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ABSTRACT: Constructing three-dimensional (3-D) hierarchical mesostructures
with unique morphology, pore orientation, single-crystal nature, and functionality
remains a great challenge in materials science. Here, we report a confined
microemulsion self-assembly approach to synthesize an unprecedented type of 3-D
highly ordered mesoporous TiO2 superstructure (Level-1), which consists of 1
spherical core and 12 symmetric satellite hemispheres epitaxially growing out of the
core vertices. A more complex and asymmetric TiO2 superstructure (Level-2) with
13 spherical cores and up to 44 symmetric satellite hemispheres can also be well
manipulated by increasing the size or content of impregnated TiO2 precursor
emulsion droplets. The obtained 3-D mesoporous TiO2 superstructures have well-
defined bouquet-posy-like topologies, oriented hexagonal mesochannels, high
accessible surface area (134−148 m2/g), large pore volume (0.48−0.51 cm3/g),
and well single-crystalline anatase walls with dominant (001) active facets. More
interestingly, all cylindrical mesopore channels are highly interconnected and
radially distributed within the whole superstructures, and all TiO2 nanocrystal building blocks are oriented grown into a single-
crystal anatase wall, making them ideal candidates for various applications ranging from catalysis to optoelectronics. As expected,
the bouquet-posy-like mesoporous TiO2 superstructure supported catalysts show excellent catalytic activity (≥99.7%) and
selectivity (≥96%) in cis-semihydrogenation of various alkynes, exceeding that of commercial TiO2 (P25) supported catalyst by a
factor of 10. No decay in the activity was observed for 25 cycles, revealing a high stability of the mesoporous TiO2 superstructure
supported catalyst.

1. INTRODUCTION

A challenging goal in materials chemistry and physics is
spontaneously to design intended inorganic mesoporous
superstructures with unprecedented architectural complexity
and symmetry.1−16 Owing to the organized mesostructures,
such superstructures are theoretically and practically proven to
have remarkably tunable catalytic, electronic, magnetic, and
optical properties, which promise various applications ranging
from catalysis to optoelectronics.17−25 Despite recent biological
success in biomaterials-based hierarchical-assembly,26−29 few
mesostructures with high levels of architectural symmetry have
been demonstrated. The major synthetic obstacle to such
ordered mesoporous superstructures mainly arises from the
lack understanding of growth mechanisms enabling unprece-
dented levels of mesostructure control in different compart-

ments of the same particle.30 In this regard, identifying such
anisotropic growth mechanisms of mesostructures would
enable access to ordered functional superstructure with a high
degree of architectural complexity yet highly controlled
symmetry and morphology.31

Additionally, nanoscale alignment of the mesopore channels
and control of the periodic crystalline atomic lattice within the
mesostructure are also greatly challenging but highly desirable
for applications.32−37 For example, if the well-defined
mesopores and atomic lattices are assembled into one crystal
in a periodic array, the electrical, catalytic, and optical
properties of the mesoporous inorganic solids are confirmed
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to be greatly modified. Up to now, only a few groups have
reported alignment control of tubular mesopores in meso-
porous silica using air flow,38 electric fields,39 and magnetic
field.40 Recently, we have reported full orientation control of
both mesopore channels and nanocrystal building blocks within
mesoporous TiO2 microspheres using an evaporation-driven
oriented assembly method.41,42 Despite all of above efforts, to
date, full alignment control of mesopore channels and
crystalline atomic lattice within a hierarchical mesoporous

superstructure crystal has not yet been achieved and remains a
big challenge in materials science.

2. RESULTS AND DISCUSSION
Here we demonstrate a confined microemulsion self-assembly
approach that is capable of organizing 3-D highly ordered
mesoporous TiO2 superstructures with unprecedented bou-
quet-posy-like topologies, radially oriented mesochannels, and
single-crystal walls. By controlling the size or content of TiO2

