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Highly crystalline mesoporous materials with oriented configurations are in demand for high-performance energy
conversion devices. We report a simple evaporation-driven oriented assembly method to synthesize three-dimensional
open mesoporous TiO2 microspheres with a diameter of ~800 nm, well-controlled radially oriented hexagonal
mesochannels, and crystalline anatase walls. The mesoporous TiO2 spheres have a large accessible surface area
(112 m2/g), a large pore volume (0.164 cm3/g), and highly single-crystal–like anatase walls with dominant (101)
exposed facets, making them ideal for conducting mesoscopic photoanode films. Dye-sensitized solar cells (DSSCs)
based on the mesoporous TiO2 microspheres and commercial dye N719 have a photoelectric conversion efficiency
of up to 12.1%. This evaporation-driven approach can create opportunities for tailoring the orientation of inorganic
building blocks in the assembly of various mesoporous materials.
INTRODUCTION

Mesoporous semiconductors have attracted widespread interest be-
cause of their structural versatility for energy and environmental ap-
plications (1–9). Unfortunately, most of the mesoporous semiconductors
have amorphous or polycrystalline pore walls that are irregularly ori-
ented in space, adversely affecting the transport of electrons, ions, and
guest molecular species in optoelectronic devices and lithium-ion bat-
teries (10–13). This limitation could be overcome if both the orientation
of mesopore channels and the nanocrystal building blocks of the chan-
nels were precisely controlled in a three-dimensional (3D) open con-
figuration with respect to the particle surface (14–20). Although such a
3D oriented mesostructure configuration is easy to image, the actual
synthesis is extremely difficult. This is because the random assembly
of the surfactant micelles and inorganic oligomers spontaneously
occurs as a result of the minimization of the surface energy during the
assembly process (21, 22). Here, we demonstrate a simple evaporation-
driven oriented assembly approach to synthesize 3D open radially ori-
ented mesoporous TiO2 microspheres with single-crystal–like anatase
pore walls that dominate (101) exposed facets in an amphiphilic tri-
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block copolymer–containing sol-gel solution. The process starts with
liquid-liquid phase separation caused by the preferential evaporation
of tetrahydrofuran (THF) solvent at a low temperature of 40°C;
uniform 3D mesoporous TiO2 microspheres assembled by PEO-
PPO-PEO [poly(ethylene oxide)–poly(propylene oxide)–poly(ethylene
oxide)]/titania oligomer spherical composite micelles form at the liquid-
liquid phase interface. Continuous evaporation of the residual THF
and hydrolyzed solvents at 80°C drives the oriented growth of both
mesochannels and nanocrystal building blocks from the initially formed
spherical composite micelles along the free radial and restricted tangen-
tial direction within the TiO2 microspheres. This yields 3D open, radially-
oriented mesoporous TiO2 microspheres with single-crystalline–like
anatase walls that dominate (101) exposed facets (Fig. 1 and figs. S1
to S5). The unique mesoporous TiO2 microspheres can be used for
dye-sensitized solar cells (DSSCs) with commercial dye N719, revealing
an excellent photoelectric conversion efficiency.
RESULTS

In situ synchrotron radiation small-angle x-ray scattering (SAXS)
patterns of the products harvested at different intervals of time from
the preparation (Fig. 2, A to E) confirm the transformation of the initial
PEO-PPO-PEO/titania oligomers from spherical micelles (cubic Im3m
mesophase) to radial cylindrical micelles (hexagonal p6mm meso-
phase). After evaporation at 40°C for 6 hours, distinct diffraction arcs
are observed, as shown in the 2D SAXS image (Fig. 2B), which can be
indexed to a cubic mesophase (space group Im3m), indicating that the
spherical composite micelles were initially oriented 2D in the membrane
form at the interface between the THF- andwater-rich phases. Transmis-
sion electronmicroscopy (TEM) images (figs. S2 and S3) show that with
continuous solvent evaporation at 40°C for 20 hours, the spherical
composite micelles further aggregate together to form large, dense 3D
spherical particles with improved cubic Im3m symmetry, consistent with
the appearance of high-order reflections for (220), (310), and (330)
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planes (Fig. 2, A and C). After the final-step evaporation of solvents at
80°C for 8 hours, the SAXSpattern of the as-madePEO-PPO-PEO/titania
composite microspheres (Fig. 2, A and D) shows two intense scattering
peaks with lattice spacing d100 = 13.47 nm and d110 = 7.76 nm (d100/d110 =
1:

