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Controllable Synthesis of Mesoporous TiO 2  Hollow Shells: 
Toward an Effi cient Photocatalyst
 TiO 2  hollow shells with well-controlled crystallinity, phase, and porosity 
are desirable in many applications. In photocatalysis in particular, they can 
provide high active surface area, reduced diffusion resistance, and improved 
accessibility to reactants. Here, the results from studies of the causes for 
the failure of a prior etching and calcination scheme to make such shells 
and on a newly-developed simple yet robust process for producing uniform 
mesoporous TiO 2  shells with precisely controllable crystallinity and phase 
are reported. The key fi nding is that base etching of the SiO 2 @TiO 2  core-
shell particles leads to the formation of sodium titanate species, which, if not 
removed, promote substantial crystal growth during calcination and destroy 
the structural integrity of the TiO 2  shells. A simple acid treatment of the base-
etched samples may convert the sodium titanates into protonated titanates, 
which not only prevent the formation of the impurity phases, but also help 
to maintain the structural integrity of the shell and allow precise control of 
the TiO 2  phase and crystallinity. This new development affords convenient 
optimization of the structure of the hollow TiO 2  shells toward effi cient pho-
tocatalysts, which outperform the commercial P25-TiO 2  in the photocatalytic 
decomposition of organic dye molecules. 
  1. Introduction 

 Titanium dioxide (titania, TiO 2 ) has proven a quite versatile 
material, being useful in various practical applications such as 
bio-separation, energy storage, solar cells, catalysis, and photo-
catalysis. [  1  ]  Under UV light irradiation, with photons of energy 
above the wide band-gap (3.0–3.2 eV) of TiO 2 , light absorption 
leads to the generation of electron (e − )-hole (h + ) pairs which can 
induce a variety of redox reactions. Since the fi rst demonstra-
tion of the electrochemical photolysis of water, TiO 2  has been 
intensively studied and used as photocatalyst in both funda-
mental research and practical applications. [  2  ]  Over the past few 
decades, tremendous effort has been devoted to improving the 
catalytic activity of TiO 2 -based photocatalysts. [  3  ]  

 It is generally agreed that the performance of TiO 2  photo-
catalysts may be improved by developing materials with well-
controlled characteristics such as high crystallinity, large surface 
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area, and high porosity. [  3b  ]  With the con-
tinuous developments in the synthetic 
chemistry of nanomaterials, new classes of 
nanostructured TiO 2  materials have been 
prepared and investigated for photocatal-
ysis. [  4  ]  In principle, well-dispersed anatase 
TiO 2  colloidal nanocrystals should be the 
ideal form of photocatalyst, since those 
can maximize the catalytically active sur-
face area. [  5  ]  However, in order to maintain 
colloidal stability, nanocrystals synthesized 
by conventional solution-phase methods 
are typically covered with organic capping 
ligands, and those signifi cantly hamper 
photocatalytic activity by limiting the 
access of the reactants to the nanocrystal 
surface. [  6  ]  To address this issue, TiO 2  pho-
tocatalysts are often produced in the form 
of a mesoporous framework that can be 
calcined at high temperatures to ensure 
a clean surface, a high surface area, and 
well developed crystallinity. [  4a  ,  7  ]  It has 
been further suggested that preparation 
of mesoporous TiO 2  in colloidal form with 
sub-micrometer dimensions can facilitate 
mass transfer during catalytic reactions. An additional benefi t of 
making catalysts in microsphere form is that they can usually be 
stabilized by the electrostatic charges carried on their surfaces, 
so that no additional capping ligands are needed for main-
taining dispersion stability. The relatively larger size of micro-
spheres compared to typical nanoparticles also makes them 
easier to recycle from the reaction media, by, for example, cen-
trifugation. [  8  ]  If the core region of a colloidal particle is denser 
than the surface, additional improvements in performance may 
be achieved by removing the core portion to produce a porous 
hollow shell; such shells are expected to display more active 
sites per unit mass, reduced diffusion resistance, and improved 
accessibility of the reactant to the active surface. [  9  ]  

 Several synthetic methods have been reported to create 
TiO 2  hollow shells, typically through ripening or templating 
processes. [  10  ]  Hydrothermal treatments are often used for pre-
paring crystalline TiO 2  hollow shells, either with or without 
the use of additional sacrifi cial templates. [  1d  ,  10c  ,  11  ]  However, as 
with many other hydrothermal reactions, these processes are 
simple and convenient but are usually carried out under high 
pressures in sealed reactors, and under such conditions it is 
diffi cult to monitor the growth and precisely control the shell 
thickness, porosity, and crystallinity of the products. 

