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ABSTRACT 
Mesoporous nanocrystal clusters of anatase TiO2 with large surface area and enhanced photocatalytic activity 
have been successfully synthesized. The synthesis involves the self-assembly of hydrophobic TiO2 nanocrystals 
into submicron clusters, coating of these clusters with a silica layer, thermal treatment to remove organic ligands 
and improve the crystallinity of the clusters, and finally removing silica to expose the mesoporous catalysts. 
With the help of the silica coating, the clusters not only maintain their small grain size but also keep their 
mesoporous structure after calcination at high temperatures (with BET surface area as high as 277 m2/g). The 
etching of SiO2 also results in the clusters having high dispersity in water. We have been able to identify the 
optimal calcination temperature to produce TiO2 nanocrystal clusters that possess both high crystallinity and 
large surface area, and therefore show excellent catalytic efficiency in the decomposition of organic molecules 
under illumination by UV light. Convenient doping with nitrogen converts these nanocrystal clusters into active 
photocatalysts in both visible light and natural sunlight. The strategy of forming well-defined mesoporous 
clusters using nanocrystals promises a versatile and useful method for designing photocatalysts with enhanced 
activity and stability. 
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1. Introduction 

Clean and sustainable solar energy has been exten- 
sively explored in order to overcome the increasingly 
serious energy and environmental challenges. Among 
numerous approaches, chemical utilization of solar 
energy through photocatalysis has been recognized 
as one of the most promising methods [1–5]. Since 
the discovery of water splitting on the surface of 
titanium dioxide (TiO2) electrodes under UV light 
irradiation [6], TiO2 has been the most widely used 

photocatalyst in practical applications, including water 
splitting, water purification, and carbon dioxide con- 
version, due to its favorable features such as low cost, 
good chemical and mechanical stability, high photo- 
catalytic activity, and non-toxic nature [7–16]. Three 
polymorphs of crystalline TiO2—rutile, anatase, and 
brookite—occur in nature, of which anatase and rutile 
are usually employed as photocatalysts, while the 
photocatalytic activity of brookite has been little 
investigated. In photocatalysis, anatase TiO2 is more 
active than the rutile crystalline form which has been 
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attributed to its lower charge recombination rate and 
higher surface adsorption affinity for organic com- 
pounds [17–19]. Anatase TiO2 is thermodynamically 
metastable and transforms to the rutile phase at high  
temperature (~600 °C).  

The harvesting of solar energy by a TiO2 photo- 
catalyst can be roughly described in three sequential 
steps: (1) generation of electron–hole (e––h+) pairs 
upon absorption of photons; (2) charge separation 
and migration to the catalyst surface; and (3) surface 
redox reactions. Much effort has been devoted to 
developing highly active TiO2-based photocatalysts, 
with the aim of trying to improve the performance in 
some of these three steps [20–22]. For example, the main 
drawback of a pristine anatase TiO2 photocatalyst is 
its large band gap energy (~3.2 eV) which allows it to 
absorb only UV light. As a result, many researchers 
have focused on developing visible-light-active TiO2 
photocatalysts that can make use of both UV 
(290–400 nm) and visible (400–700 nm) radiation to 
enhance process efficiencies. Dye-sensitization has been 
employed to extend the absorption from the UV range 
to the visible range. Organic dyes are usually transition 
metal complexes with low lying excited states, 
including polypyridine complexes, phthalocyanines, 
and metalloporphyrins [23–26]. However, the 
promise of such dye-sensitized TiO2 materials and 
devices for practical applications is still under debate 
because of the instability of organic dyes on light 
irradiation [27]. Metal-ion doping is another popular 
method to make visible-light-active TiO2-based 
photocatalysts. In many cases, however, these suffer 
from a serious deterioration in their photocatalytic 
performance because the metal ions themselves can 
act as the recombination centers of e– and h+ [28–30]. 
It has been demonstrated recently that doping with 
non-metals, including N, C, P, and S, can be useful in 
preparing visible-light-active TiO2-based photocatalysts, 
even though an understanding of the origin of the 
enhanced activity is still controversial [27, 31–34]. On 
the other hand, the improved absorption of photons 
may not necessarily guarantee better photocatalytic 
performance because the efficiency of a photocatalyst 
is also determined by the charge separation and tran- 
sportation step during the photoexcitation process. 
Due to the fast recombination of e––h+ pairs, most 

