
DOI: 10.1002/chem.200903380

Synthesis of Hierarchical Macro-/Mesoporous Solid-Solution Photocatalysts
by a Polymerization–Carbonization–Oxidation Route: The Case of

Ce0.49Zr0.37Bi0.14O1.93

Guangcheng Xi and Jinhua Ye*[a]

Introduction

Semiconductor photocatalysts have attracted much research
attention owing to their applications in tackling current en-
vironmental and energy issues, especially for the splitting of
water to supply clean hydrogen energy and in water reme-
diation by the removal of harmful organic pollutants.[1–5] To
date, TiO2 has been the best and the most widely used pho-
tocatalyst because of its excellent quantum efficiency, high

chemical stability, and low toxicity.[6] However, its relatively
wide band gap of 3.2 eV requires UV light for effective pho-
tocatalysis, thus severely limiting its practical utility.[7] Al-
though anion- and cation-doped TiO2 with visible-light activ-
ity have been prepared, their photocatalytic activities under
visible-light irradiation are comparatively low.[8] Recently,
increasing attention has been paid to the development of
new visible-light-active photocatalysts.[9–15] Among these,
solid-solution semiconductors with tunable electronic struc-
tures are of particular interest because of their unique prop-
erties that are unattainable from the individual constituent
materials. Recently, Zou et al. synthesized In0.9Ni0.1TaO4

solid-solution photocatalysts, which served to split pure
water into H2 and O2 under visible-light irradiation.[16]

Domen and co-workers successfully prepared (Ga1�xZnx)-ACHTUNGTRENNUNG(N1�xOx) solid solution with high visible-light photocatalytic
activity.[17] More recently, our group synthesized visible-
light-active (Ag0.75Sr0.25)(Nb0.75Ti0.25)O3 solid solution, which
was effective in the photocatalytic decomposition of
CH3CHO into CO2 and H2O.[18] However, the above-men-
tioned solid-solution photocatalysts have generally been pre-
pared by traditional solid-state reaction methods, leading to
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the formation of photocatalysts with low specific surface
areas, which severely limit their photocatalytic efficiencies.

Since photocatalytic reactions occur at the surfaces of cat-
alysts, a nanosized photocatalyst will greatly increase the re-
action rate due to the increased surface area.[19] Unfortu-
nately, nanocrystals of very small size generally tend to ag-
gregate during aging, resulting in a reduction of the active
surface area.[20] Furthermore, the separation of these nano-
crystals from treated water is very difficult and energy-con-
suming, so that their usefulness is limited in practical appli-
cations. Therefore, the development of an effective synthesis
of a visible-light-sensitive photocatalyst that is stable with
respect to aggregation, easily separated, and that has a large
surface exposure area is still one of the most important
tasks for practical applications.

Hierarchical macro-/mesoporous (HMM) structural mate-
rials are able to efficiently absorb guest species and trans-
port them to framework binding sites by virtue of their tex-
tural mesopores, intrinsic interconnected pore systems, and
high specific surface areas.[21–24] Furthermore, the hierarchi-
cal porous structure can more effectively absorb visible-light
energy through multiple reflections of visible light within its
interior cavities.[25,26] Several research groups have reported
the preparation of inorganic macro-/mesoporous materials
by using various template-based methods, employing, for ex-
ample, surfactants, emulsion droplets, and colloidal crys-
tals.[27–29] However, multicomponent solid-solution oxides
with HMM structure have seldom been reported.

HMM solid-solution photocatalysts that combine the ad-
vantages of porous structural control with a tunable elec-
tronic structure can be envisaged as being more promising
for visible-light-driven photocatalysis. Herein, we report the
synthesis of an effective visible-light-active photocatalyst,
HMM Ce0.49Zr0.37Bi0.14O1.93 solid-solution network, by a
facile and low-cost polymerization–carbonization–oxidation
route. The obtained material combines high specific surface
area, HMM structure, and high crystallinity, as a result of
which it shows a strong structure-induced enhancement of
visible-light harvest and exhibits a significantly improved
visible-light photocatalytic activity in the photodegradation
of methyl orange (MO) compared with its other material
forms, such as mesoporous hollow spheres and bulk parti-
cles. In addition, the micrometer-scale outline of this photo-
catalyst allows its easy separation and recovery. Therefore,
the resulting HMM Ce0.49Zr0.37Bi0.14O1.93 solid solution may
be an attractive new photocatalyst for environmental re-ACHTUNGTRENNUNGmediation.