Figure 1. Three-dimensional (3-D) mesoporous bouquet-posy-like TiO2 superstructures (Level-1). (a) Schematic representation of nucleation and
growth of the Level-1 3-D bouquet-posy-like TiO2 gel microemulsions (∼2 μm in diameter) within 3-D ordered macroporous carbon (3DOMC)
scaffolds. Inset of panel a is the Cryo-SEM image of a single as-made Level-1 TiO2 gel microemulsion taken out from the cracked 3DOMC. Before
the electron microscopy analysis, the TiO2 gel microemulsion was frozen by soil nitrogen. (b, c) SEM images of the Level-1 mesoporous TiO2
superstructure after calcination in air at 400 °C for 2 h. (d) The structure model of a Level-1 mesoporous TiO2 superstructure, showing its 3-D
bouquet-posy-like topology (1 spherical core and 12 satellite hemispheres with 6-fold symmetry) with radially oriented mesopore channels. (e, f)
High-magnification SEM image of a single Level-1 mesoporous TiO2 superstructure. Inset of panel f is the structure model of the interior radially
oriented mesopore channels within a Level-1 mesoporous TiO2 superstructure, showing that cylindrical mesochannels are highly interconnected
between spherical core and satellite hemispheres. (g) TEM image of a single Level-1 mesoporous TiO2 superstructure recorded along [110] and
[010] zone axis. (h) The SAED pattern taken from the dotted square area marked in panel g. (i) HRTEM image taken from the area of the
cylindrical mesopore bundles of an ultramicrotomed Level-1 mesoporous TiO2 superstructure with [110] incidence. (j, k) EDX elemental maps of Ti
and O recorded on a single Level-1 mesoporous TiO2 superstructure. Inset of panel j is the corresponding high-angle annular dark-fields scanning
TEM (HAADF-STEM) image.
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precursor emulsion droplets, the levels of architectural
complexity and symmetry can be well manipulated. Typically,
a mesoporous bouquet-posy-like TiO2 superstructure (Level-1)
consisting of 1 spherical core and 12 symmetric satellite
hemispheres is obtained by confined growth of the TiO2
emulsion droplets within a 3-D ordered macroporous carbon
(3DOMC) scaffold. The 3DOMC scaffolds with uniform
cavities of ∼800 nm and connecting windows of ∼200 nm here
were prepared as confined space (Figure S1).43 A key feature of
the 3DOMC scaffolds is that their highly ordered domains are
ultralarge, over >1 cm2, with face-centered cubic ( fcc) structure.
Such long-range regularity and perfection are essential, as it
permits the formation of uniform inverse colloid architectures.
The confined microemulsion self-assembly process within

3DOMC scaffolds starts with the solid−liquid interface
separation caused by the preferential evaporation of tetrahy-
drofuran (THF) solvent at a low temperature of 40 °C for 20 h,
resulting in a multicompartment TiO2 gel microemulsion
droplet within 3DOMCs with a size of ∼2.0 μm (Figure 1a and
Figure S2). The as-made flexible TiO2 gel microemulsion
droplets are constructed of one spherical core and 12
symmetric hemispheres growing out from the neighboring
connected windows of macroporous cavities of 3DOMCs
(Figure S2a−c). Continuous evaporation of the residual THF
and hydrolyzed solvents within TiO2 gel microemulsion
subsequently at 80 °C drives the oriented growth of both
mesopore channels and periodic anatase atomic lattice along
the free radial direction.42 This yields 3-D open mesoporous
bouquet-posy-like TiO2 superstructures with radially oriented
mesopore channels and single-crystalline anatase walls. Low-
magnification scanning electron microscopy (SEM) images
show that the products consist of a large quantity of uniform 3-
D mesoporous bouquet-posy-like TiO2 superstructures (Level-
1) with an average diameter of ∼1.6 μm after removal of
3DOMC scaffolds by calcination in air at 400 °C for 2 h
(Figure 1b and Figure S3a,b). Close inspection of the Level-1
TiO2 superstructures by high-magnification SEM images
(Figure 1c and Figure S3b−d) reveals that they possess 1
spherical core and 12 satellite hemispheres with a 6-fold
symmetry. The high-magnification SEM images in Figure 1e,
Figure S3d and Figure S4 clearly show that open mesopores are
well exposed on the rough hemisphere surface and extended
throughout the whole Level-1 TiO2 superstructure. More
interestingly, all cylindrical mesopore channels are well
interconnected between spherical core and 12 satellite
hemispheres (Figure 1f). The pore size is roughly estimated
to be about ∼6.0 nm from the high-magnification SEM images
(Figure 1e and Figure S3c,d). Transmission electron
microscopy (TEM) images of a single Level-1 mesoporous
TiO2 superstructure (Figure 1g and Figure S3e−h) recorded
along [110] and [010] zone axes show well-defined 6-fold
symmetry, where one spherical core (∼800 nm in diameter) is
combined with six couples of hemispherical posies (∼400 nm
in diameter) in the plane. To confirm the interior structure, the
Level-1 mesoporous TiO2 superstructures were ultramicro-
tomed. The section TEM images of a single Level-1 TiO2
superstructure show that the ordered cylindrical mesopore
channels are highly interconnected and distributed radially from
the center to the surface within both spherical core and
hemispherical posies (Figure S5a,b and Figure S6).
High-resolution TEM (HRTEM) images and selected-area

electron diffraction (SAED) patterns further confirm that each
individual mesoporous hemispherical posy unit (about 0.4 ×

0.7 μm2 in domain size) has single-crystal anatase nature
(Figure 1h,I and Figure S5c,d). The HRTEM image recorded
on a single ultramicrotomed wall with [001] incidence shows
the (200) and (020) atomic planes of anatase with a lattice
spacing of 0.19 nm and an interfacial angle of 90° (Figure S5c),
suggesting that the (001) atomic plane is the dominantly
exposed facet along the mesopore walls.44,45 The SAED pattern
in Figure 1h can be well indexed into diffraction spots of the
single-crystal anatase along [010] zone. High-angle annular
dark-fields scanning TEM (HAADF-STEM) images of a single
Level-1 mesoporous TiO2 superstructure clearly confirm the
hierarchical bouquet-posy-like morphology with a spherical
core and six couples of hemispherical posies (inset of Figure
1j). The elemental mapping taken from the HAADF-STEM
image shows that only Ti and O elements are uniformly
distributed on the whole superstructure (Figure 1j,k),
confirming a pure anatase nature of the Level-1 mesoporous
TiO2 superstructures.
Wide-angle X-ray diffraction (WXRD) pattern of the Level-1

mesoporous TiO2 superstructure (Figure 2a) reveals that all the

diffraction peaks match well with anatase phase (space group
I41/amd).