excited charges recombine and are quenched before 
they can reach the surface. From this point of view, 
small crystal size and high crystallinity are desirable 
in order to enhance charge separation efficiency. Small 
crystal size can reduce the migration distance of charges, 
leading to a lower recombination rate. Another 
favorable consequence of small crystal size is the large 
surface area, which may improve the performance in 
the last step because it can provide more reactive 
sites. High crystallinity can also reduce the number 
of defects, which normally act as recombination centers. 
Since the rise of nanotechnology in the 1990s, great 
efforts have been made to synthesize semiconductor 
nanoparticles in order to enhance their specific surface 
area and, consequently, their catalytic activity. Many 
methods have been developed to synthesize TiO2 
nanoparticles [35], but further thermal treatment of 
the TiO2 nanocrystals is usually needed to improve 
their crystallinity and photocatalytic activity. Owing 
to the large surface area and high surface energy of 
nanocrystals, thermal treatment at high temperatures 
usually causes ripening or fusion of small nanoparticles 
and finally leads to larger particles with a reduced 
surface area, which leads to a deterioration in the 
overall photocatalytic performance. It is thus of great 
importance to prepare highly efficient photocatalysts  
with high crystallinity and large surface area. 

Mesoporous structures of TiO2 represent another 
type of photocatalyst which promises high efficiency 
due to their large surface area. However, there are great 
challenges in preparing mesoporous anatase TiO2 
which possesses both large surface area and high 
crystallinity. Although it has been possible to produce 
TiO2 mesoporous materials with large surface area by 
carrying out the sol–gel process with surfactant 
templates, a heat treatment step is usually required to 
convert the products into a crystalline anatase phase, 
which causes collapse of mesopores and a marked 
decrease in the surface area. Typically reported values 
[36, 37] of Brunauer–Emmett–Teller (BET) surface area 
for mesoporous TiO2 materials are around 100 m2/g, 
which is much smaller than that of their amorphous 
counterparts. Additionally, due to the uncontrollable 
pore collapse during the heat treatment process, it is 
also difficult to control the pore size distribution, which  
is important in some catalysis applications.  
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Recently, we and other groups reported a general 
strategy for the fabrication of novel porous nano- 
structured materials based on the self-assembly of 
nanocrystals [38–40]. We have demonstrated that the 
as-prepared mesoporous nanocrystal clusters can be 
used for selective enrichment of peptides and proteins 
from complex biological samples [40–42]. From the 
perspective of photocatalysis, there are also several 
attractive features of these materials, including clean 
surfaces, high crystallinity, small grain size, and large 
surface area even after high temperature treatment, 
good water dispersity, and a pore size distribution 
which is controllable by simply tuning the initial 
nanocrystal size and shape. Herein, we report their use 
as highly efficient and stable photocatalysts by taking 
advantage of this unique combination of features. 
Hydrophobic anatase TiO2 nanocrystals were synthe- 
sized through a nonhydrolytic solution-based reaction. 
An emulsion-based bottom-up assembly approach was 
then used to self-assemble the colloidal nanocrystals 
into densely packed clusters by evaporating the low- 
boiling-point oil phase. After coating with a shell of 
silica, the as-obtained clusters were calcined at high 
temperature to improve their crystallinity and remove 
the organic ligands. Subsequent etching of the SiO2 
shell by an alkaline solution can remove the outer silica 
layer and give the TiO2 cluster a hydrophilic surface, 
which allows better water accessibility to the pores. 
As a result of the calcination process, the mesoporous 
TiO2 cluster retains its porous structure after the 
etching step. By optimizing the synthesis conditions, 
principally the calcination temperature, TiO2 clusters 
with good photocatalytic activity have been obtained. 
It is believed that the enhanced photocatalytic per- 
formance comes from the unique cluster structure and 
the post-treatment steps of silica coating and etching, 
which results in small grains of TiO2 clusters (~5 nm), 
large surface area, and hydrophilic surfaces. An 
N-doping process was also carried out in order to make 
the clusters catalytically active under irradiation by 
visible light. The catalytic activities of the mesoporous 
photocatalysts for the degradation of organic pollutants 
under UV, visible light, and direct sunlight were 
investigated using rhodamine B (RhB) as a model  
compound. 