ffiffiffi

3
p

). The second-order reflection confirmed both the periodicity
and the orientation of the 3D radially aligned hexagonal cylindrical
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pores, suggesting structural transforma-
tion from a cubic to a hexagonal meso-
structure. The wide-angle x-ray diffraction
(WAXRD) patterns show that evapora-
tion treatment at 80°C can lead to crystal-
lization and oriented growth of anatase
walls (fig. S4). After removal of the amphi-
philic triblock copolymer templates by
calcination at 400°C for 2 hours, the ob-
tained mesoporous TiO2 microspheres
exhibited similar SAXS peaks at higher q
values with d100 = 12.12 nm and d110 =
6.98 nm (Fig. 2, A and E), indicating that
the 3D hexagonal cylindrical mesostruc-
ture was retained.

Scanning electron microscopy (SEM)
and TEM images (Fig. 2, F to I) show that
the products consist of uniform spheres
with a diameter of ~800 nm after calcina-
tion. The cylindrical open pores exposed
on the rough surface of the microspheres
can be observed in the inset of Fig. 2F. The
center-to-center distance between two ad-
jacent cylindrical mesopore channels was
on average ~11.8 nm, and the pore size
was estimated to be ~5.5 nm. Close inspec-
tion of the mesoporous TiO2 microspheres
(Fig. 2G) revealed that the close-packed
cylindrical mesochannels were arranged
radially from the center to the surface. A
large number of interchannel pores with
diameters of ~5 to 15 nm were observed
on the wall surface of cylindrical meso-
pore channels (marked by red circles in
Fig. 2G). Such a pore arrangement model
can be further discerned from high-angle
annular dark-field scanning TEM (HAADF-
STEM) images of a single microsphere (fig.
S6). The cylindrical pore size can be en-
larged to 5 to 10 nm when the final evap-
oration temperature increases from 80°
to 120°C (fig. S7). To confirm the inter-
nal structure, we examined the ultrami-
crotomed sections of a single mesoporous
TiO2 microsphere using TEM technique.
The results revealed that the cylindrical
mesopores were distributed radially from
the center to the surface along the radial
and restricted tangential direction, and all
the mesopores were regularly arranged
and highly open (Fig. 2, H and I, and
fig. S8). Considering a spherically sym-
metric model of the mesoporous TiO2 microspheres, some of the cylin-
drical pores deviated slightly from the hexagonal symmetry and
branched into two hexagonal channels in between (23).

High-resolution TEM (HRTEM) images and selected-area electron
diffraction (SAED) patterns further reveal that the radially arranged
mesopore walls have a single-crystal–like anatase characteristic (Fig. 3
Fig. 1. Schematic representation of the formation process through evaporation-driven oriented

assembly. Step 1: Formation of the PEO-PPO-PEO/titania oligomer composite spherical micelles with
PPO segments as a core and titania-associated PEO segments as a shell with the initial preferential evap-
oration of THF solvent at 40°C for 6 hours. Step 2: Aggregation of the composite spherical micelles into
big spheres on the interface of the poor solvent water-rich phase, which is driven by the increasing con-
centration of the spherical micelles and the requirement of minimization of interface energy. Step 3: The
second-step evaporation of THF and residual solvents hydrolyzed from titanium tetrabutoxide (TBOT) pre-
cursor (further treated at 80°C for 8 hours) could further drive the composite spherical micelles to fuse into
cylinders, leading to continuous 3D radially-oriented growth of cylindrical micelles and TiO2 nanoentities.
Step 4: The 3D open radially oriented mesoporous TiO2 microspheres with single-crystal–like anatase
walls that dominate (101) facets are obtained by removing the triblock copolymer templates after calci-
nation in air at 400°C for 2 hours.
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Fig. 2. Microstructure characterization of the radially oriented mesoporous TiO2 microspheres. (A) In situ synchrotron radiation 1D SAXS patterns of

