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Metal oxide particles ranging in size from nanometers to
micrometers and possessing unique catalytic, electronic, and
optical properties are of great interest for a variety of
applications. In particular, their performance in catalysis and
photocatalysis, which is primarily determined by their chem-
ical compositions, crystallinity, and surface areas, has recently
received much attention. A high-yield synthetic route that is
capable of producing both single- and multicomponent metal
oxide spheres with high surface areas and crystallinity will
undoubtedly benefit the design of high-performance materi-
als in the catalyst industry.'"?) The aerosol-assisted self-
assembly process (AASA),®* an integration of aerosol-
spray and evaporation-induced assembly, is a very promising
strategy. The aerosol-spray approach is the only existing
process that allows for continuous, easy, and large-scale
production of nanoparticulate materials. The evaporation-
induced assembly is one of a few well-developed methods for
synthesizing high-surface-area mesostructures with diverse
metal oxide components.”! Previous preparations using
AASA have up to now been overwhelmingly dominated by
silica-based materials.*'? Because the rapid-evaporation
nature of the aerosol-spray process increases the difficulty
in achieving the effective coupling between much more
reactive non-siliceous sol-gel chemistry and surfactant-
directed assembly, there have been only limited reports of
mesoporous non-siliceous spheres produced by AASA -1
Herein, we describe a simple, scalable synthetic strategy for
the production of diverse single- and multicomponent, highly
crystalline mesoporous metal oxide materials.

To develop a productive and general methodology for the
preparation of submicrometer-sized mesostructured metal
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oxide spheres with highly crystalline frameworks, we have
combined the acetic acid mediated sol-gel chemistry system,
in which metal alkoxides are dissolved in mixture solutions of
acetic acid, hydrochloric acid, and ethanol (AcHE),'"!!
together with the aerosol-assisted self-assembly approach.
In the AcHE system, acetate ligands are bonded to the metal
cores of metal alkoxides in a bidentate and bridging fashion to
form stable, nanometer-sized metal oxo-acetate particles.
These preformed precursor particles serve as inorganic
building blocks, and are rapidly co-organized with organic
amphiphilic block copolymers into ordered mesostructures
during the evaporation process. The hydrolysis and conden-
sation behaviors of these preformed precursor particles
controlled by acetic acid are even able to enhance the
mesostructure framework crystallinity at relatively low calci-
nation temperatures while maintaining high surface areas.
The AcHE system is also efficient at simultaneously control-
ling the sol-gel chemistry of multicomponent mixtures of
metal alkoxide precursors to form stable precursor nano-
particles with similar sizes, which allows for the synthesis of
homogeneous multicomponent mesoporous spheres.

Single-component mesoporous TiO,, ZrO,, and ALO;
spheres with highly crystalline frameworks and multicompo-
nent mesoporous 10% CuO-TiO,, Al-Si-O, and BaTiO;
spheres were chosen to demonstrate the generality of the
approach. Figure 1a shows a typical scanning electron micro-
scopy (SEM) image of the mesoporous metal oxide (TiO,)
spheres after calcination. The sphere size ranges from 50 nm
to hundreds of nanometers, and they are free of surface cracks
and intersphere adherence. These materials can be produced
continuously at a rate of several grams per hour with our
home-built spray system (see the Supporting Information,
Figure S1). The uniform pore size distribution and close-
packing configuration of the single-component TiO,, ZrO,,
and ALOj; spheres are clearly shown in the transmission
electron microscopy (TEM) images (Figure 1b-d). Two
diffraction peaks are resolved in their small-angle X-ray
diffraction (SAXRD) patterns, indicating the long-range
order of the porous structures (Figure 1e). Nitrogen adsorp-
tion measurements demonstrate that all the materials exhibit
the type IV isotherm behavior with high Brunauer—-Emmett—
Teller (BET) surface areas ranging from 142 to 237 m*g!
(Table 1; see also the Supporting Information, Figure S2). The
Barrett-Joyner-Halenda (BJH) pore sizes determined from
the adsorption branches are around 3-5 nm, which is con-
sistent with TEM characterizations.