2. Experimental 

2.1 Chemicals  

Trioctylphosphine oxide (TOPO), sodium dodecyl 
sulfate (SDS), ammonium hydroxide solution (NH4OH, 
~28% NH3 in water), tetraethylorthosilicate (TEOS, 
98%), and rhodamine B (RhB, 99%) were purchased 
from Aldrich Chemical Co. Tetrabutylorthotitanate 
(TBOT) and titanium tetrachloride (TiCl4) were 
obtained from Fluka. Ethanol (denatured), toluene, 
sodium hydroxide, cyclohexane, and acetone were  
obtained from Fisher Scientific. 

2.2 Synthesis of TiO2 nanocrystals 

TiO2 nanocrystals were prepared by a nonhydrolytic 
solution-based reaction [43]. Typically, TOPO (5 g) 
was heated at 150 °C for 5 min in vacuum to remove 
any low boiling point materials. After increasing the 
temperature to 200 °C under N2 atmosphere, TBOT 
(1.4 mL) was injected into the hot liquid. The resulting 
mixture was then heated to 320 °C, followed by a rapid 
addition of 0.55 mL of TiCl4. The solution was kept at 
320 °C for 20 min to ensure complete reaction. After 
cooling to 80 °C, 10 mL of acetone was added to yield a 
white precipitate, which was isolated by centrifugation 
and subsequently washed with a toluene/acetone 
mixture to remove excess TOPO. The resulting powder  
was re-dispersed in 10 mL of cyclohexane.  

2.3 Self-assembly of nanocrystals into clusters 

The clusters were formed by assembling the nano- 
crystals in emulsion oil droplets and subsequent 
evaporation of the low-boiling-point solvent (the oil 
phase). In a typical process, 1 mL of a cyclohexane 
solution of nanocrystals was mixed with an aqueous 
solution of sodium dodecyl sulfate (SDS) (56 mg in 
10 mL H2O) under sonication for 5 min. The mixture 
was then heated at 70–72 °C in a water bath for 4 h. A 
clear nanoparticle solution was obtained by evaporating 
the cyclohexane. The reaction solution was cooled to 
room temperature and the final product was washed 
three times with water and re-dispersed in 3 mL of  
distilled water. 
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2.4 Surface modification of the clusters 

TiO2 nanocrystal clusters were coated with a layer of 
SiO2 by using a modified Stöber process [44]. Typically, 
the above aqueous solution of TiO2 clusters (3 mL) 
was first mixed with ethanol (20 mL) and ammonium 
hydroxide (1 mL, 28% aqueous solution). Then TEOS 
(0.1 mL) was injected into the solution and reacted 
for 20 min under vigorous stirring. The core/shell 
colloids were collected by centrifugation and washed 
three times with ethanol. After drying under vacuum 
overnight, the precipitate was heated to the desired 
temperature at a rate of 1 °C /min and heated for 1 h 
in air to remove the organic species. In the cases where 
N-doping was needed, the TiO2@SiO2 core–shell 
particles were heated under a NH3/Ar flow in a 
Lindberg/Blue M tube furnace to the desired tem- 
perature at a rate of 1 °C/min and heated for another 
hour to ensure the successful nitrogen doping and 
removal of organic species. The calcined particles were 
then dispersed in aqueous NaOH solution (5 mL, 
0.5 mol/L) for 3–4 h with stirring, in order to dissolve 
the silica shell. The particles were collected by 
centrifugation and washed three times with distilled  
water. 