 We have previously reported a robust sol-gel coating proce-
dure for producing amorphous TiO 2  shells on templates such 
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as SiO 2  colloids. [  12  ]  In principle, crystalline hollow TiO 2  shells 
can be produced by further calcination of the SiO 2 @TiO 2  
core-shell particles at high temperatures followed by selective 
etching of the SiO 2  core with a strong base such as NaOH. In 
practice, however, a simple calcination process cannot main-
tain the shell morphology due to the signifi cant structural 
rearrangement in the TiO 2  shells associated with the extensive 
crystallization and grain growth during calcination. In a reverse 
process, amorphous TiO 2  shells are fi rst produced by etching 
the sol-gel derived SiO 2 @TiO 2  core-shell particles and then 
calcined at high temperature. This, however, leads to the for-
mation of a signifi cant amount of sodium titanate impurities, 
and also to largely damaged shell morphology. [  9b  ]  To produce 
mesoporous crystalline shells, we have also developed a silica 
protected calcination process, which relies on an additional 
silica coating to limit the structural rearrangement of titania 
during calcination. Although a well-developed mesoporous 
shell with a high surface area (>300 m 2 /g) can be obtained 
this way, control of the anatase crystalline grains is limited to 
sizes of approximately 5 nm in diameter even at considerably 
high calcination temperatures, around 900 °C. This is because 
of the signifi cant inhibition that the impregnated silicate spe-
cies exert on the TiO 2  crystallization. A partial etching and 
re-calcination strategy was then proposed to enhance the crys-
      Figure  1 .     a–c) TEM images of hollow shells prepared following various etching and calcination 
sequences: a) base etching of silica followed by calcination at 800 °C; b) calcination at 800 °C 
followed by base etching of silica; and c) base etching of silica followed by acid treatment and 
then calcination at 800 °C. d) XRD patterns of the corresponding samples (�, � and � denote 
anatase, rutile and sodium titanate phases, respectively).  
tallinity of the anatase grains of TiO 2  shells 
while at same time maintaining the shell 
morphology. [  9a  ]  Since the impregnated sili-
cate species in the TiO 2  matrix have a more 
disrupted Si-O-Si network compared to other 
silica-rich regions, they can be preferen-
tially etched away to allow further controlled 
growth of anatase crystalline grains through 
a re-calcination process. This does result 
in hollow TiO 2  shells with a well-developed 
anatase crystallinity, considerable surface 
area, and subsequently enhanced photocata-
lytic activity. The drawback of this strategy, 
however, is that the procedure is quite com-
plicated, involving multiple steps of coating, 
etching, and calcination. A simpler process 
that allows maintaining the mesoporous 
shell morphology and controlling the crystal-
linity would be highly desirable. 

 In this paper, we report on our studies of 
the causes for the failure of the prior etching 
and calcination scheme, and describe a new 
simpler yet robust process for producing 
uniform mesoporous TiO 2  shells with highly 
controllable crystallinity and phases. The key 
fi nding of this work is that the base etching 
of amorphous titania leads to the forma-
tion of sodium titanate species which, if not 
removed, crystallize substantially during cal-
cination and destroy the structural integrity 
of the TiO 2  shells. We found that a simple 
acid treatment of the base-etched samples 
may convert the sodium titanates into pro-
tonated titanates, which not only prevent 
the formation of the impurity phases but 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 4246–4254
also help maintain the hollow morphology of the shells and 
allow precise control of the development of the TiO 2  crystal-
line domains. The resulting TiO 2  nanostructures show advanta-
geous characteristics such as uniform particle size, good water 
dispersity, mesoscale porosity, tunable crystallinity, and control-
lable crystalline phase. The new process reported here affords 
the convenient optimization of the structure of the hollow TiO 2  
shells to achieve higher photocatalytic performance than com-
mercial P25-TiO 2  for the decomposition of organic molecules.   