46 Nitrogen adsorption−desorption isotherms show
characteristic type IV curves with two distinguishable capillary
condensation steps (Figure 2b). A distinct capillary con-
densation step at a relative pressure P/P0 = 0.50−0.80 reflects
uniform cylindrical mesopores resulted from the radial primary
channels of the Level-1 mesoporous TiO2 superstructure. A
hysteresis loop at a higher pressure (P/P0 = 0.90−0.99) may
reflect the interchannel macropores between neighboring
hemispherical posies. The pore size distribution calculated by
Barrett−Joyner−Halenda (BJH) model (Inset of Figure 2b) is
centered at about 6.5 nm, which agrees well with that (∼6.0
nm) estimated from the SEM and TEM analyses. The BET
surface area and pore volume are calculated to be as high as 134
m2/g and 0.48 cm3/g, respectively. The X-ray photoelectron

Figure 2. Characterization of the Level-1 mesoporous TiO2
superstructures. (a) The WAXRD pattern of the Level-1 mesoporous
TiO2 superstructures, compared to the standard anatase (space group
I41/amd, JCPDS card No. 21-1272). (b) Nitrogen adsorption−
desorption isotherms, and (inset) pore size distribution of the Level-1
mesoporous TiO2 superstructure. (c, d) XPS core-level spectra of O 1s
and Ti 2p of the Level-1 mesoporous TiO2 superstructure.
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spectroscopy (XPS) of Ti2p (Ti2p3/2, binding energy 464.2 eV;
Ti2p1/2 of 458.5 eV) is identical to Ti

4+ oxidation state47 (Figure
2c). The O 1s XPS spectrum shows two chemical states of
oxygen (Figure 2d). The sharp peak at 530.6 eV is assigned to
anatase lattice oxygen of O−Ti. Another satellite peak at 532.8
eV comes from O−H bonds, indicating massive Ti−OH groups
on the (001) surface of the single-crystalline anatase
walls.42,47,48

The architectural complexity and symmetry can precisely be
controlled by tuning the size of impregnated TiO2 precursor gel
emulsion droplet. Typically, when the size of TiO2 precursor
gel emulsion is increased to be ∼3.5 μm (Figure S7), a more
complex Level-2 TiO2 superstructure with an unprecedented
12-fold symmetry and configuration is formed within 3DOMC
scaffolds (Figure 3a). SEM and TEM images show that the
Level-2 mesoporous TiO2 superstructures retain a uniform
hierarchical spherical morphology (∼3.0 μm in diameter) with

Figure 3. Mesoporous 3-D bouquet-posy-like TiO2 superstructures (Level-2). (a) Schematic representation of the nucleation and growth of the
Level-2 3-D bouquet-posy-like TiO2 gel microemulsions (∼3.5 μm in diameter) within 3-D ordered macroporous carbon (3DOMC) scaffolds. (b, c)
SEM images of the Level-2 mesoporous TiO2 superstructure after calcination in air at 400 °C for 2 h. (d) The structure model of a Level-2
mesoporous TiO2 superstructure, showing its 3-D bouquet-posy-like topology (13 spherical cores and 44 satellite hemispheres) with radially
oriented mesopore channels. (e) The TEM image of the Level-2 mesoporous TiO2 superstructure. (f) The SEM image of a single ultramicrotomed
Level-2 mesoporous TiO2 superstructure. (g) The corresponding interior mesopore model. (h) The TEM image of a single Level-2 mesoporous
TiO2 superstructure. (i) HRTEM image taken from the area of the cylindrical mesopore bundles of an ultramicrotomed Level-2 mesoporous TiO2
superstructure with [001] incidence. Inset of panel I is the corresponding SAED pattern.
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a high degree of architectural complexity and symmetry after
the removal of the 3DOMC scaffolds by calcination in air
(Figure 3b−e and Figure S8). The single ultramicrotomed
Level-2 mesoporous TiO2 superstructure is composed of two
well-defined levels of architectural arrangements (Figure 3f,g
and Figure S9 and S10). The first level is composed a spherical
mesoporous core with a diameter of ∼800 nm and up to 12
satellite mesoporous spheres epitaxially growing out from the
core vertices. The second level is composed of up to 44
branched mesoporous hemispheres (with a radius of ∼400
nm), which are epitaxially grown out from the second satellite
spheres.
As for the Level-1 mesoporous TiO2 superstructure, all