2.5 Characterization 

A Tecnai T12 transmission electron microscope (TEM) 
was used to characterize the morphology of the colloids 
in each step. Samples dispersed in ethanol at an 
appropriate concentration were cast onto a carbon- 
coated copper grid, followed by evaporation under 
vacuum at room temperature. The crystal structures 
of the samples were evaluated by X–ray diffraction 
(XRD), carried out on a Bruker D8 Advance diffracto- 
meter with Cu Kα radiation (λ = 1.5418 Å). The surface 
area and porosity of the products were estimated  
by measuring the nitrogen adsorption–desorption 
isotherms on a Micromeritics ASAP 2020M Accelerated 
Surface Area and Porosimetry System. UV/Vis diffuse 
reflectance spectra were measured on a Shimadzu 
UV 3101PC double-beam, double-monochromator 
spectrophotometer. BaSO4 powder was used as a 
reference (100% reflectance). A probe-type Ocean 
Optics HR2000CG-UV-NIR spectrometer was used to 
measure the UV–Vis absorption spectra of solutions  

in order to monitor the concentration of RhB at different 
time intervals. A three-electrode system (VersaSTAT  
4, Princeton Applied Research) was utilized to 
characterize the electrochemical properties of the 
photocatalysts by using Ag/AgCl as the reference 
electrode, Pt wire as the counter electrode, and TiO2 
catalysts deposited on a 1-cm2 ITO glass as the 
working electrode. An aqueous solution of RhB and  
Na2SO4 was used as the electrolyte.  

2.6 Photocatalytic activity measurements  

Photocatalytic degradation of RhB was carried out in 
a 100-mL beaker, containing 50 mL of reaction slurry 
agitated by magnetic stirring (650 r/min). The as- 
obtained TiO2 clusters were first irradiated by UV 
light for 1 h to completely remove any residual organic 
ligands, followed by drying in an oven at 60 °C for 2 h. 
The aqueous slurry, prepared with different catalysts 
and 1.0 × 10−5 mol/L RhB was stirred in the dark for 
30 min to ensure that the RhB was adsorbed to 
saturation on the catalysts. For the UV irradiation 
experiment, a 15 W UV lamp (254 nm, XX-15G, USA), 
6 cm above the reaction slurry, was used as UV radia- 
tion source. The average light intensity striking the 
surface of the reaction solution was ~1.55 mW·cm–2. 
The concentration of titania was 200 mg/L for all the 
runs. For the visible light irradiation experiment, a 
150 W tungsten lamp was used as the light source, and 
a cutoff filter was used to block the UV light (< 400 nm). 
The reaction flask was placed in a cooling water system 
to keep the reaction system at room temperature. To 
explore the photocatalytic performance in sunlight, 
the reaction flask was exposed directly to natural  
sunshine. 

3. Results and discussion  

The synthesis of TiO2 nanocrystals involves a solution 
phase nonhydrolytic reaction between the two 
precursors TBOT and TiCl4, with TOPO as both the 
solvent and surfactant [43]. The particle size as well 
as the morphology of the as-prepared TiO2 nanocrystals 
can be simply tuned by varying the concentration of 
reactants and surfactants. Figure 1(a) shows a TEM 
image of a typical sample of TiO2 nanocrystals   
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with an average diameter of 5 nm. The hydrophobic 
nanocrystals were dissolved in cyclohexane and then 
dispersed in water to form an oil-in-water emulsion 
with SDS acting as the surfactant. Upon evaporation 
of the low-boiling-point solvent (cyclohexane in this 
case), the nanocrystals confined in the oil droplets self- 
assembled into microspheres, with the size being 
controllable by adjusting the nanocrystal concentration 
or the extent of ultrasonication during emulsification 
(Fig. 1(b)). Generally, the lower the concentration of 
TiO2 nanocrystals and the longer the sonication time, 
the smaller the size of the as-obtained TiO2 clusters. The 
inset in Fig. 1(b) shows an enlarged TEM image of a 
single cluster, from which one can clearly appreciate 
the porous nature of the structure. The clusters were 
then successfully coated with a silica layer by a 
modified sol–gel process, as confirmed by the TEM 
image shown in Fig. 1(c). The thickness of the coated 
silica layer can be easily controlled by adjusting the 
amount of TEOS. Calcination of the resulting TiO2/SiO2 
core–shell structure in air removes the organic ligands 
and improves the crystallinity as well as the mechanical 
stability. Finally, the silica layer was etched away to 