 2. Results and Discussion 

 Amorphous hollow TiO 2  nanostructures can be synthesized 
by a conventional templating method which combines sol-
gel coating and selective etching processes. [  12  ]  More specifi -
cally, the synthesis involves the preparation of uniform SiO 2  
particles, coating with a TiO 2  layer via a sol-gel reaction of 
tetrabutyl titanate (TBOT) to form SiO 2 @TiO 2  core-shell nano-
structures, and chemical etching of the SiO 2  core by NaOH 
to produce hollow TiO 2  shells. Upon direct calcination of 
the as-synthesized hollow TiO 2  shells at high temperatures, 
e.g., 800 °C, not only the hollow morphology is completely 
destroyed ( Figure    1  a), but also an undesired sodium titanate 
4247wileyonlinelibrary.combH & Co. KGaA, Weinheim



FU
LL

 P
A
P
ER

4248

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

     Figure  2 .     XRD patterns and representative TEM images of hollow anatase 
TiO 2  nanostructures prepared by treating the etched samples with other 
inorganic acids followed by calcination at 800 °C: a) 1 mmol HNO 3  and 
b) 0.5 mmol H 2 SO 4.   
phase is obtained (Figure  1 d). The formation of sodium titanate 
is an interesting result of the templating and base etching pro-
cesses, but sodium titanate is not a desirable photocatalyst, as 
its activity is considerably lower than that of anatase TiO 2 . We 
found that the etching of pure sol-gel derived TiO 2  particles by 
NaOH is rather slow, and that it is diffi cult to directly convert 
amorphous TiO 2  into sodium titanate. Apparently, the titania 
species deposited onto the amorphous silica are key to the for-
mation of the sodium titanate phase upon base etching. As 
condensation of the amorphous silica synthesized by the sol-gel 
process is generally far from completion, [  13  ]  the large amount 
of silanol groups contained in both the porous network and the 
surface react with the titania precursor during the deposition of 
the titania to form Si-O-Ti bonds. Presumably, the Si-O-Ti bonds 
break and convert into sodium titanate species (Ti-O − Na + ) upon 
selective etching of the silica by NaOH. It is also believed that 
the presence of sodium titanate causes the destruction of the 
shell morphology because, as evidenced by the XRD data in 
Figure  1 d, it crystallizes substantially during calcination and 
produces crystal grains with sizes beyond the thickness of the 
shells. Even in the case when the original amorphous shells 
are etched to a lesser extent so that the fi nal products contain a 
mixture of titania and sodium titanate, it was found that, still, 
it is diffi cult to maintain the hollow shell morphology because 
the fast grain growth of sodium titanate weakens the overall 
mechanical strength of the shells. [  9b  ]  When the reverse process 
was attempted, i.e., the calcination of the SiO 2 @TiO 2  core-shell 
samples before chemical etching of the SiO 2 , the fi nal product 
exhibited a well-crystallized anatase structure (XRD analysis, 
Figure  1 d), but the hollow morphology could not be maintained 
(TEM image, Figure  1 b). In this case, the challenge is to pre-
cisely control the crystallization of the TiO 2  layer and grain 
growth during calcination while avoiding signifi cant structural 
rearrangement that often leads to the breakage of the shells.  

 Sodium titanate is known to be a good cation exchanger. [  14  ]  
We therefore suggested that it should be possible to readily 
replace the sodium cations by protons to form protonated 
titanate species which can then be transformed to anatase crys-
talline TiO 2  by dehydration and crystallization during the cal-
cination. [  15  ]  Indeed, a simple treatment of the etched sample 
with diluted HCl solution was found to be able to convert the 
detrimental sodium titanate into protonated titanate, helping 
not only to preserve the pure titania phase but also to maintain 
the structural integrity of the shell and to allow precise control 
of the TiO 2  crystallinity. As shown in the representative TEM 
image in Figure  1 c, TiO 2  particles prepared in this way well 
maintain hollow morphologies as well as high crystallinity, with 
the major crystalline phase being anatase (Figure  1 d). 

 The acid treatment strategy is not restricted to HCl. Other 
inorganic acids, including aqueous HNO 3  and H 2 SO 4 , can also 
be used for this application.  Figure    2   shows the XRD patterns 
and representative TEM images of hollow anatase shells pre-
pared by treating the base-etched samples with 1 mmol HNO 3  
and 0.5 mmol H 2 SO 4  followed by calcinations at 800 °C. Both 
of the TiO 2  samples showed well-developed anatase crystalline 
phases in XRD analysis as well as a hollow morphology in the 
TEM images.  