cylindrical open mesopore channels of Level-2 mesoporous
TiO2 superstructure are radially grown from the center to the
surface within all spherical cores, 12 satellite spheres, and 44
branched hemispheres (Figure 3h). The cylindrical pores are
well interconnected between 12 satellite spheres and 44
branched hemispheres, and even the center solid sphere, and
they extended throughout the whole Level-2 TiO2 super-
structure (Figure S9). The Level-2 mesoporous TiO2 super-
structure has also well-defined single-crystalline anatase nature
of each mesoporous hemispherical unit (Figure 3i and Figure
S11). The BET surface area and pore volume of the Level-2
mesoporous TiO2 superstructure are determined to be as high
as 148 m2/g and 0.51 cm3/g (Figure S12), a little higher than
that of the Level-1 mesoporous TiO2 superstructure (134 m

2/g
and 0.48 cm3/g).
To investigate the growth process of the 3-D mesoporous

bonquet-posy-like TiO2 superstructures, we utilized in situ

synchrotron radiation small-angle X-ray scattering (SAXS)
technique to examine the products harvested at different
intervals of the reaction. Initially, no ordered phase is detected
after a TiO2 liquid precursor solution infiltration within
3DOMC scaffolds (Figure 4a). After the first-step evaporation
at 40 °C for 1 h, a broad peak centered at about q = 0.4 nm−1 is
observed. The intensity of the micellar scattering peak increases
rapidly with the extended evaporation time from 2 to 5 h (at 40
°C). After continuous first-step evaporation at 40 °C for 8 h,
the main peak shifts to a lower q value (0.3 nm−1) (Figure 4).
This lower q value is the scattering originating from F123
micelles aggregated in flocs by the polymerizing titania
oligomers. The intensity of the micellar scattering increases
with time, which is attributed to an increased electron density
contrast due to the adsorption of titania oligomers to the PEO
groups of the amphiphile. In-situ TEM images further confirm
that these spherical PEO−PPO−PEO/TiO2 composite mi-
celles with an average diameter of about 12.5 nm are well self-
assembled within 3DOMC scaffolds (Figure S13). These
uniform spherical micelles possess a typical core−shell structure
with PEO−PPO−PEO as a core and titania oligomers as a shell
(Figure S13b−d and Figure S14). It is worth noting that a shift
to higher q value of reflections in the patterns is observed with
the first-step solvent evaporation at 40 °C from 1 to 5 h, which
corresponds to a decrease in the unit cell parameter owing to
an increase in titania condensation. With a second-step
evaporation at 80 °C for 2 h, three well-defined reflections at
q = 0.42, 0.84, and 1.26 nm−1 clearly appear (Figure 4a), which
can be indexed as the 100, 200, and 300 reflections of a 2-D
lamellar mesophase. The confined TiO2 gel microemulsions

Figure 4. Representation of the formation process of 3-D mesoporous bouquet-posy-like TiO2 superstructures. (a) In-situ time-resolved synchrotron
radiation 1-D SAXS patterns of the Level-1 mesoporous TiO2 superstructure products harvested at different intervals of reaction. (b) In-situ
synchrotron radiation 2-D SAXS patterns of the Level-2 mesoporous TiO2 superstructure products harvested at different intervals of reaction time.
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within 3DOMC experience a short lamellar intermediate
mesophase, and then turn into a 2-D hexagonal mesophase
with the 100, 110, and 200 reflections at q = 0.51, 0.88, and
1.02 nm−1 after an evaporation at 80 °C for 6 h (Figure 4a,b).
Summarizing the above in situ SAXS results, we can conclude
that the two-step evaporations can lead to a mesostructural
transformation of the TiO2-oligomer/Pluronic composite
microemulsions from initial spherical micellar aggregations to
a lamellar, and finally to hexagonal mesophase within 3DOMC
scaffolds. Without using 3DOMC scaffolds as a confined space,
only uniform mesoporous TiO2 solid microspheres (Level-0,
∼800 nm in diameter) with radially oriented mesochannels are
formed after the two-step evaporations (Figure S15).42

Based on the above observations, we propose that the growth
of the 3-D bouquet-posy-like mesoporous TiO2 superstructures
proceeds through a confined-microemulsion self-assembly
process (Figure 5). With the first-step preferential evaporation
of THF solvent at a low temperature of 40 °C, the TiO2
precursor solution becomes viscous, and tetrabutyl titanate
(TBOT) is slowly hydrolyzed and assembled with amphiphilic
Pluronic F127 to form uniform spherical PEO−PPO−PEO/
TiO2 composite micelles at the liquid−liquid phase interface.
With the continuous THF evaporation at 40 °C (first-step
evaporation), the composite micelles begin to nucleate and
aggregate in the macropore cavities of 3DOMC scaffolds. In the
meantime, the surface tension of the solution is dramatically
increased over its concentration, thereby allowing the TiO2
precursor aqueous to separate into uniform micelle-based

