular 
surface features and the presence of elongated nanocrystals. f) TEM image of the elongated 
nanocrystal revealing that anatase crystal grows along the [010] direction and increases the 
abundance of (101) plane. g,h) TEM images of an ultramicrotomed section of the titania beads 
showing abundant mesopores throughout the anatase titania beads, well interconnected and 
densely packed nanocrystal networks within the titania beads, and i) intergrowth between 
titania nanocrystals. Panels (a,b,e,f) reproduced with permission. [  40  ]  Copyright 2010, Amer-
ican Chemical Society. Panels (g–i) reproduced with permission. [  38  ]  Copyright 2010, American 
Chemical Society.  
temperature range. After solvothermal treatment and calcina-
tion, the pore diameters of the resulting mesoporous titania 
beads can be increased from 5 to 13 nm by doubling the 
carbon chain length of the n-alkylamine from 8 to 16, along 
with an increase in the corresponding pore volumes from 0.12 
to 0.41 cm 3  g  − 1 . This combined sol-gel self-assembly and sol-
vothermal synthesis strategy has recently been demonstrated 
as a versatile procedure to fabricate mesoporous anatase beads 
with variable composition, porosity and surface properties for 
diverse applications. [  47  ,  127–143  ]    

 2.8. Other Synthesis Methods 

 Spherical anatase single crystals less than 30 nm in diameter 
have been successfully fabricated using a CO 2  laser vaporiza-
tion method. [  144  ]  Continuous radiation of 2 kW laser power 
yielded  ≈ 21 nm anatase nanoparticles (with a specifi c surface 
area of 40.9 m 2  g  − 1 ) at a production rate of 16.9 g titania powder 
per hour, while the use of pulsed radiation of 170 W mean laser 
4 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Wein
power resulted in  ≈ 16 nm anatase nanocrys-
tals (with a specifi c surface area of 58.9 m 2  g  − 1 ) 
at a reduced production rate of 1.3 g titania 
per hour. Using the well-established fl ame 
pyrolysis process, isolated spherical titania 
nanoparticles with a particle size ranging 
from 10 to 100 nm have been prepared 
using titanium (IV) isopropoxide as the pre-
cursor. [  145  ]  Both precursor concentration 
and fl ame temperature play important roles 
in controlling the average particle size and 
morphology. High precursor concentration 
and low fl ame temperature can promote pre-
cipitation within the precursor droplets and 
thus result in relatively large spherical titania 
particles. Kim and co-workers synthesized 
micrometer-sized amorphous titania spheres 
by forced hydrolysis of 0.1  M  titanium tetra-
chloride in a mixed solvent of 1-propanol 
and water at 70  ° C. [  146  ,  147  ]  Adjusting the 
volume ratio of 1-propanol to water in the 
mixed solvent, the dielectric constant and 
zeta potential of the solvent can be varied 
and thus results in the precipitation of amor-
phous titania particles with different mor-
phologies. Discrete spherical titania particles 
formed when the volume ratio of 1-propanol 
to water was 3. Adding a small amount 
(0.64 mg mL  − 1 ) of hydroxypropyl cellulose 
(as a steric dispersant) in the precursor solu-
tion produced well-dispersed spherical titania 
particles with a narrow size distribution. By 
hydrolyzing a 0.015  M  titanium (III) chloride 
aqueous solution containing 0.5  M  urea at 70 
 ° C for 2 h, [  148  ]  Ishigaki and co-workers fabri-
cated  ≈ 150 nm spherical titania assemblies 
consisting of  ≈ 25 nm brookite nanocrystals 
with a specifi c surface area of 41 m 2  g  − 1 . 
These assemblies remained in the brookite 
phase when heated at 500  ° C for 2 h and were converted to 
rutile on heating at 700  ° C for 2 h, along with a signifi cant 
decrease in the surface area to 9.7 m 2  g  − 1 . Maier and co-workers 
prepared spherical TiO 2 /CdSO 4  composites by hydrolyzing 
acetylacetone stabilized titanium (IV) butoxide in the presence 
of cadmium acetate dehydrate, thiourea, 1-thioglycerol and 
 N , N -dimethylformamide:water (3:1 volume ratio) solvent. [  55  ,  56  ]  
Etching away the CdSO 4  in the composite with 10 wt% HNO 3  
aqueous solution gave  ≈ 300 nm mesoporous anatase spheres 
with a high surface area of 130 m 2  g  − 1  and a broad pore size dis-
tribution ranging from 3.2 to 33 nm. Using a rapid microwave 
treatment heating at 150  ° C for 10 min, mesoporous anatase 
titania microspheres with a diameter ranging from 150 to 250 nm 
were prepared using spherical titanium glycolate precursors 
derived from an ethylene glycol mediated sol-gel synthesis. [  149  ]  
Through a facile and inexpensive colloidal route, Pagnoux and 
co-workers fabricated millimeter sized titania beads by granu-
lating commercial anatase powders dispersed in aqueous solu-
tion in the presence of polyelectrolytes such as poly(sodium 
4-styrenesulfonate) and chitosan (a polycation). [  150–152  ]     
heim Adv. Funct. Mater. 2013, 23, 1356–1374
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 3. Applications 

 As mentioned in the introduction and briefl y alluded to in the 
above synthesis section, the spherical titania nanostructures 
have been applied in a range of applications. Below we have 
segmented the examples based on chromatography, energy-
storage and conversion, light induced chemistry, electrorhe-
ology, catalysis and then applications that do not fi t into these 
categories.  