Results and Discussion

Scheme 1 illustrates the formation process of the HMM
Ce0.49Zr0.37Bi0.14O1.93 solid-solution network. In the first step,
glucose, cetyltrimethylammonium bromide (CTAB), Ce-ACHTUNGTRENNUNG(SO4)2, Bi ACHTUNGTRENNUNG(NO3)3, and ZrO ACHTUNGTRENNUNG(NO3)2 were added to distilled
water (100 mL). To avoid hydrolysis of the transition-metal
ions in the solution, citric acid (CA) was selected as the che-

lating agent and acid because of its high cooperativity with
metal ions and appropriate acidity. After stirring for 20 min,
a transparent yellowish-green solution was formed. In the
second step, glucose monomer was gradually transformed
into a crosslinked glucose-derived carbon-rich polysaccha-
ride (GCP) network through polymerization and carboniza-
tion reactions of glucose molecules under hydrothermal con-
ditions.[30] It is well known that such GCP contains abundant
hydroxyl (OH) and carbonyl (C=O) functional groups and
mesopores in the carbonaceous branches.[31] Therefore,
metal cations (Zr4+ , Ce4+ , and Bi3+) would diffuse into the
carbonaceous branches through capillary action and become
coordinated by the OH and C=O groups, forming a cross-
linked Ce-Zr-Bi-GCP composite network. The crosslinked
Ce-Zr-Bi-GCP composite network serves as a precursor and
template for the formation of the HMM solid solution. In
the third step, the as-synthesized crosslinked Ce-Zr-Bi-GCP
composite network is oxidized in air at 800 8C for 1 h. In the
oxidation process, the carbon components contained in the
crosslinked Ce-Zr-Bi-GCP composite are removed and the
remaining structure containing the metal cations is compact-
ed, densified, and crosslinked to form mesoporous solid-so-
lution nanocrystals. This process is similar to the formation
of mesoporous metal oxide hollow spheres reported by Li
et al.[30c] After the oxidation process, the solid-solution prod-
uct obtained partly retains the network-like morphology of
the precursor, but with reduced size.

A general overview SEM image in Figure 1a shows that
the as-synthesized Ce-Zr-Bi-GCP network precursor was
composed of flexible nanowires of diameter 150–200 nm and
lengths of up to 100 mm. A high-magnification SEM image
(Figure 1b) shows that the nanowires became linked and en-
tangled with each other, forming a network structure. The
XRD pattern showed the crosslinked network to be amor-
phous (Figure S1 in the Supporting Information). A clear
broad peak at 10–408, corresponding to amorphous carbon
structures, was observed.[23] Figure 1c shows a low-magnifica-
tion SEM image of a Ce0.49Zr0.37Bi0.14O1.93 solid solution ob-
tained by oxidizing the pre-synthesized crosslinked Ce-Zr-
Bi-GCP network precursor. It can be seen that the as-syn-
thesized solid-solution particles have a micrometer-scale
outline, suggesting that they should be easily recoverable
from treated water. Figure 1d shows a magnified SEM
image of a solid-solution particle, which clearly displays the
porous structure of the as-synthesized solid-solution sample.

Scheme 1. Schematic representation of the procedure for obtaining the
hierarchical macro-/mesoporous Ce0.49Zr0.37Bi0.14O1.93 solid solution.
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Figure 1e and f show further high-magnification SEM
images of the solid-solution sample. The surface of the parti-
cles is very rough and composed of numerous self-supported
macropores with pore diameters of 50–400 nm. Further-
more, from the two high-magnification SEM images, we can
see that the as-synthesized solid-solution sample partly re-
tained the morphology of the crosslinked Ce-Zr-Bi-GCP
precursor, maintaining a complicated network structure. A
TEM image (Figure 1g) indicates that the branches of the
network are composed of mesoporous structures formed by
the random attachment of nanoparticles with sizes in the
range 3–7 nm. Figure 1h displays an HRTEM image taken
on the edge of a branch of the network, which clearly dem-
onstrates that the nanoparticles were highly crystalline and
that numerous mesopores were present.