 

Figure 1 TEM images showing the preparation process of TiO2 
nanocrystal clusters: (a) TiO2 nanocrystals; (b) self-assembled TiO2 
nanocrystal clusters; (c) SiO2-coated TiO2 clusters; (d) TiO2 clusters 
after calcination of (c) at 400 °C for 1 h and subsequent removal 
of the SiO2 shell by etching in NaOH. The insets in (b) and (d) are 
higher magnification images of the nanocrystal clusters 

re-expose TiO2 clusters by using a dilute solution of 
NaOH. The clusters retained their spherical shape 
and porous nature after the calcination and etching 
treatments (Fig. 1(d)), suggesting they have the good 
mechanical stability required for photocatalytic  
applications. 

The crystallographic phases of the as-prepared 
catalysts were studied by recording their XRD patterns. 
As shown in Fig. 2, all the reflection peaks of the TiO2 
clusters can be indexed as a pure anatase structure 
with cell parameters a = b = 3.78 Å, c = 9.51 Å, in good 
agreement with the literature value (JCPDS card No. 
21-1272). The peaks are all broad, indicating that the 
clusters are composed of small nanocrystals, which is 
consistent with the TEM observations. For all the 
samples, calcination at higher temperatures did not 
change the crystallographic phase of the as-prepared 
clusters, while the grain size of the clusters increased 
slightly during the calcination process. The Scherrer 
formula was used to estimate the average grain sizes  
of the TiO2 clusters 

λ
β θ

=
0.89

cos
D                 (1) 

where D is the diameter of the grains, λ the X-ray 
wavelength in nanometers (λ = 0.15418 nm in this case), 
β the width of the XRD peak at the half-peak height 
in radians, and θ the angle between the incident and 
diffracted beams in degrees. Figure 2(a) shows the XRD 
patterns of TiO2 clusters after silica coating, calcination 
at different temperatures, and then silica etching. The 
grain size of the TiO2 nanocrystals gradually increased 
from the initial value of 4.8 nm to about 5.5 nm for the 
sample calcined at 500 °C for 1 h. In contrast, as shown 
in Fig. 2(b), the TiO2 nanocrystal clusters without silica 
protection underwent an increase in grain size to 
6.9 nm at 400 °C and 8.4 nm at 500 °C, clearly suggesting 
that the silica shell has a protecting effect. The limited 
size increase of the nanocrystals in silica-protected 
clusters during calcination favors the retention of the 
anatase phase even after high-temperature treatment, 
as the grain size is still well below the critical value of 
14 nm at which the anatase phase transforms to the  
rutile phase [45, 46].  

As the surface-to-volume ratio of catalysts has a 
critical effect on their overall catalytic efficiency, the  
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Figure 2 (a) XRD patterns of self-assembled TiO2 clusters after 
calcination at different temperatures: 350 °C (TC350), 400 °C 
(TC400), 450 °C (TC450), and 500 °C (TC500). The black curve 
is for a sample prepared without calcination. All samples were 
prepared by sequential steps of self-assembly in emulsion droplets, 
silica coating, calcination, and silica etching. (b) XRD patterns  
of self-assembled TiO2 clusters without silica protection after 
calcination at different temperatures 

surface area, and porosity of the TiO2 clusters after 
calcination at different temperatures were investigated 
by measuring their nitrogen adsorption–desorption 
isotherms. Figure 3(a) shows the nitrogen adsorption– 
desorption isotherms and the corresponding pore size 
distribution of the TiO2 clusters calcined at 400 °C 
(TC400). The average pore diameter, as determined by 
using the Barrett–Joyner–Halenda (BJH) method on 
the desorption branch of the isotherm (inset of Fig. 3), 
increases slightly from 2.1 nm to 2.3 nm, and 2.4 nm 

after calcination at 350, 400, and 500 °C. The BET surface 
areas also decreased slightly with increasing calcination 
temperature, from 277 m2/g for the sample treated at 
350 °C to 268 m2/g at 400 °C, and 253 m2/g at 500 °C. 
Both changes can be ascribed to the gradual increase 
in grain size during calcination. We note that silica 
coating can help to maintain the mesoporous structure 
and therefore the large surface area of the clusters. As 
shown in Fig. 3(b), although the clusters without the 
silica coating still retained their mesoporous structure 
after calcination at 400 °C for 1 h, their surface area 
decreased markedly to 137 m2/g, which is consistent 
with the significant grain growth of the unprotected  
samples during calcination. 