In addition to their ordered mesostructures, another
unprecedented feature of the mesoporous spheres prepared
by AcHE is the facile creation of nanocrystal domain
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Figure 1. Mesoporous metal oxide spheres. a) SEM image of mesopo-
rous TiO, spheres calcined at 350°C for 5 h. b) TEM image of
mesoporous ZrO, spheres calcined at 350°C for 5 h. ¢) TEM image of
mesoporous Al,O; spheres calcined at 500°C for 5 h. d) TEM image of
mesoporous TiO, spheres calcined at 350°C for 5 h. The inset shows
that the measured pore sizes are in agreement with those determined
from nitrogen adsorption measurements. e) SAXRD patterns of meso-
porous TiO,, ZrO,, and Al,O; spheres calcined under different con-
ditions. The appearance of second-order diffraction peaks suggests the
presence of highly ordered mesostructures.

Table 1: Crystalline and porous properties of mesoporous metal oxide
spheres.

Product  Calcination Crystallinity d®  Pore Surface Pore vol-
T/t [°C/h] [nm] size®  aread ume!
[hm]  [m’g™] [em’g™!/
vol %]
AlL,O; 500/5 amorphous 7.6 4.6 142 0.14/36
ALO, 800/10  v-alumina N/A 4.1 112 0.08/24
ZrO, 350/5 tetragonal 71 38 192 0.17/49
ZrO, 500/5 tetragonal 6.3 3.1 146 0.11/38
TiO,-| 350/5 anatase 93 438 237 0.28/53
TiO,- 350/5 anatase 9.4 46 218 0.27/52
TiO-1ll 350/5 anatase 9.4 45 229 0.28/53
TiO,-400  400/5 anatase 84 38 154 0.23/48
Al-Si-O  800/20 amorphous 8.9 4.7 287 0.34
10%CuO- 350/5 anatase 10.1 6.7 238 0.35
TiO,
BaTiO, 550/2 perovskite N/A 15.8 29 0.16/48

[a] d values of the first-order diffraction peaks for the metal oxide spheres
after calcination. [b] BJH pore sizes determined from the nitrogen
adsorption branches. [c] BET surface areas determined from the nitrogen
adsorption and desorption isotherm measurements. [d] Pore volumes
(vol %) are calculated from the densities of the frameworks.
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frameworks at relatively low calcination temperatures. As
illustrated in Figure 2 a, the nanocrystals of anatase TiO, and
tetragonal ZrO, are already formed in the frameworks when
calcined at 350°C, a rather low temperature, for 5h. The
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Figure 2. Highly crystalline frameworks. a) WAXRD patterns of single-
component mesoporous metal oxide spheres calcined under different
conditions. The diffraction peaks of TiO, are indexed to anatase, those
of ZrO, are indexed to the tetragonal phase, and those of Al,O; are
indexed to the y-alumina phase. b) HRTEM images of mesoporous
ZrO, spheres calcined at 500°C for 5 h. ¢) HRTEM images of TiO,
spheres calcined at 400°C for 5 h. The insets in (b) and (c) are
zoomed-in images. The clear mesostructures and lattices in HRTEM
images indicate the coexistence of mesostructure and high crystallin-

ity.

crystallinity is further enhanced by increasing the calcination
temperature to 400 and 500°C for TiO, and ZrO,, respec-
tively. The nanocrystal sizes estimated from X-ray diffraction
(XRD) peaks by the Scherrer formula are 8.0 and 4.9 nm,
respectively. The high crystallinity of the mesoporous TiO,
and ZrO, spheres is also confirmed by the clear lattices
observed by high-resolution (HR) TEM imaging (Fig-
ure 2b,c). It is interesting to point out that the tetragonal
zirconia phase exists only when the nanocrystal size is less
than 30 nm at room temperature,[l“’] which is in agreement
with our observation (4.9nm). The framework of the
mesoporous Al,O; spheres remains amorphous after calcina-
tion at 500°C for 5 h. The wide-angle (WA) XRD patterns
clearly show that y-AL,O; nanocrystals of 5.3 nm in size are
formed in the framework after calcination at 800°C for 10 h.
The absence of SAXRD peaks indicates the deterioration of
the mesostructural ordering during the crystallization of the
v-Al,O; framework. The maintenance of the high surface area
(Table 1), however, confirms the coexistence of polycrystal-
line frameworks and porous structures. Compared to TiO,
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and ZrO,, the higher crystallization temperature and easier
deterioration of the Al,O; mesostructure might be due to the
complex sequence of the transformations during crystalliza-
tion.”