microemulsion droplets that are more easily suspended within
confined voids of 3DOMC scaffolds. It is worth to mention that
the formation of the spherical core and 12 symmetric satellite
hemispheres has undergone an interface tension-induced
shrinkage procedure (Figure 5). With THF evaporation, the
increasing interface tension force tends to pull the formed
microemulsion droplets, completely filling of the center
macropores of 3DOMCs, which can lead to forming a spherical
core at the microemulsion droplets’ center. Meanwhile, with
the continuous evaporation of THF, the volume of the
microemulsion droplets in macropores is dramatically de-
creased, and the shrinkage of microemulsion droplets occurs
during THF evaporation, which makes one spherical core
coupled with 12 satellite hemispheres via 12 connected
macropore windows of the 3DOMC scaffolds. Under the
same confined-microemulsion self-assembly procedure, a Level-
2 TiO2 gel microemulsion with 13 solid spheres and up to 44
branched hemispheres can be well colloidal lithographed within
3DOMC scaffolds by doubling the content of impregnated
TiO2 precursor. Subsequently, a second-step evaporation of
residual THF and the hydrolyzed n-butyl alcohol in the solids
at 80 °C actually drives the spherical micelles within the TiO2
gel microemulsion droplets to self-assemble into an inter-
mediate lamellar mesophase, and such second-step evaporation
can further drive the lamellar intermediate mesophase to fuse
into a radially oriented 2D hexagonal phase. Owing to the
strong second-step evaporation-induced driving force, the
cylindrical mesopore channels are well interconnected and

Figure 5. Schematic representation of the formation process through confined-micromulsion self-assembly process. Step 1: the formation of uniform
TiO2 micelles-based microemusion droplets due to the increasing surface tension with the initial preferential evaporation of THF solvent at 40 °C
for 8 h. Step 2: A second-step evaporation at 80 °C actually drives the spherical micelles within TiO2 microemusion droplet to self-assemble into an
intermediate lamellar intermediate mesophase. Step 3: The continuous second-step evaporation at 80 °C not only drives the micelles to further fuse
into radially oriented cylindrical micelles but also drives TiO2 oriented growth around F127 cylindrical micelles to form a single-crystal anatase wall.
Step 4: The Level-2 mesoporous TiO2 superstructures are obtained by removing the triblock copolymer and 3DOMC templates and after calcination
in air at 400 °C for 2 h.
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radially distributed within the whole TiO2 superstructures.
Finally, after removing triblock copolymer F127 template and
3DOMC scaffolds by calcination in air, 3-D mesoporous TiO2
superstructures with different levels of bouquet-posy topologies
with radially oriented and well-interconnected mesochannels
are obtained.
The oriented growth of the single-crystal anatase pore walls

with dominant (001) active facets here is related to the solvent
evaporation driven-oriented assembly growth process.41,42 As
shown in Figure 5, the addition of a strong aqueous acid (HCl)
can not only retard hydrolysis of titanium precursor but also
charge the initially formed anatase nanocrystals with high
surface energy by selective adsorption of Cl− ions on (001)
plane,44 which may act as a strong “bridge” between the
nanocrystal building blocks and hydrophilic segment boundary
of Pluronic F127. As confirmed by in situ synchrotron radiation
SAXS patterns (Figure 4a), the continuous second-step
evaporation at 80 °C can actually drive the initially formed
spherical micelles to fuse into radially oriented cylindrical
micelles. Simultaneously, such second-step evaporation from
center to outside can also incidentally drive TiO2 crystallization
oriented around F127 cylindrical micelles due to their strong
coupling action. Our previous work42 has also confirmed that

such slow evaporation and confinement of the triblock
copolymer hydrophilic boundary could correct the crystallo-
graphic orientation of the TiO2 nanocrystal building blocks.
After calcination at 400 °C for 2 h, these oriented anatase
nanocrystals can further crystallize into single-crystal walls with
(001) as the dominantly exposed facets within TiO2 super-
structures.
cis-Semihydrogenation of alkynes is here chosen as a model

reaction to evaluate the catalytic activity of the 3-D mesoporous
bouquet-posy-like TiO2 superstructure supported catalysts. The
semihydrogenation is one of the most simple and straightfor-
ward methods to prepare alkenes in the laboratory as well as in
industry; however, it often suffers over-reduction due to the
difficulty of the control of a stoichiometric amount of H2. By
using biorenewable formic acid (HCOOH) as the hydrogen
source,49,50 Au/Level-2 mesoporous TiO2 superstructure
catalyst (0.2 mol % Au) displays 100% diphenylacetylene
conversion within 40 min, and the selectivity to cis-stilbene is
measured to be ≥99% (Figure 6a). In contrast, the Au/Level-1
mesoporous TiO2 superstructure catalyst displays 70%
diphenylacetylene conversion and 92% cis-stilbene selectivity
within 40 min. The diphenylacetylene conversion and cis-
stilbene selectivity of the Au/Level-0 mesoporous TiO2