 
Figure 3 Nitrogen adsorption–desorption isotherms of TiO2 
clusters after calcination at 400 °C: (a) a layer of silica was coated on 
the clusters before calcination, and removed afterwards; (b) clusters 
were calcined without the silica treatment. The insets show the BJH 
pore size distribution of the corresponding samples 
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Electrochemical characterization was carried out to 
investigate the potential for use of the TiO2 nano- 
crystal clusters in photocatalysis. Electrochemical 
impedance spectroscopy (EIS) was performed to 
characterize electrochemical interfacial reactions, in 
which the photocatalytic decomposition of RhB was 
used as the model reaction. A three-electrode system 
was utilized to measure the EIS spectrum by using 
Ag/AgCl as the reference electrode, Pt wire as the 
counter electrode, and TiO2 catalyst deposited on ITO 
glass as the working electrode. An aqueous solution of 
RhB and Na2SO4 was used as the electrolyte. Figure 4(a) 
shows the EIS Nyquist plots under UV irradiation for 
AEROXIDE® P25 TiO2 and the TiO2 clusters calcined 
at different temperatures. It is well accepted that a 
smaller arc radius of an EIS Nyquist plot implies a 
higher efficiency of charge separation. Of the five 
samples, P25 TiO2, and TC400 show the smallest arc 
radii, suggesting they have the highest charge 
separation efficiency. The relative charge separation 
efficiency increases in the order TC350 < TC500 <  
TC450 < TC400 ≈ P25. 

Chronoamperometry (CA) experiments were used 
to characterize the photogenerated current density 
under a potential of 0.8 V and a periodic illumination 
of UV light. The photogenerated current density is 
usually regarded as equivalent to photocatalytic activity. 
As shown in Fig. 4(b), each of the five samples shows 
a photogenerated current, indicating their active 
response to UV irradiation. The shape of the CA 
curves was maintained after many cycles of light 
illumination, implying good photocatalytic stability. 
The current densities are consistent with the EIS 
measurements, with TC400 showing the highest value  
(~1.5 μA/cm2).  

The catalytic activity of the photocatalysts was 
evaluated by measuring degradation rates of RhB 
under irradiation by different light sources. Figure 5(a) 
shows typical absorption spectra of an aqueous 
solution of RhB exposed to UV light for various  
time periods using TC400 as the catalyst. The strong 
absorption peak at 553 nm gradually diminished in 
intensity as the UV irradiation was prolonged, and 
completely disappeared after 30 min, suggesting the 
complete photodegradation of the organic dye. The 
changes in RhB concentration (C) over the course of  

 
Figure 4 (a) Nyquist plots for P25 and TiO2 clusters calcined at 
different temperatures in an aqueous solution of RhB under UV 
light illumination. Symbols and lines indicate the experimental data 
and fitted curves, respectively. (b) Chronoamperometry study of 
P25 and TiO2 clusters calcined at different temperatures 

photocatalytic degradation reactions using different 
photocatalysts subjected to the silica coating/removal 
process are summarized in Fig. 5(b). The photocatalysts 
were first illuminated by UV light for 1 h to rule out 
the influence of any organic residues in the cluster. To 
compare the photocatalytic activities, the total amount 
of TiO2 was kept the same. Before illuminating the 
mixture it was stirred in the dark for 30 min to ensure 
that the RhB was adsorbed to saturation on the 
catalysts. The adsorption of RhB decreased for TiO2 
clusters treated at higher temperatures, while P25 
showed the lowest adsorption due to its smallest 
surface area (~50 m2/g). This is consistent with the 
BET measurements, which showed the surface area 
decreasing with increasing calcination temperatures.  
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Figure 5 (a) UV absorption spectra showing the gradual decom- 
position of RhB under 254-nm UV irradiation in the presence of 
TiO2 porous catalysts (calcined at 400 °C). Photocatalytic conversion 
of RhB under UV irradiation by using TiO2 clusters calcined at 
different temperatures and P25 as the photocatalysts: (b) the TiO2 
clusters were coated with a layer of silica before calcination, which 
was removed afterwards; (c) the clusters were calcined without 
silica treatment 