The AcHE system has also been successfully applied to
the synthesis of multicomponent mesoporous metal oxide
spheres. Two crucial requirements for the preparation of
multicomponent mesoporous spheres are to homogenously
distribute each component in the precursor solution and to
avoid macroscopic phase separation during solvent evapora-
tion. Fortunately, the nature of our method can satisfy these
requirements. The uniform distribution of the nanometer-
sized precursor particles of different chemical compositions
promises high homogeneity; the fast evaporation and assem-
bly prevent local phase separation. Three different types of
multicomponent mesoporous spheres, that is, 10% CuO-
TiO,, Al-Si-O, and BaTiO;, are demonstrated. The energy
dispersive X-ray (EDX) measurement confirms that the
molar ratios of these calcined multicomponent mesoporous
spheres are close to the initial compositions of the precursor
solutions. Mesoporous 10% CuO-TiO, spheres are used to
demonstrate the ability to homogeneously introduce extrinsic
metal oxide components into crystalline metal oxide frame-
works. Both SAXRD measurements (Figure 3b) and TEM
images (see the Supporting Information, Figure S3d) reveal
that the ordered mesostructure of CuO-TiO, spheres is still
preserved even after the addition of as much as 10 mol %
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Figure 3. Multicomponent mesoporous metal oxide and bimetallic
oxide spheres. a) WAXRD patterns. The diffraction peaks of 10%
CuO-TiO, are indexed to anatase, and those of BaTiO, are indexed to
perovskite. b) SAXRD patterns of mesoporous Al-Si-O and 10% CuO-
TiO, spheres. c) TEM images of mesoporous BaTiO; spheres with a
worme-like structured framework and high crystallinity. The insets are
zoomed-in images.
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Cu**. Similar to the single-component mesoporous TiO,
spheres, the highly crystalline anatase framework of 10%
CuO-TiO, spheres is also confirmed by WAXRD. At 350°C,
the formation of the anatase phase with no crystalline CuO
peaks is seen (Figure 3a). According to previous studies, CuO
nanocrystals can form at temperatures as low as 300°C.”"?
We believe that the amorphous CuO component is homoge-
neously distributed in the TiO, framework.

Another step toward multicomponent spheres is to
synthesize mixed metal oxide frameworks with local stoichio-
metric homogeneity. Owing to the dissimilar hydrolysis and
condensation behaviors of silicon and aluminum alkoxides,
the synthesis of mesoporous Al-Si-O spheres has not yet
been reported. As expected, the introduction of the AcHE
system can successfully circumvent this dissimilarity problem
and lead to the formation of ordered mesoporous spheres
(Figure 3b). These Al-Si—O mesoporous spheres have excel-
lent thermal stability. The ordered mesostructure together
with high surface areas is remained even after 20 h thermal
treatment at 800°C of the Al-Si-O spheres with the Al/Si
molar ratio of 1:1 (Table 1; see also the Supporting Informa-
tion, Figure 3c). The absence of WAXRD peaks (Figure 3a)
indicates the amorphous nature of the framework owing to
the local stoichiometric homogeneity, which is consistent with
previous studies.”” These highly thermally stable, acidic metal
oxide mesoporous spheres hold enormous potential for
catalytic applications.

Porous bimetallic oxide BaTiO; spheres with perovskite
nanocrystals in the framework have also been synthesized.
The preparation of these bimetallic oxide spheres is syntheti-
cally complicated, because more accurate local stoichiometry
and bonding are required. We therefore use bimetallic
alkoxides BaTi[OCH,CH(CH;)OCH;]; as the precursor to
prepare perovskite BaTiO; spheres. In this case, neither HCI
nor HNO; is suitable as a strong acid for the synthesis owing
to the low solubility of BaCl, and Ba(NOs),. The absence of
strong acids makes the cooperative assembly of the block
copolymer and inorganic species more difficult because of the
lack of strong electrostatic interactions between inorganic and
organic species. Alternatively, relatively higher quantities of
block copolymers have been used to control the mesophase
assembly. The TEM images (Figure 3¢) confirm the worm-
like structure, with a surface area of 29 m*g ™" after calcination
at 550°C for 2h. The WAXRD pattern (Figure 3a) and
HRTEM image (Figure 3¢, inset) indicate that the worm-like
framework is composed of circa 20 nm perovskite BaTiO;
nanocrystals. No TiO, crystalline phase is observed. The
larger framework domain in the worm-like structure, which is
due to the use of a larger amount of block copolymers,
provides the space for stabilizing the 20 nm-sized nanocrys-
tals.