 3.1. Packing Materials for Chromatographic Separation 

  3.1.1. High-Performance Liquid Chromatography (HPLC) 

 Compared to silica (the most widely used packing material 
for HPLC), titania shows superior chemical and pH stability, 
and different surface properties, which makes titania a highly 
promising support material for HPLC applications under rig-
orous analytical conditions. [  11–13  ]  For this purpose, signifi cant 
effort has been devoted to the fabrication of titania sorbents 
with controllable particle size, porosity and crystallinity. More-
over, to achieve mechanically stable packing beds and reduce 
the pressure drop over the column, micrometer-sized spherical 
titania particles with a narrow size distribution are highly desir-
able. [  11  ,  13  ,  48  ,  153  ]  Zuo and co-workers reported the synthesis of 
titania microspheres with a particle size of 3.5  ±  0.5  μ m using 
a polymerization induced colloid aggregation method. [  153  ]  The 
calcined titania microspheres had a surface area of 36.7 m 2  
g  − 1  and an average pore diameter of 32.2 nm. Recently, HPLC 
grade titania microspheres for normal phase chromatography 
have become commercially available (Sachtopore, made by 
Sachtleben, Duisburg, Germany), [  48  ]  with fairly monodisperse 
© 2013 WILEY-VCH Verlag Gm

     Figure  9 .     a) SEM image of the Sachtopore titania beads with an average dia
titania beads (6, 10, 30, or 200 nm). c) Separation of substituted aniline and
aniline, 3)  N -methylaniline, 4) 2,6-dimethylpyridine, 5) 2-methylpyridine, 6) 2
native 5  μ m titania beads with 10 nm mesopores. Column: 150 mm  ×  4 m
Detection: UV at 254 nm. Temperature: ambient. Pressure: 16 bar. Reproduc
2000, Elsevier Science B. V.  
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particle sizes (ranging from 3 to 80  μ m) and a narrow pore 
diameter of 6, 10, or 30 nm in the anatase phase. For the rutile 
phase, the corresponding packing materials have a pore diam-
eter up to 200 nm. These Sachtopore titania packing materials 
are stable against acid and base, and therefore extend the HPLC 
separation towards more rigorous analytical conditions. Fur-
thermore, the homogeneous surface properties of such titania 
packing materials result in high selectivity for a large variety 
of diverse sorbates of interest. In addition, the slightly acidic 
surface of the titania packing materials enables the separation 
of basic molecules (e.g., diverse amines) using a nonfunctional-
ized titania column ( Figure    9  ).    

 3.1.2. Selective Enrichment of Phosphopeptides 

 Titania microspheres also show promise towards the selective 
enrichment of phosphopeptides from proteolytic digests due to 
the high affi nity of titania to the phosphate ions, its high sta-
bility in an acidic environment, and its tolerance of most buffers 
used in biological experiments. [  49–51  ,  154–156  ]  Heck and co-workers 
reported an automated online liquid chromatographic approach 
to selectively enrich phosphopeptides from proteolytic digests 
using a titania microcolumn (100  μ m internal diameter and 
10 mm in length) packed using  ≈ 5  μ m microspheres (Titan-
sphere, GL Science Inc., Tokyo, Japan). [  49  ]  These titania chro-
matographic microcolumns manifest a strong affi nity and an 
effi cient isolation of the phosphorylated peptides at femtomole 
level with a high recovery, about 90%, indicating a high poten-
tial in the fi eld of quantitative phospho-proteomics. An offl ine 
approach employing a titania chromatographic microcolumn 
prepacked within a pipette tip was also developed to isolate and 
enrich phosphorylated peptides for proteomics research. [  50  ,  51  ]  
1365wileyonlinelibrary.combH & Co. KGaA, Weinheim

meter of 5  μ m. b) Typical pore diameter distributions of the Sachtopore 
 pyridine derivatives on native titania: 1)  N , N -Dimethylaniline, 2) 2-ethyl-
,4-dimethylpyridine, 7) pyridine, 8) 4-methylpyridine, 9) aniline. Sorbent: 
m. Eluent: n-heptane–2-propanol (99.5:0.5, v:v). Flow: 0.75 cm min  − 1 . 

ed (panel a) and adapted (panel b and c) with permission. [  48  ]  Copyright 
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 Selective enrichment and overall recovery of the phosphopep-

tides from complex biological mixtures (e.g., human SKBr3 
breast cancer cells) can be substantially improved by adding 
glutamic acid in the sample loading buffer to reduce nonspe-
cifi c binding of nonphosphorylated peptides to the titania. [  157  ]  
This offl ine approach has also been demonstrated as a simple 
and universal protocol for phosphopeptide purifi cation and was 
well suited for the characterization of phosphoproteins from 
both in vitro and in vivo studies in combination with mass spec-
trometry. Such chromatographic microcolumns packed using 
titania beads within the pipette tip are commercially available 
(e.g., Phos-TiO Kits, GL Sciences, Japan, or Toptip Columns, 
Glygen, Columbia). 