 Additional sample characterization was carried out by using 
X-ray photoelectron spectroscopy (XPS) to monitor the relative 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
amount of Na +  cations remaining in amorphous hollow TiO 2  
samples after treating with different amounts of HCl.  Figure    3  a 
shows Na 1s XPS spectra obtained for the amorphous hollow 
TiO 2  samples after acid treatment. It is clear that a signifi cant 
amount of Na +  ions remained in the etched sample even after 
repeated washing with water, as suggested by the strong Na 1s 
peak in the XPS pattern for the 0 mmol case (top trace). Upon 
acid treatment, however, it is clear that the Na +  ions are easily 
replaced by H +  to produce protonated titanate species. [  15b  ,  16  ]  
Moreover, more extensive Na +  replacement is obtained with 
more addition of HCl. By considering atomic sensitivity factors, 
the relative atomic ratio of Na to Ti for hollow TiO 2  samples 
treated with solutions of different acid concentrations were cal-
culated and plotted in Figure  3 b. The as-etched sample shows 
a Na/Ti atomic ratio of 1.05, a value that drops to 0.69, 0.49, 
and eventually 0, as 0.01, 0.1 to 1 mmol of HCl was added to a 
150-mg dried solid sample, respectively. The XPS data, together 
with the XRD measurements described below, clearly supports 
that the Na +  cations are removed by ion exchange during acid 
treatment and that, eventually, no Na +  is left in the shell matrix. 
Importantly, the cation exchange process does not lead to major 
structural reconstruction: the hollow shells maintain their mor-
phology and mesoporous structure, as evidenced by the TEM 
images in the insets of Figure  3 b.  

 Next, the changes of crystalline phase and crystallinity of 
acid-treated hollow samples calcined at different temperatures 
was investigated by XRD. As shown in  Figure    4  a, when calcined 
at 500 °C, hollow samples treated with 0.01 and 0.1 mmol HCl 
showed broad diffraction patterns without any apparent peaks, 
indicating the amorphous nature of the solid. However, the 
hollow shells treated with 1 mmol HCl showed well-developed 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 4246–4254
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     Figure  4 .     XRD patterns of acid-treated hollow samples calcined 
at different temperatures: a) 500 °C, b) 650 °C and c) 800 °C. �, � 
and � denote anatase, rutile and sodium titanate phases, 
respectively.  

     Figure  3 .     a) Na 1s XPS spectra and b) relative Na/Ti atomic ratios in 
amorphous hollow TiO 2  samples before and after treatment with HCl 
solutions of different concentrations. The insets in (b) are representa-
tive TEM images of amorphous hollow TiO 2  shells before and after acid 
treatment.  
anatase peaks under the same calcination condition. Moreover, 
upon calcination at 650 °C, the sample treated with 0.01 mmol 
HCl yielded an XRD pattern with broad peaks due to a sodium 
titanate crystalline phase (Na 2 Ti 6 O 13 , JC-PDS 73-1398#), 
whereas those treated with 0.1 and 1 mmol HCl were seen to 
crystallize to the titania anatase phase (Figure  4 b). When an 
even higher calcination temperature was used, e.g. 800 °C, the 
0.01 mmol HCl treated sample showed sharp peaks mainly due 
to sodium titanate phase but also minor signals from rutile 
TiO 2 , whereas the 0.1 mmol HCl treated one displayed mainly 
peaks for the rutile phase, with minor sodium titanate peaks 
(Figure  4 c). The sample treated with a 1 mmol HCl solution 
consistently displayed a dominant anatase phase at all calcina-
tion temperatures, even at 800 °C, but sharper diffraction peaks 
were seen with increasing calcination temperature, suggesting 
enhanced crystallinity.  