Figure 6. Semihydrogenation performance of the 3-D mesoporous bouquet-posy-like TiO2 superstructure supported catalysts. (a)
Diphenylacetylene conversion and selectivity in cis-stilbene with the reaction time for the first run. Squares, the Au/Level-2 mesoporous TiO2
superstructure catalysts (loading 0.2 mol % Au). (●) Au/Level-1 mesoporous TiO2 superstructure catalysts (0.2 mol % Au). (▲) Au/Level-0
mesoporous TiO2 microsphere catalysts (0.2 mol % Au). (★) Au/commercial TiO2 (P25) catalysts (0.2 mol % Au). Solid symbols indicate
conversion, and hollow symbols indicate selectivity. (b) Recycle performance of diphenylacetylene conversion and selectivity in cis-stilbene on Au/
Level-2 mesoporous TiO2 superstructure catalyst (0.2 mol % Au). (C) HAADF-STEM image, TEM, and EDX elemental maps of Ti, O, Au recorded
on an ultramicrotomed Au/Level-2 mesoporous TiO2 superstructure catalyst (0.2 mol % Au), showing that the Au nanoparticles (∼3 nm) are
uniformly immobilized within mesochannels of Level-2 mesoporous TiO2 superstructures. The semihydrogenation reaction conditions:
diphenylacetylene (0.5 mmol), formic acid (2.5 mmol), trimethylamine (1.6 mmol), acetone (2 mL), catalyst (20 mg), 60 °C.
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microspheres (0.2 mol % Au, Figure S16) decrease to 43% and
85%, respectively. Only 10% diphenylacetylene conversion and
42% cis-stilbene selectivity can be achieved for Au/commercial
TiO2 (P25) catalyst (0.2 mol % Au). The above results clearly
illustrate the fact that with the higher degree of mesoporous
architectural complexity and symmetry, higher activity and
selectivity can be achieved for Au/TiO2-based catalysts. The
reaction rate of the Au/Level-2 mesoporous TiO2 super-
structure catalyst (214 mol/(h·g)) is 10 times higher than that
of the Au/commercial TiO2 (P25) catalyst (20 mol/(h·g)).
The substrate applicability of the Au/Level-2 mesoporous TiO2
superstructure catalyst is further investigated using various
alkynes in a batch reactor. As illustrated in Table S1, a wide
range of aromatic and aliphatic terminal alkynes are converted
to the corresponding alkenes with a high conversion (≥99.7%)
and selectivity (≥96%). The Au/Level-2 mesoporous TiO2
superstructure catalyst can be easily recovered by filtration and
retains its high activity and selectivity during 25 recycling
experiments (Figure 6b), demonstrating its high durability.
The high activity, selectivity, and recyclability of the Au

catalysts supported on the 3-D mesoporous bouquet-posy-like
TiO2 can be well attributed to their unique superstructures with
high architectural complexity, high accessible surface area,
radially oriented and highly interconnected mesochannels, and
single-crystalline walls with dominant (001) active facets. In
this semihydrogenation reaction, one posy hemisphere here is
assumed as a single nanoreactor unit, which can provide 3-D
radially oriented open mesochannels and single-crystalline walls
for immobilizing Au nanoparticles (with uniform size of ∼3 nm,
Figure 6c and Figure S16) for semihydrogenation reaction.
With this in mind, a Level-2 mesoporous TiO2 superstructure
can contribute up to 70 hemispherical nanoreactor units, which
is about 5 times higher than the Level-1 TiO2 superstructure
(14 hemispherical nanoreactor units) and even 36 times higher
than the Level-0 microspheres (2 hemispherical nanoreactor
units). The higher the levels, the more reaction spaces are
provided and thus the higher activity and selectivity can be
achieved for semihydrogenation reaction. Moreover, the
radially oriented open mesochannels can provide individual
quasi-confined nanospaces to prevent aggregation of Au
nanoparticles, which may explain the excellent reusability of
the bouquet-posy-like mesoporous TiO2 superstructures.

3. CONCLUSIONS
In summary, well-defined, uniform 3-D open highly ordered
mesoporous TiO2 superstructures with bouquet-posy-like
topologies, radially oriented mesochannels, and single-crystal-
line pore walls have successfully been synthesized by a novel
confined-micromulsion self-assembly method. Such unprece-
dented mesoporous TiO2 superstructure (Level-1) consists of 1
spherical core and 12 symmetric branched hemispheres
epitaxially growing out of the core vertices. A more complex
and asymmetric TiO2 superstructure (Level-2) with 13
spherical cores and up to 44 symmetric satellite hemispheres
can also be well manipulated by increasing the size or content
of impregnated TiO2 precursor emulsion droplets. The
bouquet-posy-like mesoporous TiO2 superstructures possess
high accessible surface area (134−148 m2/g), large pore
volume (0.48−0.51 cm3/g), and well single-crystalline anatase
walls with dominant (001) active facets. All cylindrical
mesochannels are highly interconnected from center to outside
and radially distributed within the whole TiO2 superstructure,
and all TiO2 nanocrystal building blocks are oriented into a