 Another simple protocol to selectively isolate phosphopep-
tide was achieved by directly adding titania beads to the protein 
digests. In this case, the ratio between titania beads and loaded 
peptides can be readily adjusted to optimize the phosphopro-
teome selectivity. [  158  ]  Zhang and co-workers prepared  ≈ 1  μ m 
mesoporous anatase beads using a combined sol-gel and solvo-
thermal process in the presence of ammonia solution. [  155  ]  Due 
to the high surface area of 85 m 2  g  − 1  and relatively large mes-
opores centered at  ≈ 18 nm, these mesoporous anatase beads 
showed a much higher binding capacity for phosphate groups 
and thus a much higher isolation effi ciency for phosphopeptides 
from digests of the rat brain tissue extract, as compared with 
non-porous counterparts and commercial titania nanopowders. 
Yin and co-workers employed sub-micrometer-sized titania col-
loidal spheres to selectively enrich phosphopeptides from the 
digests of standard phosphoproteins and complex samples. [  52  ,  53  ]  
The spheres could be well-dispersed in solution of the digests 
for adsorption and then easily separated via centrifugation, and 
have demonstrated a high adsorption capacity and high selec-
tivity towards the enrichment of phosphopeptides. By incor-
porating superparamagnetic iron oxide nanocrystals into the 
spheres, separation of titania colloidal spheres from the analyte 
solution can be simplifi ed by using a magnet.    

 3.2. Lithium Ion Batteries 

 Due to numerous appealing features, such as excellent rate 
capability, high safety, being environmentally benign, and of 
low cost, [  54–57  ,  159–162  ]  titania has attracted extensive interest as a 
potential anode material for high performance lithium ion bat-
teries. Various titania polymorphs (anatase, rutile and TiO 2 -B) 
and nanostructured morphologies have been applied as anodes 
in recent years. [  54  ,  159  ,  160  ]  Among the various morphologies of 
the titania nanostructures, spherical particles are highly desired 
because of their good mobility and high packing density, which 
is benefi cial for the fabrication of uniform and close-packed 
particulate networks in the electrode, [  54–57  ]  thus imparting 
enhanced volumetric energy density and rate capability to the 
batteries. 

 Spherical fl aky assemblies of anatase nanosheets with exposed 
{001} facets, an average size of 1  μ m and specifi c surface area 
of 170 m 2  g  − 1  were employed as the anode materials in lithium 
ion battery studies. [  57  ]  This resulted in a reversible capacity 
of 174 mAh g  − 1  at 1 C rate (170 mA g  − 1 ), and 136 mAh g  − 1  
at 5 C (850 mA g  − 1 ) after 100 charge-discharge cycles. Even 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
with a current density up to 20 C (3400 mA g  − 1 ), a reversible 
capacity of 95 mAh g  − 1  was obtained, indicating a remarkable 
rate capability for the resulting materials. The unique fl aky ana-
tase nanostructures gave an extremely short transport length in 
the [001] direction of anatase for lithium insertion/extraction, 
and thus the excellent rate performance. After 100 charge-dis-
charge cycles at 5 C, the overall spherical morphology of the 
particles and the long-range ordered anatase crystal phase were 
retained, indicating good structural stability of the resulting 
materials. The TiO 2 -B (bronze) phase has a much higher theo-
retical capacity (335 mAh g  − 1 ), hence Liu and co-workers fabri-
cated mesoporous TiO 2 -B microspheres (ca. 1  μ m in diameter) 
via a combined colloidal silica templating and aerosol-assisted 
pyrolysis process. [  54  ]  These TiO 2 -B microspheres displayed 
superior rate performance with 165 mAh g  − 1  at 10 C (3350 mA 
g  − 1 ), 130 mAh g  − 1  at 30 C (10 050 mA g  − 1 ) and 116 mAh g  − 1  at 
60 C (20 100 mA g  − 1 ), whereas the commercial titania (anatase) 
nanoparticles of similar surface area (123 m 2  g  − 1 ) only obtain 
70 mAh g  − 1  at 10 C, 36 mAh g  − 1  at 30 C and 23 mAh g  − 1  at 60 C 
( Figure    10  ). After 5000 charge-discharge cycles at relatively high 
(10 C) current rate, the capacity of the TiO 2 -B microspheres 
was maintained at 149 mAh g  − 1  (only 10% capacity loss com-
pared with the starting capacity of 166 mAh g  − 1 ), indicating the 
excellent cyclability of these TiO 2 -B microspheres (Figure  10 ). 
The superior rate capacity and cyclability was ascribed to the 
following integrated features: 1) fast pseudocapacitive reaction 
involved on the surface of the materials; 2) adequate electrode-
electrolyte contact due to the well-connected mesoporosity 
(uniform 12 nm mesopores) and relatively high surface area 
(126 m 2  g  − 1 ); 3) compact particle packing density in the elec-
trode layer; and 4) excellent structure stability that results in 
negligible volume/strain changes of the nanostructures during 
the lithium insertion/extraction process.    