 These results can be explained by noting that the amor-
phous titania in the shells made in this study are only partially 
4249wileyonlinelibrary.com© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, WeinheimAdv. Funct. Mater. 2013, 23, 4246–4254
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     Figure  5 .     TEM images of TiO 2  samples produced by acid treatment with HCl solutions of different concentrations followed by calcination at 
a–c) 650 °C or d–f) 800 °C.  
converted to sodium titanate during the NaOH etching. When 
the as-etched hollow samples were treated with dilute HCl, the 
Na +  cations were replaced by H +  ions and the resultant proto-
nated titanate could be dehydrated and then crystallized to dif-
ferent phases depending on how much Na +  ions remained. In 
the case of 0.01 mmol HCl treatment, since the extent of the 
H +  ion exchange is limited, perhaps amounting to only ≈30% 
of the total Na +  content (according to the XPS data, Figure  3 ), 
there is still a large number of Na +  ions in the shell, and that 
makes it diffi cult to get a crystalline phase unless high tempera-
tures are used. Moreover, high calcination temperatures in this 
case lead to the crystallization of sodium titanate, not titania, 
phases. Only at calcination temperatures of or above 800 °C a 
small portion of protonated titanate could form a titania crystal-
line phase, albeit in the form of rutile. 

 In the intermediate case of the sample treated by 0.1 mmol 
HCl, a smaller number of Na +  ions, approximately half of 
those in the original etched sample, are left in the shell. As a 
result, it shows a different crystallization behavior during cal-
cination. No extensive crystallization takes place at 500 °C, as 
in the 0.01 mmol HCl case, but a metastable anatase phase is 
observed upon calcination at 650 °C, presumably from crystal-
lization of the protonated titanate fraction of the solid sample. 
At higher calcination temperatures, e.g., 800 °C, the meta-
stable anatase phase transforms to the rutile phase, and a small 
amount of crystalline sodium titanate forms as well. It is well 
known that metal cations of small radii and low valence can 
accelerate the transformation of anatase to rutile owing to the 
increase in oxygen vacancy resulting from the substitution of 
Ti 4+  ions with lower-valence metal cations. [  17  ]  During the calci-
nation of the sample treated with the 0.1 mmol HCl solution 
at 800 °C (and also with the 0.01 mmol HCl), the remaining 
Na +  ions in the solid not only contribute to the formation of 
a minority sodium titanate phase, but also promote the early 
phase transformation of the shell from anatase to rutile. 
0 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag Gm
 The effect of Na +  cations in promoting the anatase-to-rutile 
phase transformation is also evidenced by the fact that the 
sample treated with 1 mmol HCl, which had no remaining 
Na +  ions, still exhibited a major well-developed anatase phase 
after calcination at 800 °C. This anatase phase forms from 
crystallization of the amorphous protonated titanate phase. [  15  ]  
It is believed that this protonated titanate plays a role similar 
to amorphous silica in limiting the grain growth of titania and 
delaying the phase transformation from anatase to rutile. [  9b  ]  As 
a result, it is possible to control the grain size of the shell within 
a considerably wide range of diameters while at the same time 
retaining the anatase phase, which is preferred for photoca-
talysis. As discussed later, the existence of protonated titanate 
is also benefi cial for the formation of mesoscale porosity and 
for maintaining a relatively high surface area. Upon further 
increases of the calcination temperature, to over 900 °C, phase 
transformations can still occur, and the rutile phase can appear 
(see below). 

 The variation in the concentration of the acid used in the ion 
exchange treatment not only affects the crystal structure but 
also the morphology of the shells made after calcination at high 
temperatures. This is shown in the TEM images in  Figure    5  . 
When acid-treated samples were calcined at relatively low tem-
peratures, e.g., 650 °C, all samples retained a shell morphology 
(Figure  5 a–c). However, the sample treated with 1 mmol HCl 
developed a highly porous structure consisting of small crys-
talline grains, as indicated by the high magnifi cation images 
in the insets of Figure  5 a,c. As the calcination temperature 
was increased to 800 °C, the samples treated with 0.01 and 
0.1 mmol HCl showed completely broken morphology, whereas 
the one treated with 1 mmol HCl still maintained a uniform 
hollow shell morphology. Based on the XRD and TEM studies 
discussed above, we can conclude that the amount of sodium 
left in the TiO 2  layer after acid treatment is essential in deter-
mining not only the crystalline phase but also microscopic 
bH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 4246–4254
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     Figure  7 .     a) XRD patterns, b) N 2  adsorption isotherms, and c) BJH pore 
size distribution obtained for hollow TiO 2  shells prepared by acid treat-
ment with 1 mmol HCl and then calcination at different temperatures.  