To investigate the phase purity of the as-synthesized
HMM solid solution, a sample was subjected to XRD analy-
sis, and the results are shown in Figure 2. All of the diffrac-
tion peaks match well those of the corresponding CeO2-

ZrO2 solid solution of fluorite-type structure (JPCDS no.
38-1439), and no Bi2O3 diffraction peaks are detected, which
suggests that Bi3+ ions completely dissolved in the CeO2-
ZrO2 lattice to form a pure solid solution of fluorite-type
structure. Energy-dispersive X-ray spectroscopy (EDS) indi-
cated that the porous sample was composed of Ce, Zr, Bi,
and O (inset in Figure 2). Based on the calculated peak
areas, the atomic ratio of Ce/Zr/Bi/O was about
0.49:0.37:0.14:1.93. It should be noted that Bi could not be
dissolved in the solid solution in indefinite amounts, but that
the proportion of the Bi component could not exceed 0.19
in the body of the solid solution. If the proportion of the Bi
component were higher than 0.19, the final product would
be contaminated with Bi2O3.

The specific surface area of the as-synthesized HMM
Ce0.49Zr0.37Bi0.14O1.93 solid-solution network was investigated
by obtaining nitrogen adsorption and desorption isotherms
(Figure 3). The specific surface area of the sample was
thereby estimated as 140.5 m2 g�1. The pore-size distribution
(inset in Figure 3) was determined from the desorption
branch of the isotherm using the Barrett–Joyner–Halenda
(BJH) method. The average pore diameter of the sample
was 2–25 nm (mesopores and macropores), which may be at-
tributed to the mesoporous branches and some macropores
with small diameters. The larger macropores (shown in Fig-
ure 1d–f) could not be seen because the diameter of these
pores was beyond the measurement range. In comparison,
the specific surface area of a nonporous Ce0.49Zr0.37Bi0.14O1.93

solid solution prepared by a traditional solid-state reaction
was only 6.5 m2 g�1 (Figures S2–S4 in the Supporting Infor-
mation).

The photophysical properties of the HMM
Ce0.49Zr0.37Bi0.14O1.93 network were investigated by UV/Vis
diffuse-reflectance spectroscopy (Figure 4). The spectra of

Figure 1. a) Low- and b) high-magnification SEM images of the cross-
linked Ce-Zr-Bi-GCP network; c) low- and d)–f) high-magnification
SEM images of the HMM Ce0.49Zr0.37Bi0.14O1.93 solid-solution network;
g) TEM and h) HRTEM images of the HMM Ce0.49Zr0.37Bi0.14O1.93 solid-
solution network.

Figure 2. The XRD pattern of the as-synthesized HMM
Ce0.49Zr0.37Bi0.14O1.93 solid solution (JPCDS no.: 38-1439). Inset: EDS
spectrum of the HMM Ce0.49Zr0.37Bi0.14O1.93 solid solution.
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commercial CeO2, ZrO2, and Bi2O3 powders are also shown
for comparison. The absorption edges of the HMM
Ce0.49Zr0.37Bi0.14O1.93 are seen to shift remarkably to longer
wavelengths compared with those of the monocomponent
oxides, and as a result the HMM Ce0.49Zr0.37Bi0.14O1.93 shows
clear light absorption in the visible region. The band gap of
the HMM Ce0.49Zr0.37Bi0.14O1.93 solid solution is 2.5 eV. From
the insets in Figure 4, one can see that the HMM
Ce0.49Zr0.37Bi0.14O1.93 solid-solution network is vivid yellow,
whereas the commercial CeO2, ZrO2, and Bi2O3 powders
are ivory yellow, white, and pale yellow, respectively. From
the UV/Vis spectra and the color changes of the samples, it
is clear that the as-synthesized HMM sample was a uniform

solid solution rather than a mixture of CeO2, ZrO2, and
Bi2O3.

CTAB has been identified as playing an important role in
the present synthesis of the crosslinked Ce-Zr-Bi-GCP com-
posite network precursor. In a parallel experiment, in which
CTAB was omitted from the reaction mixture, numerous
Ce-Zr-Bi-GCP microspheres were obtained and no cross-
linked Ce-Zr-Bi-GCP composite network was detected (Fig-
ure 5a). As an anionic surfactant, CTAB has been demon-

strated to be an excellent soft template for the synthesis of
Ag and Au nanorods and nanowires.[32,33] On the basis of
previous work and our own experimental observations, one
possible function of CTAB in the present synthetic method
might be to generate large numbers of rod-like micelles in
aqueous solution, which may act as soft templates for the
formation of crosslinked GCP networks while also stabiliz-
ing the crosslinked branches. Interestingly, when the Ce-Zr-
Bi-GCP microspheres were calcined and oxidized in air at
800 8C for 1 h, closed and porous Ce0.49Zr0.37Bi0.14O1.93 solid-
solution hollow spheres were synthesized, which were simi-
lar to the metal oxide hollow spheres reported previously.[34]