 3.3. Dye-Sensitized Solar Cells (DSCs) 

 Spherically shaped anatase particles with high specifi c surface 
area and large mesopores have demonstrated high promise for 
use in working electrodes for DSCs. [  38–47  ,  89  ,  91  ,  92  ,  131  ,  132  ,  135  ,  140  ,  141  ]  
Monodisperse mesoporous anatase beads with variable surface 
area, pore diameter and particle size prepared using a com-
bined sol-gel self-assembly and solvothermal process have been 
applied as titania electrodes with diverse confi gurations for 
DSCs. [  38–45  ]   

 3.3.1. Single Layered Titania Bead Films 

 A high solar to electric power conversion effi ciency (PCE) of 
10.6% was achieved ( Figure    11  a) on a 12  μ m thick anatase bead 
fi lm on FTO glass after sensitization using C101, a Ru(II)-based 
dye. [  38  ]  As revealed by the corresponding incident photon to 
current conversion effi ciency (IPCE) curves, anatase bead elec-
trodes manifest a superior performance to those made from the 
titania nanocrystals (Degauss P25) over the entire range of spec-
trum in which the C101 dye absorbs effectively (Figure  11 b). 
The normalized IPCE curves (Figure  11 c) show the bead elec-
trodes had enhanced photon conversion effi ciency at relatively 
long wavelengths (from 600 to 800 nm). This improved light 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 1356–1374
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     Figure  10 .     a) TEM and b) HRTEM images of the mesoporous TiO 2 -B 
microspheres (ca. 1  μ m in diameter). c) Rate performance of the mes-
oporous TiO 2 -B microspheres and a commercial anatase nanoparticle 
electrode at different C rates (1 C  =  335 mA g  − 1 ). d) Cycling performance 
of the mesoporous TiO 2 -B microspheres during 5000 charge-discharge 
cycles at a high current rate of 10 C (3350 mA g  − 1 ). Reproduced with 
permission. [  54  ]   
conversion characteristic originates from a combination of the 
increased dye loading of the bead electrodes (due to the high 
surface area of the beads) and higher diffuse refl ectance (due to 
the bead morphology and size) in the visible and near-infrared 
regions from 450 to 800 nm (Figure  11 d). [  38  ,  39  ,  42  ,  45  ,  47  ,  132  ]  The 
enhanced optical features could increase the pathlength of the 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 1356–1374
photons within the titania bead electrodes due to scattering, 
and thus improve the light harvesting and conversion effi -
ciencies. [  38  ,  39  ,  42  ,  163  ,  164  ]  Moreover, the well interconnected and 
densely packed nanocrystal network within the titania beads 
(Figure  8 g,h), along with the enhanced chemical bonding (inter-
growths) between anatase nanocrystals (Figure  8 i), promote the 
passing of electrons through the titania grain boundaries. [  38  ]  
Thus extending the electron lifetime and diffusion length 
within the bead electrodes [  38  ,  46  ,  47  ]  (Figure  11 e,f).    

 3.3.2. Scattering Layer 

 To reduce possible photon loss (incident light that generally 
transmits through the fi lm), a bi-layered electrode was con-
structed with an upper scattering layer composed of porous 
titania beads. [  42  ,  47  ,  109  ,  129  ,  132  ,  140  ]  A 6  μ m thick titania (CCIC, 18 nm) 
nanocrystalline fi lm was deposited on FTO glass and then anatase 
bead fi lms of 6 or 11  μ m thickness placed on top. [  42  ]  Due to the 
relatively large bead size and high surface area of the mesoporous 
anatase beads, this upper layer served as a scattering layer and 
contributed to the electrode function. The PCE was improved by 
42.8% with an 11  μ m thick mesoporous bead fi lm on the anatase 
nanocrystal fi lm. [  42  ]  Further optimization of the stacking struc-
tures of the titania electrodes included a triple layered electrode, [  38  ]  
consisting of a layer of 20 nm anatase nanocrystals, then a layer 
of mesoporous titania beads and a top layer of CCIC-400 nm scat-
tering particles. A PCE of 11.2% (open circuit photovoltage of 
725 mV, short circuit photocurrent of 19.9 mA cm  − 2  and fi ll factor 
of 0.77) was achieved using this triple layered titania electrode 
after sensitization using C106, a Ru(II)-based dye. [  38  ]    

 3.3.3. Flexible DSCs 

 Flexible DSCs constructed on conductive plastic substrates 
have gained lots of attention recently. [  43  ,  44  ,  165  ,  166  ]  To improve the 
PCE of the fl exible DSCs, porous titania fi lms with improved 
contacts between the titania nanocrystals are required to ensure 
effi cient electron transport across particle boundaries. Well-crys-
tallized anatase beads with high surface area (61 m 2  g  − 1 ) were 
fabricated by pre-sintering the solvothermally-treated titania 
beads at relatively high temperature (e.g., 650  ° C) to enhance 
chemical bonding between neighbouring nanocrystals within 
the spherical assemblies. [  44  ]  When these pre-sintered mesopo-
rous titania beads were used to fabricate the fl exible DSCs via 
a cold isostatic pressing method, an impressive PCE of 6.59% 
was achieved. In contrast, a PCE of 4.94% was recorded on the 
fl exible DSCs made from the conventional anatase nanocrystals. 
The electron diffusion coeffi cient of the cells employing pre-
sintered anatase bead fi lms was about an order of magnitude 
higher than that of the titania nanocrystal electrodes. Treating 
the pre-sintered mesoporous beads with dilute TiCl 4  aqueous 
solution improved the PCE of the resulting fl exible DSCs to 
7.54%, clearly indicating great promise of such anatase beads 
as candidates for high performance fl exible DSCs. In general, 
such mesoporous anatase beads can be purposely pre-treated 
(e.g., pre-sensitized with diverse dyes/quantum dots, or pre-
coated with various inorganic precursors to achieve core-shell 
structures) to obtain desirable building blocks for fabricating 
high effi ciency fl exible DSCs. [  43  ,  44  ,  165  ,  166  ]     
1367wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  11 .     a)  I – V  curves, b) IPCE curves, c) normalized IPCE curves, d) diffuse refl ectance spectra, e) electron lifetime and f) electron diffusion length 
as a function of charge density in titania fi lms made from anatase beads and Degussa P25 nanoparticles. Panels (a–c,e,f) adapted with permission. [  38  ]  
Copyright 2010, American Chemical Society. Panel (d) reproduced with permission. [  39  ]   
 3.4. Photocatalysis 