     Figure  6 .     TEM images of hollow TiO 2  shell structures prepared by acid 
treatment with 1 mmol HCl and then calcination at different tempera-
tures: a) 500 °C (H-TiO 2 -500), b) 650 °C (H-TiO 2 -650), c) 800 °C (H-TiO 2 -
800), d) 900 °C (H-TiO 2 -900) and e,f) 950 °C (H-TiO 2 -950).  
morphology of the fi nal products. Since treatment with 1 mmol 
HCl leads to the formation of a pure anatase TiO 2  phase as well 
as to the retention of the hollow shell structure, we will focus 
our subsequent discussion on the samples prepared that way. 
The samples will be denoted as H-TiO 2 -x, with x being the cal-
cination temperature.    

 Figure 6   compares the development of the crystalline grains 
of the fi nal hollow TiO 2  shells after being calcined at different 
temperatures. The sample calcined at 500 °C has the smallest 
crystal grains (≈6 nm, Figure  6 a), and the average crystal grain 
size increases continuously with increasing calcination temper-
ature (Figure  6 b–e). Based on a closer observation of the TEM 
images, one can also see that the porosity of the TiO 2  shell layer 
is signifi cantly reduced in the samples calcined at higher tem-
peratures. It should be noted that the hollow shell structure can 
be well maintained even after the samples are calcined at high 
temperatures (i.e., 950 °C), as shown in the low magnifi cation 
TEM image in Figure  6 f.  

 The crystal grain growth, crystalline phase changes, and 
porosity of the hollow TiO 2  samples treated with 1 mmol HCl 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 4246–4254
and calcined at different temperatures were investigated by 
XRD and N 2 -adsorption techniques. As shown in  Figure    7  a, 
the hollow TiO 2  sample calcined at 500 °C (H-TiO 2 -500) dis-
played relatively broad peaks for the anatase phase at 2 θ  = 25.4, 
37.9, 48.1, 54 and 55°, which are attributed to the (101), (004), 
(200), (105) and (211) planes respectively. As the calcination 
4251wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  8 .     a) Photocatalytic degradation of RhB under UV light irradiation 
and b) apparent reaction rate constant vs. reaction time in the presence 
of different TiO 2  catalysts: blank experiment (without catalyst) (�), com-
mercial P25-TiO 2  (�), H-TiO 2 -500(�), H-TiO 2 -650 (�), H-TiO 2 -800 (�), and 
H-TiO 2 -900 (�)).  
temperature was increased, the relative intensity and sharpness 
of the peaks increases, indicating enhanced crystallinity, and 
by 900 °C and 950 °C new XRD peaks were seen at 2 θ  = 27.6, 
36.6, 38.0, 41.4 and 54.5 °  corresponding to the rutile phase (the 
(110), (101), (111), (210) and (211) planes, respectively), together 
with a reduction in the peak intensity ratios of the anatase to 
rutile phases. The average anatase grain sizes of the TiO 2  sam-
ples, calculated from the widths of the anatase (101) peak in the 
XRD data by using the Scherrer formula, [  18  ]  were estimated at 
approximately 6.9, 7.1, 12.1, 19 and 20 nm for sample heated 
at 500 °C, 650 °C, 800 °C, 900 °C, 950 °C, respectively, and the 
rutile grain size of samples calcined at 900 °C and 950 °C were 
estimated (by using the rutile (110) peak) at 25.2 and 27.5 nm, 
respectively. These results are consistent with the TEM observa-
tions in Figure  6 .   

Figure  7 b,c show the N 2  adsorption-desorption isotherms 
and the corresponding Barrett-Joyner-Halenda (BJH) pore size 
distributions obtained for the same TiO 2  shell samples. All 
samples displayed type IV isotherms with a hysteresis loop 
indicating mesoporous characteristics. The hollow TiO 2  sam-
ples calcined at relatively low temperatures, e.g., 500 °C and 650 
°C, showed large adsorption volumes in the monolayer region, 
indicating porous structures with high BET surface areas, but 
those monolayer adsorption volumes decreased monotonically 
with increasing annealing temperature, indicating decreasing 
porosity and surface area, again consistent with the trends 
observed in the TEM analysis (Figure  6 ). The measured surface 
areas for the hollow TiO 2  samples calcined at 500, 650, 800, 
900 and 950 °C were 115, 118, 50, 19 and 14 m 2 /g, respectively. 
Although there are no sharp distribution peaks in the BJH pore 
size distribution curves, all samples show pores with sizes in 
the range of 2 to 10 nm (Figure  7 c). 