However, the photocatalytic activity did not follow 
this simple trend. Although it showed the highest 
adsorption, the photocatalytic activity of TC350 was 
the lowest, probably due to its relatively low 
crystallinity. TC400 gave the highest photocatalytic 
activity, equivalent to that of P25, while TC450 
showed similar activity to TC400 under UV irradiation 
in spite of its lower adsorption ability. Calcination at 
higher temperature resulted in reduced efficiency, as 
evidenced by the performance of TC500. Generally, 
higher photocatalytic activity is favored by larger 
surface area and the higher crystallinity of a catalyst. 
As pointed out above, higher calcination temperature 
leads to an improvement in the crystallinity by 
removing defects in the nanocrystals, but it also leads 
to a smaller surface area. It is apparent that calcination 
at an intermediate temperature of 400 °C is optimal 
for preparing mesoporous TiO2 clusters with large 
surface area and relatively high crystallinity. The  
overall photocatalytic performance of the TiO2 clusters 
is consistent with the results of electrochemical  
measurements. 

We also studied the effect of the silica coating/ 
removal process on the catalytic performance of the 
TiO2 nanocrystal clusters. Compared to the samples 
treated with silica, clusters without silica protection 
during calcination showed much lower adsorption of 
RhB, as shown in Fig. 5(c). During the initial adsorption 
process, ~30% of RhB was adsorbed by the silica- 
treated clusters, while only 20% of RhB could be 
adsorbed by the untreated clusters. We have pointed 
out previously that the silica coating and etching 
processes enhances the surface charge and water 
dispersity of such clusters [40], which is confirmed by 
these experiments. Without the silica coating/removing 
treatment, the calcined TiO2 clusters are in the form 
of large aggregates and cannot be well dispersed in 
water even after 10 min of sonication, while the silica- 
treated clusters can be well dispersed in water. 
Furthermore, as discussed above, the silica coating 
can help to maintain the mesoporous structure and 
therefore the large surface area of the clusters, which  
also favors a higher photocatalytic activity.  

The porous structure of the TiO2 nanocrystal clusters 
allows convenient nitrogen doping under NH3/Ar gas 
flow. After reaction at the desired temperature, the 
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white powder became yellowish, suggesting successful 
nitrogen doping, which was further confirmed by 
measuring the diffuse reflectance UV–Vis spectra. 
Figure 6 shows the UV–Vis spectra of three samples: 
P25, and TiO2 clusters before and after N-doping 
(NTC400). Compared with P25 and the undoped TiO2 
clusters that absorb only UV light, a noticeable shift of 
the absorption edge to the visible region was observed 
for the N-doped sample. To quantitatively study the 
influence of the N-doping process, the band gap 
energy change was calculated. As TiO2 is a crystalline 
indirect transition semiconductor, the band gap 
energy of undoped and N-doped TiO2 clusters can be  
estimated from the following equation 

γα ν ν= −( )h A h Eg              (2) 

where α is the absorption coefficient, hν is the energy 
of the incident photon, A is a constant, Eg is the optical 
energy gap of the material, and γ is a characteristic of 
the optical transition process which depends on whether 
the transition is symmetry allowed or not [47, 48]. 
The calculations show that the N-doping process does 
only red-shift the absorption edge, as evidenced by 
the second gap at 2.85 eV, but also reduces the main  
band edge from 3.2 eV to about 3.05 eV.  