single-crystal anatase wall, making them highly active in cis-
semihydrogenation reaction. The mesoporous TiO2 super-
structure supported catalysts showed the excellent catalytic
conversion (≥99.7%) and Z-selectivity (≥96%) in cis-semi-
hydrogenation of various alkynes at a low temperature of 60 °C.
This confined-micromulsion self-assembly method is expected
to synthesize other semiconductor superstructures with
unprecedented topologies, oriented mesopore channels, and
single-crystal nature for advanced applications in catalysis,
sensors, drug delivery, optoelectronic, etc.

4. EXPERIMENTAL SECTION
4.1. Preparation of Resol Precursor. For a typical preparation,

8.0 g of phenol was melted at 42 °C, and then 2.0 g of 20 wt % NaOH
aqueous solution was added slowly under stirring. After 10 min, 14.5 g
of formalin solution (37 wt % formaldehyde) was added dropwise, and
the reaction mixture was stirred at 70 °C for 1 h. Upon cooling of the
mixture to room temperature, the pH value was adjusted to be about
6.0 by adding HCl solution (2.0 M). Water was then removed out
under vacuum below 50 °C. The resol precursors were redissolved in
ethanol (20 wt % ethanolic solution), and the sodium chloride was
separated as a precipitate at the same time.

4.2. Preparation of Polystyrene Colloidals and Macroporous
Carbon Inverse Scaffolds. Monodisperse polystyrene (PS) micro-
spheres with a mean size of 1.0 μm were prepared through a dispersion
polymerization approach. For a typical preparation, 8.0 g of styrene,
0.06 g of polyvinylpyrrolidone (PVP, Mw = 30000), 12 mL of H2O,
and 0.15 g of ammonium peroxodisulfate (APS) were dissolved in 100
mL of ethanol. The obtained solution was then added into a 250-mL
three-neck round-bottom flask with a magnetic stirrer, a refluxing
condenser, and a nitrogen inlet. After sealing in a nitrogen atmosphere,
the reactor was submerged in an oil bath, and the polymerization was
carried out at 70 °C for 15 h. Then, the obtained PS microspheres
were washed with water and redispersed in 50 mL of ethanol. The PS
dispersed solution was obtained and placed in an oven at 40 °C for 3
days until the ethanol was completely evaporated. Finally, the
monolithic PS colloidal crystals were obtained.

For the preparation of macroporous carbon scaffolds, 5.0 mL of the
resol precursor obtained above was cast dropwise on the colloidal
crystals (5.0 g). After the evaporation of ethanol for 12 h at 40 °C, the
dried monolith was heated in an oven at 80 °C for 3 h. Finally, three-
dimensional (3-D) ordered macroporous carbon inverse scaffolds
(3DOMCs) with a diameter of about 800 nm were obtained after the
calcination of PS/phenolic resin composite at 450 °C for 3 h under N2.

4.3. Preparation of TiO2 Precursor Solution. The TiO2
precursor solution was prepared by mixing with 1.5 g of Pluronic
F127, 2.4 g of concentrated HCl, 2.4 g of CH3COOH, 3.4 g of
tetrabutyl titanate (TBOT), 0.2 g of H2O, and 30 mL of
tetrahydrofuran (THF). The mixed solution was vigorously stirred
for 30 min to form a clear and transparent yellow solution.

4.4. Synthesis of Level-0 Mesoporous TiO2 Microspheres
(∼800 nm in Diameter). The Level-0 mesoporous TiO2 micro-
spheres were synthesized by an evaporation-driven oriented assembly
(EDOA) approach.1 Typically, 30 mL of the TiO2 precursor solution
was transferred into a volumetric flask and left in a drying oven to
evaporate THF at 40 °C for 20 h; then second-step was evaporation at
80 °C for another 8 h to completely remove the solvents. After that,
the obtained milky white precipitate was heated in N2 at 350 °C for 2
h and then in air at 400 °C for 3 h to remove F127 copolymer
templates, and Level-0 mesoporous TiO2 microspheres (∼800 nm in
diameter) were finally obtained.