 Titania has been applied in photocatalytic oxidation processes 
ranging from the remediation of polluted water and air to H 2  
production via water splitting. [  20  ,  21  ]  Due to their ease of recovery 
and effi cient charge transfer processes between the nanopar-
ticles within the sphere, spherical titania particles have been 
widely studied for these applications. [  64  ,  81  ,  99  ,  113  ,  133  ,  147  ]   

 3.4.1. Photocatalytic Oxidation 

 Park and co-workers recently prepared graphene-wrapped mes-
oporous titania (anatase) microspheres and investigated their 
photocatalytic activities by monitoring the photodegradation of 
methylene blue, an organic dye, under visible irradiation (  λ    >  
420 nm). [  133  ]  The spherical graphene-titania composites were fab-
ricated from preformed amorphous titania microspheres. [  39  ,  40  ]  
The precursor spheres were modifi ed with 3-aminopropyl-tri-
methoxysilane (APTMS) to obtain positively charged surfaces, 
then coated with negatively charged graphene oxide nanosheets 
via electrostatic interactions. The resulting graphene oxide 
wrapped amorphous microspheres underwent solvothermal 
treatment in an ethanol-water mixture at 180  ° C for 16 h to 
deoxidate the graphene oxide and crystallize the titania. Calcina-
tion at 400  ° C for 2 h under an Ar atmosphere was employed 
to remove the organic components and obtain highly crystal-
line graphene-wrapped mesoporous anatase microspheres 
( Figure    12  ). These spheres show an enhanced photocatalytic 
degradation of methylene blue over the bare anatase micro-
spheres and commercial Degussa P25 nanoparticles (Figure  12 ). 
This is due to their extended photon adsorption toward visible 
light as a result of a reduction in bandgap (from 3.2 to 2.8 eV), 
8 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag 
and effi cient transfer of photogenerated electrons from the 
excited methylene blue to anatase nanocrystals through the 
highly conductive graphene nanosheets. Titania microspheres 
( ≈ 2  μ m in diameter) composed of well-crystallized rutile nano-
rods with exposed reactive {111} facets were hydrothermally 
synthesized using 0.15  M  titanium trichloride solution in the 
presence of 3  M  sodium chloride at 200  ° C for 16 h. [  167  ]  These 
rutile microspheres demonstrated excellent photocatalytic anti-
bacterial activity towards  Staphylococcus aureus  as they effectively 
suppressed photoinduced electron–hole pair recombination and 
the highly dispersed OH free radicals directly attacked the  Sta-
phylococcus aureus  on the spherical surfaces.    

 3.4.2. Photocatalytic Water Splitting 

 Choi and co-workers prepared mesoporous titania (anatase) 
microspheres with diameters ranging from 0.5 to 1  μ m via sol-
gel synthesis and calcination at 450  ° C for 1 h. [  99  ]  The spheres 
consist of compactly packed anatase nanocrystals (10–15 nm), 
have a specifi c surface area of 70  ±  5 m 2  g  − 1  and a mesopore 
of 3.9 nm. They are highly effi cient photocatalysts for H 2  pro-
duction via water splitting with a fairly low loading (0.1 wt%) 
of Pt nanoparticles. Under both UV and visible light illumina-
tion, such mesoporous anatase microspheres show a superior 
performance to the synthesized titania colloids, commercial 
Degussa P25 and Hombikat UV-100. This enhanced effectiveness 
was ascribed to the well-connected anatase nanocrystal networks 
within the beads. As revealed by the corresponding photocur-
rent response curves recorded on the bare titania materials 
(without Pt loading), this densely packed network was believed 
to facilitate effi cient interparticle charge transfer by retarding the 
recombination of photoexcited electrons and holes.    
GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 1356–1374



www.afm-journal.de
www.MaterialsViews.com

FEA
TU

R
E A

R
TIC

LE

     Figure  12 .     a) SEM image of the graphene-wrapped titania microspheres. 
b) TEM image showing anatase fringe lattice and graphene layers on 
the surface. c) Photocurrent responses of the bare titania microsphere, 
graphene-titania composite and graphene-titania composite (two-step 
solvothermal) under visible light irradiation (  λ    >  420 nm). d) Photodegra-
dation of methylene blue under visible light irradiation and a remarkably 
enhanced performance of the graphene-wrapped titania microspheres 
demonstrated by curve 4. Adapted with permission. [  133  ]   
 3.5. Photoluminescence 