 The photocatalytic activity of the H-TiO 2 -x samples was 
evaluated by monitoring the degradation of Rhodamine B 
(RhB) under UV irradiation versus time.  Figure    8   displays the 
data in semilogarithmic form in order to highlight the fi rst 
order nature of the reaction and to facilitate the calculation of 
fi rst-order reaction rate constants ( k ). Only minor degradation 
(4.5% in 30 min) was observed in a blank test (without cata-
lyst), corresponding to a reaction rate constant of approximately 
0.0009 min −1 . The photocatalytic activity of titania is indicated 
by the results obtained by using a commercial TiO 2 -P25 sample, 
for which a reaction rate constant of 0.17 min −1  was measured. 
Our titania shell catalyst display similar or better activity than 
the P25 sample. Specifi cally, the H-TiO 2 -500 showed the lowest 
 k  value among all catalysts tested in this work (0.033 min −1 ). 
However, the  k  value increased continuously as the calcination 
temperature was increased all the way to 800 °C ( k  = 0.102 and 
0.200 min −1  for H-TiO 2 -650 and H-TiO 2 -800, respectively), then 
decreased for the sample calcined at 900 °C ( k  = 0.117 min −1 ). 
The H-TiO 2 -800 shows the highest  k  value, outperforming the 
commercial P25-TiO 2  catalyst. In addition, the photocatalytic 
activity of H-TiO 2 -800 was well maintained during 5 cycles of 
repeated reactions, indicating excellent chemical and optical 
stability (Figure S1, Supporting Information).  

 Our hollow TiO 2  catalysts display relative high adsorption 
capacity, in the range of 11–13% of  C / C  0 . This is to be com-
pared with a value of 6% for the commercial P25-TiO 2 . This dif-
ference in adsorption capacity may come from differences in 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag 
surface properties. Specifi cally, the zeta potential values of the 
TiO 2  samples dispersed in deionized water were found to be 
ca. –38, –53 and +66 mV for the H-TiO 2 -500, H-TiO 2 -800 and 
P25-TiO 2 , respectively. The negative surface charges of these 
samples contribute to their higher adsorption capacity than 
P25-TiO 2  as they tend to attract more positively-charged RhB 
molecules in aqueous solutions with a neutral pH. The high 
density of negative charges on the surface of the calcined sam-
ples also contributes to their excellent water dispersibility, a 
benefi cial feature for good photocatalytic performance. 

 As we have pointed out in our previous studies, many fac-
tors play a role in defi ning photocatalytic activity, with improve-
ments seen with high crystallinity, a large surface area, and 
having the right crystalline phase. [  9a  ]  In the system reported 
here, it is clear that higher calcination temperatures are helpful 
in improving the anatase crystallinity, at least up to a point. 
However, as the calcination temperature is increased beyond 
900 °C, some metastable anatase crystals grow and transform 
into large rutile crystals. Although rutile has a lower band-gap 
GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 4246–4254
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(3.0 eV) than anatase, well crystallized anatase has been identi-
fi ed as the most active TiO 2  phase under UV irradiation thanks 
to a higher reduction potential and a lower recombination rate 
of electron-hole pairs. [  2b  ,  3a  ]  In addition, high calcination tem-
peratures also lead to more signifi cant grain growth leading to 
smaller surface areas. When the shell samples reported here 
were calcined to 900 °C or 950 °C, the surface area was seen to 
decrease markedly, to 19 and 14 m 2 /g respectively (Figure  7 b). 
Accordingly, although the H-TiO 2 -900 sample displayed good 
anatase crystallinity, its catalytic activity was lower than that of 
H-TiO 2 -800.   