Figure 5b and c show SEM images of the porous
Ce0.49Zr0.37Bi0.14O1.93 hollow spheres at different magnifica-
tions. Figure 5b shows a low-magnification SEM image of
the sample, which indicates that the product was composed
of a large quantity of hollow spheres. The diameters of these
hollow spheres were in the range 400–600 nm and the thick-
ness of the shells was about 30–50 nm. The porous structure
of the hollow spheres can be easily seen in FESEM images
recorded at a higher magnification (Figure 5c). As shown in
Figure 5c, the sample exhibited a unique porous surface.
BET measurements revealed the specific surface area and

Figure 3. Nitrogen adsorption–desorption isotherm plot for the HMM
Ce0.49Zr0.37Bi0.14O1.93 solid solution. Inset: Barrett–Joyner–Halenda (BJH)
pore-size distribution plot of the HMM Ce0.49Zr0.37Bi0.14O1.93 solid-solution
sample.

Figure 4. UV/Vis diffuse-reflectance spectra of HMM
Ce0.49Zr0.37Bi0.14O1.93, as well as of CeO2, ZrO2, and Bi2O3 samples. The
insets show pictures of the samples.

Figure 5. a) SEM image of the as-synthesized Ce-Zr-Bi-GCP micro-
spheres; b), c) mesoporous Ce0.49Zr0.37Bi0.14O1.93 solid-solution hollow
spheres obtained by calcining the Ce-Zr-Bi-GCP microspheres in air at
800 8C for 1 h; d) nitrogen adsorption–desorption isotherm plot for the
mesoporous Ce0.49Zr0.37Bi0.14O1.93 hollow spheres. Inset: Barrett–Joyner–
Halenda (BJH) pore-size distribution plot for the mesoporous
Ce0.49Zr0.37Bi0.14O1.93 hollow spheres.
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the average pore diameter of the hollow spheres to be
162.7 m2 g�1 and 8 nm, respectively (Figure 5d).

The photoelectrochemical properties of the HMM
Ce0.49Zr0.37Bi0.14O1.93 solid-solution network were also investi-
gated. Figure 6 shows potentiodynamic scans (10 mV s�1) ob-

tained under chopped illumination for the HMM network,
mesoporous hollow spheres, and a nonporous sample. The
electrolyte was 0.1 m Na2SO4 without any additive. It is clear
that an enhanced photocurrent was obtained over the entire
potential range for the HMM Ce0.49Zr0.37Bi0.14O1.9 network.
At 1.0 V, the photocurrent density of the HMM
Ce0.49Zr0.37Bi0.14O1.93 network sample was more than four
times the value for the nonporous sample. Furthermore, it
can be seen that the photocurrent density of the HMM net-
work sample was more than 1.5 times the value for the
meso ACHTUNGTRENNUNGporous hollow-sphere sample at 1.0 V. This is an inter-
esting experimental observation, since the specific surface
area of the HMM network was smaller than that of the
meso ACHTUNGTRENNUNGporous hollow spheres. Generally, a higher photocur-
rent density can be expected when the surface area of a ma-
terial is increased. In the present case, the HMM network
architecture results in a large effective surface area in close
proximity to the electrolyte, thus enabling diffusive trans-
port of photogenerated holes to oxidizable species in the
electrolyte and improving the separation of photogenerated
charges. Conversely, for the mesoporous hollow-sphere
sample, the effective surface area in contact with the elec-
trolyte is reduced because of the close-packed structure of
the spherical shells, which may result in a reduced photocur-
rent density.