 Due to its good mechanical, optical and thermal properties, 
titania has been recognized as a highly promising host material 
for high effi ciency phosphors. [  24  ,  82  ,  103  ,  128  ,  134  ,  137  ,  139  ,  168  ]  Ample evi-
dence has demonstrated that effi cient host-sensitized lumines-
cence could be realized in trivalent rare-earth ion (RE 3 +  )-doped 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 1356–1374
titania materials. [  82  ,  103  ,  128  ,  134  ,  137  ,  139  ,  168  ]  To further improve the 
luminescent performance, defi nition and screen packing prop-
erty, non-agglomerated spherical titania particles with a narrow 
size distribution were required. [  103  ]  

 Mesoporous spheres of Eu 3 +  -doped titania about 250 nm in 
diameter were fabricated via a sol-gel synthesis in the presence 
of a nonionic surfactant. [  103  ]  The as-prepared sub-micrometer-
sized spheres were amorphous at the atomic scale. After calci-
nation at 400  ° C, a titania phosphor material having a surface 
area of 158 m 2  g  − 1 , pore diameter of 7.6 nm, Eu 3 +   content of 
4.95 mol.% and semicrystalline framework was obtained. This 
material exhibited strong and broad emission lines derived 
from the excited state of  5 D 0  to the  7 F 1 ,  7 F 2  and  7 F 3  states under 
UV excitation at 360 nm. The semicrystalline frameworks of the 
400  ° C-calcined titania phosphor is important for effi cient lumi-
nescence as 1) anatase nanocrystals within the framework act as 
the sensitizers to transfer the absorbed excitation energy to the 
Eu 3 +   and 2) glassy amorphous regions within the titania host 
allow for a well-dispersed Eu 3 +   and thus prevent luminescence 
quenching from Eu 3 +   aggregation. Using an aerosol-assisted 
self-assembly method, Wang and co-workers fabricated semi-
crystalline Eu 3 +  -doped titania microspheres (0.1 to 1.4  μ m in 
diameter) with varying Eu 3 +   contents (3.7 mol% to 14 mol%). [  82  ]  
After calcination at 400  ° C for 4 h in air, the mesoporous titania 
phosphors had a surface area of 140 m 2  g  − 1  and a mesopore 
of 7 nm. Their mesoporous characteristic, which facilitated 
the distribution of Eu 3 +   within the titania host, allowed high 
doping contents of up to 14 mol% without observation of lumi-
nescence quenching induced by the aggregation of Eu 3 +  . Eu 3 +   
and Sm 3 +   co-doped titania microspheres with a total concentra-
tion of 12 mol% were also fabricated using this method. In this 
case, emission peak wavelengths and intensities can be varied 
by tuning the molar ratio of Eu 3 +   and Sm 3 +  . 

 For the above semicrystalline titania host materials, RE ions 
are usually embedded in the amorphous region or the distorted 
surface sites adjacent to the titania nanocrystals. As a result, 
only broad and unresolved emission lines of the rare-earth ions 
could be observed on the resultant phosphors. To obtain sharp, 
intense and multicolor emission lines of the ions for highly 
sensitive biolabeling, lighting and display applications, phos-
phors incorporating RE 3 +   in the lattice of the host materials are 
in high demand. [  24  ,  128  ,  134  ,  137  ,  139  ]  Although considerable effort 
has been devoted to attain this aim, it remains a challenge due 
to the large mismatch of the ion radius between RE 3 +   and Ti 4 +   
and the charge imbalance. Chen and co-workers recently over-
came this issue by developing a combined sol-gel and solvo-
thermal method to fabricate spherical titania phosphors doped 
with single/dual RE 3 +   (including Eu 3 +  , Sm 3 +  , Er 3 +  , Nd 3 +   and 
Yb 3 +  ) and systematically investigated the electronic structures 
and optical properties of the resultant phosphors. [  24  ,  128  ,  134  ,  137  ,  139  ]  
These RE 3 +  -doped titania phosphors were spherical assemblies 
(around 1  μ m in diameter) of 10–20 nm anatase nanocrystals 
after calcination at 500  ° C in air. When Eu 3 +   was used as the 
dopant, only weak energy transfer from titania host to Eu 3 +   
was observed due to the mismatch of energy levels between 
the titania band-gap and Eu 3 +  . [  24  ]  By co-doping Eu 3 +   with Sm 3 +   
in the titania host, [  128  ]  the energy transfer from titania to Eu 3 +   
ions can be greatly enhanced, as the Sm 3 +   is an energy bridge 
between titania and Eu 3 +  . Using Sm 3 +   or Nd 3 +   as the dopant 
1369wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  13 .     a) SEM image of the spherical Nd 3 +   doped titania phosphors. 
b) Schematic illustration of the energy transfer (ET) from titania host to 
Sm 3 +   and Nd 3 +  . c) Excitation (left) and emission (right) spectra of the 
2.34 mol% Sm 3 +   doped titania phosphors at room temperature. d) Exci-
tation (left) and emission (right) spectra of the 1.99 mol% Nd 3 +   doped 
titania phosphors at room temperature. Adapted with permission. [  134  ]  
Copyright 2009, American Chemical Society.  
( Figure    13  ), [  134  ]  matching of energy levels between the titania 
band-gap and Sm 3 +   or Nd 3 +   excited states can be attained, thus 
intense and resolved emission lines of Sm 3 +   or Nd 3 +   were 
achieved on the resultant phosphors at relatively low dopant 
concentrations (2.34 mol% for Sm 3 +   and 1.99 mol% for Nd 3 +  ). 
When Er 3 +   was used as the dopant, [  137  ]  titania phosphors with 
green and red up-conversion luminescence, in addition to the 
0 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
down-conversion luminescence, were achieved upon laser exci-
tation at 974.5 nm. Moreover, intensities of the up-conversion 
luminescence of the Er 3 +   can be remarkably enhanced (by a 
factor of about 5 times in green and 6 times in red regions) 
upon the co-doping of 2.5 mol% Yb 3 +  . [  137  ]  This is a result of 
the effi cient sensitization and energy transfer up-conversion 
process promoted by the Yb 3 +  .    