 3. Conclusions 

 We have developed a simple yet effective method for synthe-
sizing hollow mesoporous TiO 2  nanoshells with well-controlled 
crystallinity and phase, and demonstrated an ability to optimize 
their structure for enhanced performance in photocatalysis. 
This synthetic method involves TiO 2  coating on a SiO 2  colloidal 
template to form SiO 2 @TiO 2  core-shell composites through 
a sol-gel process, base etching to remove the SiO 2  core, acid 
treatment to remove sodium ions, and fi nally calcination to 
produce hollow TiO 2  shells with tunable crystallinity and con-
trollable phase. Acid treatment is the key step which addresses 
the prior challenges in maintaining the shell structure while 
controlling the phase and crystallinity. By converting undesired 
sodium titanates into protonated titanates, we have been able 
to not only prevent the formation of impurity phases, but also 
maintain the mesoscale porosity and the structural integrity of 
the shells, and also to control the development of the TiO 2  crys-
talline domains. This approach affords the fi ne tuning of the 
structure of the hollow TiO 2  shells toward an effi cient photo-
catalyst that outperforms commercial P25-TiO 2  samples in the 
photocatalytic decomposition of organic dye molecules.   

 4. Experimental Section 
  Synthesis : Colloidal silica templates were prepared through a modifi ed 

Stöber method. [  19  ]  Tetraethyl orthosilicate (TEOS, 99%, 0.86 mL) was 
mixed with the de-ionized water (4.3 mL), ethanol (23 mL) and an 
aqueous solution of ammonia (28%, 0.46 mL). After stirring for 4 h, the 
silica particles were separated by centrifugation, washed with ethanol, 
and then re-dispersed in 5 mL of ethanol. The above silica solution was 
well dispersed in a mixture of hydroxypropyl cellulose (HPC, 0.2 g), 
ethanol (95 mL), and de-ionized water (0.48 mL). After stirring for 
30 min, tetrabutyl titanate (TBOT, 4 mL) in 18 mL of ethanol was injected 
into the mixture using a syringe pump at a rate of 0.5 mL/min. After 
injection, the temperature was increased to 85 °C at 900 rpm stirring 
under refl uxing conditions for 100 min. The precipitate was isolated by 
centrifugation, washed with ethanol, and re-dispersed in 20 mL of water 
to give SiO 2 @TiO 2  core-shell composites. To obtain hollow shells by 
removal of the SiO 2  core, an aqueous NaOH solution (4 mL, 2.5 M) 
was added to the solution, which was then stirred for 6 h. After etching, 
the TiO 2  shells were isolated by centrifugation, washed with de-ionized 
water and ethanol, dried under vacuum, dispersed in de-ionized water 
(150 mg/10 mL), mixed with an aqueous HCl solution, and stirred 
for 30 min. The resulting precipitates were isolated by centrifugation, 
washed with de-ionized water and ethanol, dried under vacuum, and 
calcined at the desired temperature for 2 h in air to obtain crystalline 
hollow TiO 2  shells. 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 4246–4254
  Characterization : The sample morphology was characterized using 
TEM (Tecnai12). Crystal phases were determined by XRD analysis using 
a Bruker D8 advance diffractometer with Cu-Kα radiation (λ = 1.5406 Å). 
XPS spectra were obtained using a Kratos AXIS ULTRA DLD  XPS 
system equipped with an Al Kα monochromated X-ray source and a 
165-nm electron energy hemispherical analyzer. Nitrogen adsorption 
isotherms were obtained at 77 K using a nitrogen sorption instrument 
(Quantachrome NOVA 4200e). Zeta potential measurement of the 
particle dispersion in water was conducted on a Beckman Coulter Delsa 
Nano C particle analyzer. 

  Catalytic Activity Tests : The photocatalytic activity was evaluated 
by following the degradation of Rhodamine B (RhB) as a function of 
time. Before the photocatalytic test was initiated, the catalyst was fi rst 
irradiated under UV light for 30 min to remove any residual organic 
contaminants. The catalyst (5 mg) was dispersed in an aqueous RhB 
solution (25 mL, 2 × 10 −5  M) in a 50 mL reactor cell and the solution 
was stirred in dark condition for 30 min to ensure adsorption of the 
dye on the catalyst surface. A 300 W Hg lamp with a 365 nm fi lter was 
used as the source of excitation (Xujiang XPA-7). The concentration of 
RhB was measured using a UV-Vis spectrophotometer (HR2000CG-
UV-NIR, Ocean Optics). The concentration of RhB in the reaction media 
was followed as a function of time by using the intensity of the 553 nm 
absorption peak in order to obtain the kinetic data reported in Figure  8 .   

 Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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