The low-temperature crystallization of the frameworks
produced by our synthetic method deserves a more in-depth
study. In our synthesis, a strong acid (HCI) is used, which
functions as a catalyst for the esterification of acetic acid with
the solvent, ethanol, to produce water. The water that is
produced promotes the partial loss of the acetate ligands,
which then induces the growth of metal oxo-acetate nano-
particles in the starting solution owing to the much lower
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stability of the metal-alkoxide bonds. The precursor nano-
particles generated then serve as building blocks and are
organized with amphiphilic block copolymers into mesostruc-
tures. It is reasonable to believe that these larger nanometer-
sized precursor particles in the as-made organic-inorganic
hybrid mesostructures play an important role in the enhance-
ment of the crystallization of calcined frameworks. On the
basis of this, excess water was introduced directly to the
precursor solutions to promote the growth of the precursor
particles and therefore enhance the crystallinity. The crystal-
lization and mesostructures of the calcined products were
characterized, as demonstrated with TiO,. Dynamic light
scattering (DLS) was employed to follow the growth of the
precursor particles in the solutions. The DLS size is different
from and generally less well-defined than that obtained from
small-angle X-ray scattering. However, DLS allows for good
time-resolution without the use of synchrotron X-ray sources.
The precursor solutions with H,O (excess)/Ti ratios of 0, 10,
and 20 were monitored by DLS after water introduction, and
named TiO,-I, TiO,-11, and TiO,-1II, respectively. The DLS
measurements indicate a uniform condensation and growth
behavior in the precursor solutions (Figure 4a). Nanometer-
sized precursor particles were detected rapidly after the
introduction of controlled quantities of water. They are stable
and their size increases as the relative amount of water is
increased. The average stable sizes of the precursor particles
are 3.5, 4.4, and 6.5 nm for TiO,-1, TiO,-1I, and TiO,-III,
respectively. It is important to mention that the excess
quantity of water influences the mesostructure assembly
process. Such high quantities of water for evaporation-
induced self-assembly are rarely reported. In our system, it
is easy to remove excess water from the atomized precursor
droplets by just increasing the temperature of the assembly
chamber to 120°C. The WAXRD patterns (Figure 4¢c) reveal
the evolution of the crystallinity of the frameworks after the
materials were calcined at 350°C for 5h. With increasing
amounts of water in the precursor solution, the crystallization
of the frameworks is enhanced. The peak intensities of TiO,-
IIT are as strong as those of TiO,-400 (the sample prepared
without introducing extra water and calcined at 400°C for 5 h;
Figure 2a). Highly ordered structures and high surface areas
are confirmed by the second-order peaks in the SAXRD
patterns (Figure 4b) and nitrogen adsorption measurements.
The fixed peak positions and slight decrease in intensity
indicate that the ordering of the mesoporous structure
decreases slightly with increasing framework crystallinity.
Detailed studies reveal that the introduction of excess water
significantly increases the crystallinity of the frameworks of
different samples, while the nanocrystal sizes remain fixed at
around 6 nm for TiO,-1, TiO,-11, and TiO,-III. In short, the
addition of excess water to the synthesis allows for the
coexistence of ordered mesostructures and highly crystalline
frameworks without the use of high calcination temperatures
typically required, which are well known to degrade meso-
structured ordering.

The crystallinity and surface areas of semiconducting
particles (e.g., TiO,) are two very important factors in
determining their photocatalytic performance.**! The pre-
liminary data of our highly crystalline and high-surface-area
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Figure 4. Effect of adding controlled quantities of water in the precur-
sor solution on the crystallinity. a) Evolution of the sizes of the
precursor particles monitored by DLS. b) SAXRD patterns. c) WAXRD
patterns. d) Photodegradation of methylene blue (MB) over time by
different TiO, samples.