 3.6. Electrorheological Fluids 

 As an environmentally friendly semiconductor with relatively 
high dielectric constant and polarization ability and low cost for 
production, titania has been considered as a promising candi-
date for high performance electrorheological fl uids. [  169–171  ]  An 
extremely large yield stress of 200 kPa has been achieved on 
titania based electrorheological fl uids recently. [  171  ]  Zhao and co-
workers fabricated Cr-doped titania microspheres with hierar-
chically-structured or relatively smooth surfaces via a combined 
sol-gel and solvothermal process (150  ° C for 72 h), followed by 
calcination at 600  ° C. [  170  ]  The hierarchically-structured Cr-doped 
titania were composed of rutile nanorods with a diameter of 
20–30 nm and had a surface area of  ≈ 65 m 2 g  − 1  and a mean 
diameter of 3.2  μ m. Contrastingly, the smooth Cr-doped titania 
microspheres were made from rutile nanocrystals and pos-
sessed a relatively low surface area of 5 m 2  g  − 1  and an average 
diameter of 2.3  μ m. Under electric fi elds the suspension made 
of the hierarchically-structured Cr-doped titania microspheres 
possessed a stronger electrorheological effect than those con-
taining smooth Cr-doped titania microspheres due to the 
improved interfacial polarization and the increased interpar-
ticle interaction of the former. This enhanced effectiveness was 
believed to be associated with the unique surface morphology 
and relatively high surface area of the hierarchically-structured 
Cr-doped titania microspheres. Recently, Cheng and co-workers 
developed an acetic acid modifi ed sol-gel process to prepare 
monodisperse sub-micrometer-sized titania spheres for elec-
trorheological fl uids application. [  169  ]  After hydrolysis at 70  ° C 
for 8 h, sub-micrometer-sized anatase spheres with fairly small 
crystallite size were obtained. The sphere diameters could be 
tuned from 420, 310 to 240 nm by increasing the mole ratio 
of acetic acid:titanium (IV) butoxide from 0.4, 1.2 to 3.0, along 
with an increase in the surface area from 10, 17 to 30 m 2  g  − 1 . 
The resultant anatase spheres contained polar molecules (e.g., 
ethylene glycol and acetic acid) on the surfaces of the nano-
crystals and the smaller spheres had more polar molecules 
adsorbed. Rheological experiments revealed that the smaller 
anatase spheres manifested enhanced electrorheological effects 
because of the increased polar molecule contents and specifi c 
surface area.   

 3.7. Catalysis 

 Chen and co-workers fabricated amorphous titania spheres 
( ≈ 500 nm in diameter) with enriched surface hydroxyl groups 
(OH-rich titania spheres) by exposing titanium glycolate pre-
cursor spheres to UV-light irradiation (400 W high-pressure 
mercury lamp with main output at 313 nm) for 2 h. [  172  ]  These 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 1356–1374
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spheres have a high surface area of 460 m 2  g  − 1 , and a narrow 
pore diameter centered at 2.3 nm, and they can activate urea 
under mild conditions (300  ° C in air) to form graphitic carbon 
nitride (a metal-free polymeric photocatalyst). This result dem-
onstrated that carbon nitride materials can be directly prepared 
using oxygen-containing compounds with the aid of OH-rich 
titania spheres. Hydroxyl-group-rich spherical titania colloids 
( ≈ 200 nm in diameter) were also employed as the supports for 
Pd nanoparticles. [  173  ]  Such Pd-loaded titania spheres showed 
a high catalytic activity for the Suzuki cross-coupling reaction 
and can be recycled up to fi ve times without any notable loss of 
catalytic activity due to the fi rmly-attached and well-dispersed 
Pd nanoparticles. Using a similar synthesis strategy, [  174  ]  Song 
and co-workers recently fabricated Cu 2 O-loaded titania sub-
micrometer-sized spheres and demonstrated their superior 
catalytic activities towards the Ullmann type cross-coupling 
reactions between aryl halides and phenol. [  174  ]  Such spherical 
titania catalysts contained well-distributed Cu 2 O nanoparticles 
with enhanced stability on the surfaces and they retained high 
catalytic activities after fi ve consecutive runs. Titania colloidal 
spheres,  ≈ 250 nm in diameter, pre-modifi ed with –NH 2  groups 
were loaded with Pt nanoparticles via a facile electrostatic inter-
action, and the resultant Pt/TiO 2  composites were employed 
as catalysts for the oxidation of hydrogen peroxide. [  175  ]  Due to 
the great biocompatibility of titania and the excellent catalytic 
activity of the Pt nanoparticles, such Pt/TiO 2  catalysts exhib-
ited a sensitive and fast detection of glucose with a low detec-
tion limit of 0.25  μ  M , indicating great promise for biosensing 
application.   