To demonstrate the potential application of the as-synthe-
sized HMM Ce0.49Zr0.37Bi0.14O1.93 solid solution, its photocata-
lytic activity in the degradation of MO was investigated.
The progress of the photodegradation with irradiation time

was monitored by analyzing the UV/Vis spectra of aliquots
of the reaction solution withdrawn at different time inter-
vals. Figure 7 shows the optical absorption spectra of an

aqueous solution of MO (initial concentration 8 mg L
�1;

100 mL) with 50 mg of the as-prepared HMM
Ce0.49Zr0.37Bi0.14O1.93 solid solution measured after exposure
to visible light (l>420 nm) for different durations. As is evi-
dent from Figure 7, the intensity of the characteristic ab-
sorption peak of MO gradually decreased with increasing
exposure time, indicating photocatalytic degradation of the
dye in the presence of HMM Ce0.49Zr0.37Bi0.14O1.93 solid solu-
tion. The characteristic absorption peak of MO had almost
completely disappeared after about 1 h, which suggests that
the as-synthesized HMM Ce0.49Zr0.37Bi0.14O1.93 solid solution
served as a high-performance visible-light-activated photo-
catalyst. To evaluate the potential advantage of the HMM
Ce0.49Zr0.37Bi0.14O1.93 solid-solution photocatalyst, further ex-
periments were performed under the same conditions aimed
at comparing the photocatalytic activities of the HMM
sample and a nonporous Ce0.49Zr0.37Bi0.14O1.93 solid solution
prepared by the traditional solid-state reaction route, re-
spectively (Figure 8). It was observed that the photolysis of
MO under visible-light irradiation was very slow in the ab-
sence of a photocatalyst. When using the nonporous
Ce0.49Zr0.37Bi0.14O1.93 solid solution as the photocatalyst, the
time required for complete photodegradation of the MO
was more than 5 h. Furthermore, to evidence the synergistic
effect of the coupling of macropores and mesopores con-
tained in the HMM solid-solution network, the rate of pho-
todegradation of MO observed in the presence of the HMM
solid-solution network was compared with that observed in
the presence of mesoporous Ce0.49Zr0.37Bi0.14O1.93 hollow

Figure 6. Potentiodynamic scans obtained under chopped illumination for
the HMM network, mesoporous hollow spheres, and a nonporous solid-
solution sample.

Figure 7. UV/Vis spectroscopic changes of an aqueous solution of MO
upon irradiation in the presence of the HMM Ce0.49Zr0.37Bi0.14O1.93 solid-
solution sample; a) original, b) dark for 30 min; light on for c) 15 min,
d) 30 min, e) 45 min, and f) 60 min.
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spheres that contained only mesoporous structures. Interest-
ingly, although the mesoporous Ce0.49Zr0.37Bi0.14O1.93 hollow
spheres had a specific surface area (162.7 m2 g�1) greater
than that of the HMM Ce0.49Zr0.37Bi0.14O1.93 (140.5 m2 g�1),
their overall activity in MO photodegradation was lower
than that of the latter, which suggests that the overall photo-
catalytic activity of the HMM Ce0.49Zr0.37Bi0.14O1.93 network
is more directly related to its interior structure than its spe-
cific surface area. In other words, the synergistic effect of
the coupling of macropores and mesopores plays an impor-
tant role in the improvement of the photocatalytic perfor-
mance of the solid-solution sample.

The higher photocatalytic activity of the HMM
Ce0.49Zr0.37Bi0.14O1.93 solid-solution network can be explained
by considering several factors. Firstly, the larger specific sur-
face area: the specific area of the HMM Ce0.49Zr0.37Bi0.14O1.93

solid-solution network is 140.5 m2 g�1, whereas that of the
nonporous Ce0.49Zr0.37Bi0.14O1.93 solid solution is only
6.5 m2 g�1. Clearly, more reactant adsorption/desorption sites
are available in the HMM sample for catalytic reaction. Sec-
ondly, the superior structural characteristics, that is, the
HMM structure, which serve to enhance the rapid diffusion
of various reactants during the reaction. For photocatalysts
with a large surface area and a HMM structure, rapid sur-
face e�/h+ separation and rapid interfacial charge-carrier
transfer are achieved, which decrease the bulk e�/h+ recom-
bination.[25] In addition, the structure prevents the unwanted
aggregation of nanoparticle clusters, which is also helpful in
maintaining the high active surface area.

Conclusion

In summary, a polymerization–carbonization–oxidation
method for the fabrication of HMM networks composed of
Ce0.49Zr0.37Bi0.14O1.93 solid-solution nanocrystals has been

demonstrated. A photocatalytic degradation study of MO
revealed that the HMM Ce0.49Zr0.37Bi0.14O1.93 solid-solution
network functions as a more efficient visible-light-activated
photocatalyst than mesoporous hollow spheres or nonporous
particles. The present approach to the fabrication of solid
solutions of HMM structure is fast and facile. Furthermore,
extension of this synthetic strategy to a general strategy for
obtaining other solid solutions of HMM structure shows
great promise. The present study has proved that designing
solid solutions of HMM structure with high specific area
and high crystallinity is a feasible approach for the develop-
ment of highly efficient visible-light-activated semiconductor
photocatalysts.