4.5. Synthesis of Level-1 Mesoporous TiO2 Superstructure
(∼1.6 μm in Diameter). A piece of 3DOMC plates (3 cm × 3 cm ×
1.5 cm, 2.5 g in total) was soaked in 8 mL of the TiO2 precursor
solution above for first-step evaporation at 40 °C for 20 h, and then
second-step evaporation was carried out at 80 °C for another 8 h to
completely remove the residual THF and the hydrolyzed n-butyl
alcohol solvents. After that, the impregnated 3DOMC plate was
heated in N2 at 350 °C for 2 h and then in air at 400 °C for 3 h to
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remove F127 copolymers and macroporous carbon scaffolds,
respectively, and the Level-1 mesoporous TiO2 superstructure (∼1.6
μm in diameter) was finally obtained.
4.6. Synthesis of Level-2 Mesoporous TiO2 Superstructure

(∼3.0 μm in diameter). A piece of 3DOMC plate (3 cm × 3 cm ×
1.5 cm, 2.5 g in total) was soaked in 16 mL of the TiO2 precursor
solution for first-step evaporation at 40 °C for 20 h, and then second-
step evaporation was carried out at 80 °C for another 8 h to
completely remove the residual THF and hydrolyzed n-butyl alcohol
solvents. After that, the impregnated 3DOMC plate was heated in N2
at 350 °C for 2 h and then in air at 400 °C for 3 h to remove F127
copolymers and macroporous carbon scaffolds, respectively, and Level-
2 mesoporous TiO2 superstructure (∼3.0 μm in diameter) was finally
obtained.
4.7. Preparation of Au/Mesoporous TiO2 Superstructure

Catalyst (0.2 mol % Au). Immobilization of Au nanoparticles (with a
size of ∼2 nm) into the mesopore channels of the mesoporous TiO2
superstructures was achieved via in situ growth approach to obtain Au
catalysts supported on the mesoporous TiO2 superstructures. In a
typical process, 50 mg of the mesoporous TiO2 superstructure was
dispersed in 10 mL of deionized water via sonication. After the mixture
was stirred for 15 min at 30 °C, 0.25 mL of fresh HAuCl4·4H2O
aqueous solution at a concentration of 1.0 mg/mL was added dropwise
and kept at 30 °C with stirring for 4 h. Then, 1.0 mL of 0.1 M NaBH4
solution was added dropwise, and the mixture was aged at the same
temperature for 24 h. The Au-loaded products were separated by
centrifugation, washed with water and ethanol, and dried at 60 °C. For
Au-loaded commercial P25 TiO2 catalysts, the sample was prepared by
the same method.
4.8. Catalytic Procedure for the Transfer Semireduction of

Alkynes with Formic Acid. The mixture of alkyne (0.5 mmol), the
Au-catalyst (Au, 0.2 mol %, 20 mg), formic acid (2.5 mmol),
trimethylamine (1.6 mmol), and acetone (2.0 mL) was added to a flask
(10 mL) equipped with a reflux condenser. The resulting mixture was
allowed to reflux with vigorous stirring (800 rpm) at 60 °C for given
reaction time. After completion of the reaction, the mixture was
filtered, washed with water, and extracted with ethyl acetate. The
reaction solution was concentrated and dried under reduced pressure
to give the crude product, which was further purified by silica gel
chromatography eluting with petroleum ether (60−90 °C)/ethyl
acetate mixture. The products were analyzed by GC-MS. The
conversion and selectivity were determined by GC-FID using p-xylene
(PX) as an internal standard.
4.9. Materials Characterization. Synchrotron radiation small-

angle X-ray scattering (SAXS) measurements were performed at
Beamline BL16B of Shanghai Synchrotron Radiation Facility (SSRF).
The d-spacing values were calculated from the formula d = 2π/q.
Transmission electron microscopy (TEM), high-angle annular dark
field imaging in the scanning TEM (HAADF-STEM), and energy
dispersive spectroscopy (EDS) observations were performed on JEM-
2100F transmission electron microscope with an accelerating voltage
of 200 kV equipped with a postcolumn Gatan imaging filter (GIF-
Tridium). To investigate the interior structures of the resulting
mesoporous TiO2 microspheres, the samples were embedded in a
white resin and cut in ultramicrotome to thin sections with a thickness
below 100 nm. Field-emission scanning electron microscopy (FESEM)
images were collected on Hitachi model S-4800 field-emission
scanning electron microscope. To obtain information on TiO2 gel
microemulsion droplets (Level-1 and Level-2) within 3DOMC
scaffolds, cryo-scanning electron microscopy (cryo-SEM) images
were taken after the TiO2 gel microemulsion droplets were frozen
by soil nitrogen. X-ray diffraction (XRD) patterns were recorded with
a Bruker D8 powder X-ray diffractometer (Germany) using Cu Kα
radiation (40 kV, 40 mA). Nitrogen sorption isotherms were measured
at 77 K with a Micromeritics Tristar 3020 analyzer (USA). Before
measurements, the samples were degassed in a vacuum at 180 °C for
at least 6 h. The Brunauer−Emmett−Teller (BET) method was
utilized to calculate the specific surface areas. By using the Barrett−
Joyner−Halenda (BJH) model, the pore volumes and pore size
distributions were derived from the adsorption branches of isotherms.

X-ray photoelectron spectroscopy (XPS) was recorded on an AXIS
ULTRA DLD XPS System with MONO Al source (Shimadzu Corp).
Photoelectron spectra were recorded by using monochromatic Al KR
radiation under vacuum at 5 × 10−9 Pa. All of the binding energies
were referenced to the C 1s peak at 284.6 eV of the surface
adventitious carbon.
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