 3.8. Other Applications 

 Spherical titania assemblies have also been widely investi-
gated in fi elds including gas sensors, [  115  ]  colloidal photonic 
crystals, [  102  ,  176  ]  heavy metal ion sequestration, [  177  ]  and bioim-
aging and drug delivery. [  178  ]  Flower-like titania microspheres 
composed of radially assembled anatase nanofl akes were pre-
pared via a hydrothermal oxidation of titanium powder in the 
presence of NaOH and H 2 O 2  at 150  ° C, and subsequent cal-
cination at 550 ° C for 2 h. [  115  ]  The calcined fl ower-like titania 
microspheres were 1 to 1.5  μ m in diameter and possessed a 
surface area of 64.8 m 2  g  − 1 . These hierarchically structured 
materials showed a sensitivity of 6.4, a response time of 12 s 
and a recovery time of 9 s when exposed to 100 ppm ethanol 
vapour. This excellent gas sensing response was believed to be 
associated with the hierarchical porosity that enables fast diffu-
sion of ethanol gas throughout the titania sensing layer. Mono-
disperse, sub-micrometer-sized, non-aggregated titania spheres 
were recognized as promising candidates for colloidal photonic 
crystals because of their relatively large refractive index and 
low absorption in the visible and near-infrared regions. Bragg 
refl ections in visible or near infra-red regions were observed on 
the colloidal photonic crystals made of either 280 or 484 nm 
titania spheres, respectively. [  102  ,  176  ]  Spherical mesoporous 
titania colloids ( ≈ 200 nm in diameter) have demonstrated effec-
tive adsorption of As (V) ions from aqueous solution. [  177  ]  Wu 
and co-workers prepared  ∼ 350 nm amorphous titania nano-
spheres via hydrolysis of titanium (IV) ethoxide in ethanol 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 1356–1374
and the resulting titania nanospheres possess a surface area of 
237 m 2  g  − 1  and an average mesoscale pore of 2.8 nm. [  178  ]  These 
spheres manifested a good biocompatibility to the human 
breast cancerous cell line (BT-20) and a LC 50  (the lethal concen-
tration of 50% cell death) value of 400 mg L  − 1  was determined 
from the cell viability test. Due to the strong affi nity between 
titania and phosphates, such titania nanospheres can be easily 
functionalized with diverse phosphate groups containing fl uo-
rescent probes for intracellular imaging. The high specifi c sur-
face area and mesoporosity of the nanospheres gave them a 
high loading capacity for therapeutic agents (e.g., 21.7 mg g  − 1  
for Doxorubicin, a cell membrane impermeable anti-cancer 
drug) for intracellular drug delivery.    

 4. Conclusions and Outlook 

 Advances in the fabrication and application of various spher-
ical titania nanostructures over the last decade have been 
summarized. A number of important synthesis strategies 
were detailed including the presence of templates, emulsion-
mediated synthesis, aerosol-assisted self-assembly methods, 
electrospray techniques, sol-gel synthesis, hydrothermal/solvo-
thermal approaches, and a combined sol-gel and solvothermal 
method. Physical properties of the titania spheres could be 
controlled depending on the synthesis strategy with variation 
in polymorph (including amorphous, anatase, rutile, brookite 
and TiO 2 -B), particle size (ranging from tens of nanometer to 
millimeter scale), specifi c surface area and porosity, as well as 
the shape and size of the subunits and surface properties of the 
products. Due to the characteristics and spherical morphology 
of these particles they have a relatively high packing density, 
a high affi nity for phosphate ions, excellent structure stability, 
enhanced light scattering capability, a high dielectric constant 
and polarization ability, enriched surface hydroxyl groups, excel-
lent biocompatibility, and tunable surface properties. Hence, 
these spherical titania nanostructures showed excellent per-
formance in applications across numerous fi elds: biomolecule 
separation, clean energy utilization, conversion and storage, 
photoluminescence, electrorheological fl uids, catalysis, drug 
delivery and gas sensing. 

 Most of the synthesis methods are either a batch procedure 
or a continuous process with relatively low yield. To achieve 
widespread utilization of spherical titania nanostructures, a 
continuous and scalable synthesis method that allows precise 
control over the physical properties of the material is required. 
Additionally, as with most colloidal particles, the spherical 
titania particles, especially those less than 1  μ m in diameter, 
tend to agglomerate as they are separated from solution using 
centrifugation or fi ltration and dried. To ensure re-dispersibility 
or fl ow of the dried particles, effective drying or storage methods 
are highly desirable to prevent the formation of irreversible 
agglomerations. Continued research in this area will extend 
our understanding of the formation mechanism of these spher-
ical nanostructures and determine key factors of the synthesis 
process affecting the physical properties. Breakthroughs in 
scale-up production, collection and storage of spherical titania 
nanostructures will give rise to practical products employing 
these versatile titania nanomaterials.  
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