The successful N-doping process was also confirmed 
by the active response of the material under visible 
light irradiation. The degradation of RhB under visible 
light illumination was used as a model system to  

 
Figure 6 UV–Vis diffuse reflectance absorption spectra of P25, 
TiO2 clusters (TC400), and N-doped TiO2 clusters (calcined at 
400 °C, denoted NTC400) 

study the catalytic performance of the catalysts, as 
shown in Fig. 7(a). Upon illumination by visible light 
(λ > 400 nm) for 5 h, there was almost no change in 
the concentration of RhB if no catalyst was present, 
ruling out any possible sensitization process of RhB 
under visible light irradiation. The calcination tem- 
perature showed a significant influence on the photo- 
catalytic activity, which is in good agreement with 
the results of irradiation by UV light. Due to the 
presence of rutile titania that can absorb visible light, 
the conversion of RhB using P25 as the catalyst was 
about 40% with an irradiation period of 5 h. Consistent 
with the data for the undoped samples, NTC400 
showed the highest efficiency of all the calcined 
samples under the same conditions due to its optimal 
crystallinity and surface area: ~50% of the RhB was  
removed in the same period. 

 
Figure 7 Photocatalytic conversion of RhB under (a) visible light 
irradiation (λ > 400 nm) and (b) illumination by direct sunlight using 
no catalyst, P25, and N-doped TiO2 clusters calcined at different 
temperatures as the photocatalysts 
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To explore the photocatalytic activity of the 
as-prepared products for real applications in the photo- 
degradation of organic pollutants, the photodegradation 
of RhB was also investigated under natural sunlight. 
As shown in Fig. 7(b), no sensitization of RhB was 
observed on illumination by sunlight. Commercial 
P25 showed higher activity compared to that under 
irradiation by pure visible light due to the contri- 
bution of the UV component in sunlight. With the aid 
of the cluster-structured photocatalysts, the sunlight can 
efficiently decompose RhB. As shown in Fig. 7(b), when 
using NTC400 as the photocatalyst, decomposition of 
RhB was complete within 100 min—much shorter than 
the time required under illumination by visible light. 
Consistent with the previous results for both UV and 
visible irradiation, NTC350 showed the lowest activity, 
while NTC450 and NTC500 showed lower activities  
than NTC400, which had the maximum activity.  

As recyclability is very important for a catalyst, we 
also demonstrated that the cluster-structured photo- 
catalysts can be recovered and reused to catalyze 
degradation under direct sunlight. Photocatalysis was 
performed in an aqueous solution over many cycles 
by repeatedly adding RhB and irradiating with natural 
sunlight. To ensure that RhB was completely removed 
and had no influence on the next cycle, further direct 
sunlight irradiation for 1 h was conducted after each 
cycle was complete. Centrifugation was used to recover 
the photocatalyst from the aqueous solution. As shown 
in Fig. 8, the catalyst did not exhibit any significant 
loss of photocatalytic activity after seven cycles. The 

 
Figure 8 Seven cycles of photocatalytic degradation of RhB in the 
presence of NTC400 clusters under direct irradiation by sunlight 

slight differences in the extent of decomposition of 
RhB in different cycles might be caused by variations  
in the intensity of the sunlight. 

4. Conclusion  

We have demonstrated the preparation of mesoporous 
anatase TiO2 nanocrystal clusters with large surface 
area and enhanced photocatalytic activity. The synthesis 
involves the self-assembly of hydrophobic TiO2 nano- 
crystals into submicron clusters in emulsion droplets, 
coating of these clusters with a silica layer, thermal 
treatment at high temperatures to remove the organic 
ligands and improve the crystallinity of clusters, and 
finally etching of the silica to reveal the mesoporous 
catalyst. The initial silica coating helps the clusters 
maintain their small grain size and high surface area 
after calcination at high temperatures, while the 
eventual removal of the silica gives the clusters high 
dispersibility in water. TiO2 nanocrystal clusters with 
an optimal balance of high crystallinity and large surface 
area can be produced at a calcination temperature of 
400 °C, which ensures an enhanced photocatalytic 
activity as demonstrated by the high charge separation 
efficiency in electrochemical measurements, and the 
efficient decomposition of an organic dye under 
illumination by UV light. The porous structure of the 
TiO2 nanocrystal clusters also allows convenient 
nitrogen doping, which promotes the photocatalytic 
performance in visible light and natural sunlight. We 
believe that organizing nanocrystals into mesoporous 
clusters represents a versatile and useful strategy for 
designing photocatalysts with enhanced activity and  
stability. 
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