submicrometer-sized mesoporous TiO, spheres show great
potential for photocatalytic applications. The photocatalytic
activities of TiO,-I, TiO,-II, TiO,-1II, and TiO,-400 were
determined by the photocatalyzed degradation of methylene
blue (MB) carried out under irradiation by UV light
(365 nm). After calculated amounts of the TiO, samples
were dispersed in the MB solutions, the UV/Vis absorbance
spectra of the reaction solutions were recorded in situ as a
function of the irradiation time to determine the concen-
tration of MB remaining in the solutions. Figure 4d shows the
decrease in MB concentration versus time under UV light
irradiation. The increase in the photocatalytic activity with
increasing anatase crystallinity is clearly shown. After
100 min of irradiation, 35%, 45%, 68 %, and 49 % of MB
were degraded for TiO,-1, TiO,-1I, TiO,-1II, and TiO,-400
respectively. TiO,-I has the lowest photocatalytic activity,
which is due to it having the lowest crystallinity of the
framework. The activity is maximal for TiO,-III owing to the
coexistence of high crystallization and a high surface area.
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TiO,-400 exhibits a lower activity than TiO,-III in spite of
their similar crystallinity, owing to its smaller surface area
(Table 1).

In summary, we have developed a facile and highly
efficient synthetic strategy for producing various ordered
single- and multicomponent mesoporous metal oxide spheres
at a rate of several grams per hour. The integration of the
AASA process and AcHE sol-gel chemistry allows for the
creation of high-surface-area mesoporous spheres with high
framework crystallinity in a wide range of chemical compo-
sitions that are not readily accessible by other methods. The
photocatalytic activity study serves as an example to demon-
strate the structure—function relationship in which high
surface areas and high crystallinity can significantly improve
catalytic performance.

Experimental Section

The setup for the aerosol-assisted self-assembly process is illustrated
in the Supporting Information (Figure S1). A home-made aerosol
generator was employed; N, was used as the carrier gas. In a typical
synthesis of mesostructured spheres, metal oxide precursors, acetic
acid, HCI (37 wt %), and a calculated amount of water (for TiO,-I,
TiO,-11, and TiO,-III) were dissolved in ethanol. To form nanometer-
sized stable metal oxo—acetate precursor particles without disruption
by amphiphilic block copolymers, amphiphilic copolymer F127
(EO;0sPO5EO, ¢4, M, =12000 gmol™) was added to the solutions
after stirring for 2 h. The solutions were stirred vigorously for one
more hour before the aerosol spray process. During the aerosol spray
process, the aerosol droplets were allowed to dry and start the
surfactant-directed assembly in the 100°C assembly chamber before
passing through the heating zone set at 400 °C. When excess water was
added in the precursor solutions, the temperature of the assembly
chamber was raised to 120°C. The resultant powder product was
collected on 220 nm filter paper. The reactor was operated at a
volumetric flow rate of 5L (STP)min™'. The residence time of the
aerosol droplets is estimated to be about 5 s for both the assembly and
heating chamber at such a flow rate. Faster flow rates increase the
production efficiency, but less-ordered structures or even hollow
spheres were generated (see the Supporting Information, Figure
S3a,b). These as-synthesized mesostructured hybrid spheres were
then calcined at desired temperatures (ramp rate 1°Cmin ") in air for
several hours to obtain mesoporous spheres. The molar ratios of the
components in the precursor solutions of different systems were
optimized as follows (water from concentrated HCl is not listed):
1) 1 Ti(OBu), : 4acetic acid : 1.2HCI:20EtOH : 0.01 F127; 2) 1 Al-
(OBu); : 4acetic acid : 2.4HCI : 20EtOH : 0.01F127; 3) 1Zr(OBu), :
4acetic acid : 2.4HCI : 20EtOH : 0.01F127; 4) 1 Ti(OBu), : 4acetic
acid : 1.2HCI : 20EtOH : 0.02F127 : 0.1 Cu(NOs), : 20H,0O (excess);
5) 1Al(OBu); : 1Si(OC,Hs), : 4acetic acid : 1.2HCI : 20EtOH :
0.01F127; 6) 1BaTi{[OCH,CH(CH;)OCHyj], : 8 acetic acid : 20 EtOH
1 0.03F127.

XRD patterns were obtained on a Scintag PADX diffractometer
using Cug, radiation. SEM studies were performed on a FEI X130
microscope operating at 2-5 keV. TEM studies were carried out on a
FEI-T20 microscope operating at 200 keV. Nitrogen adsorption and
desorption isotherms were measured using a Micromeritics TriStar
3000 system at liquid nitrogen temperature. Real-time UV/Vis
extinction spectra were monitored with a fiber-optic spectrometer.

The wavelength of the UV light source used for photocatalytic
characterization is 365 nm (250 W).
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