Experimental Section

Chemicals : Glucose (C6H12O6), citric acid (CA), cerium sulfate (Ce-ACHTUNGTRENNUNG(SO4)2), bismuth nitrate (BiACHTUNGTRENNUNG(NO3)3), zirconyl nitrate (ZrONO3), cetyltri-
methylammonium bromide (CTAB), ceria (CeO2), bismuth oxide
(Bi2O3), zirconia (ZrO2), distilled water, and absolute ethanol. All re-
agents used were analytically pure, as purchased from Wako Chemical
Reagent Company, and were used without further purification.

Preparation of crosslinked Ce-Zr-Bi-GCP composite nanowires : Ce-ACHTUNGTRENNUNG(SO4)2 (0.49 mmol), ZrONO3 (0.37 mmol), BiNO3 (0.14 mmol), glucose
(4 g), CTAB (0.5 g), and citric acid (3 g) were added to distilled water
(100 mL) under mild stirring, whereupon a yellowish-green solution was
formed. The solution was loaded into a Teflon-lined autoclave, which was
then sealed, maintained at 180 8C for 24 h, and then allowed to cool to
room temperature. The obtained black woolly mass was collected and
rinsed once with absolute ethanol. It was then dried at 70 8C for 4 h.

Preparation of HMM Ce0.49Zr0.37Bi0.14O1.93 solid solution : The as-synthe-
sized crosslinked Ce-Zr-Bi-GCP composite nanowires were heated from
room temperature to 800 8C over a period of 8 h and annealed at 800 8C
for a further 1 h to obtain the final yellow product.

Photocatalytic degradation of MO : The photocatalytic activity of the
HMM Ce0.49Zr0.37Bi0.14O1.93 solid solution was evaluated by degradation of
MO in aqueous solution under visible light from a 300 W Xe lamp
(CERMAX LX-300; ILC Technology) equipped with an L42 cut-off
filter (Hoya Optics) and a water filter. The photocatalyst (50 mg) was
added to RhB aqueous solution (100 mL; 4 mg L

�1) in a Pyrex reactor at
room temperature under air. Before the light was turned on, the solution
was continuously stirred for 30 min in the dark to ensure the establish-
ment of an adsorption–desorption equilibrium. The concentration of MO
during the degradation was monitored colorimetrically using a UV/Vis
spectrophotometer.

Photoelectrochemical measurements were carried out using a conven-
tional three-electrode, single-compartment glass cell fitted with a synthe-
sized quartz window in conjunction with a potentiostat. The quartz elec-
trolytic cell was filled with 0.1 m Na2SO4. A solid-solution electrode
served as the working electrode. The potential was swept linearly at a
scan rate of 10 mV s�1. The illuminated area of the working electrode was
1 cm2. The aforementioned 300 W Xe lamp was used as the visible-light
source. The counter and reference electrodes were a platinum-black wire
and a saturated calomel electrode (SCE), respectively. Photoelectro-
chemical experiments were performed using a CHI-660B electrochemical
system.

Characterization : XRD patterns of the products were recorded on a
Rigaku (Japan) D/max-gA X-ray diffractometer employing graphite-
monochromated CuKa radiation (l =1.54178 �). SEM images and EDS
data were recorded with a field-emission scanning electron microscope
(JEOL-6700 F). Samples for transmission electron microscopy (TEM)
analysis were prepared by drying a drop of nanocrystal dispersion in ab-
solute ethanol on an amorphous carbon-coated copper grid. High-resolu-

Figure 8. The photocatalytic degradation of MO in the presence of the
HMM network (&), mesoporous hollow spheres (*), and a nonporous
solid-solution sample (~); !=without photocatalyst.
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tion TEM (HRTEM) characterization, revealing particle sizes and
shapes, was performed with a JEOL 2010 microscope operated at 200 kV.
UV/Vis absorption spectra were recorded on a Shimadzu UV-2500 spec-
trophotometer. BET measurements were carried out on a Shimadzu Mi-
cromeritics apparatus.
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