the mesoporous TiO2 microsphere products harvested at different intervals of reaction time. Insets: Corresponding schematic representation of the four
samples. a.u., arbitrary units. (B to E) 2D SAXS images of the four samples. (F) SEM image of the mesoporous TiO2 microspheres. Inset: SEM image of a
single mesoporous TiO2 microsphere. (G) SEM image of a single ultramicrotomed, radially-oriented mesoporous TiO2 microsphere with a large number of
interchannel pores (~5 to 15 nm in diameter, marked by red circles). Inset: Corresponding schematic representation of the structure models for the radially
oriented channels with interchannel pores. (H and I) TEM images of a single ultramicrotomed, mesoporous TiO2 microsphere.
Liu et al. Sci. Adv. 2015;1:e1500166 8 May 2015 3 of 8
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and figs. S9 and S10). The lattice fringe
distance perpendicular to the pore walls
is ~0.238 nm, which corresponds to the in-
terplanar distance of the (004) atomic plane
in anatase, indicating that the mesopore
walls grow with a preferred [001] orien-
tation (Fig. 3, A and B, and fig. S10A).
The interfacial angle between two adjacent
faces is ~68.3° (Fig. 3B and fig. S10C),
which is the same as the theoretical value
for the angle between the (004) and (101)
planes of anatase (24), suggesting that the
(101) plane is the dominant exposed facet
along the pore walls. A fast Fourier transform–
filtered TEM image (fig. S10D) and SAED
patterns (Fig. 3C and fig. S9, A to D) show
slightly elongated diffraction spots and a
slightly distorted hexagonal symmetry.
Such distorted cylindrical pore channels
can cause some lattice distortion between
the boundaries of the crystalline domains
when they are assembled in a radial and
restricted tangential direction to form single-
crystal–like TiO2 pore frameworks (18, 25).
The WAXRD pattern (Fig. 3D) confirms
the highly crystalline anatase phase (space
group I41/amd) of the radially oriented
mesoporous TiO2 microspheres. Nitrogen
adsorption-desorption isotherms showed
characteristic type IV curves with two dis-
tinguishable capillary condensation steps
(Fig. 3E). A distinct capillary condensation
step at P/P0 = 0.40 to 0.7 reflected uniform
cylindrical mesopores resulting from the
radial primary mesopore channels of the
TiO2 microspheres. Moreover, a hysteresis
loop at a higher pressure (P/P0 = 0.90 to
0.99) reflected the interchannel mesopores
from the structural defects, consistent with
the results from the HRTEM and HAADF-
STEM images. The pore size distribution
calculated using the Barrett-Joyner-Halenda
(BJH) model (inset of Fig. 3E) showed two
sets of pores. The primary pore size is cen-
tered at 5.7 nm, and the secondary pore
size is 10 to 30 nm, which agrees well with
that estimated from the SEM and TEM im-
ages. The Brunner-Emmet-Teller (BET)
surface area and pore volume were calculated
to be as high as 112 m2/g and 0.164 cm3/g,
respectively. The x-ray photoelectron spec-
troscopy (XPS) results for the mesoporous
TiO2 microspheres indicate the Ti4+ oxi-
dation state (Fig. 3F) and the presence of
lattice oxygen, O-Ti4+ and Ti-OH (Fig. 3G).
TheO-Ti4+ andmassive Ti-OHgroups on the
surface can act as binding dye and work as
charge transfer channels (26).
Fig. 3. Single-crystal pore wall characterizations. (A) HRTEM images taken from the area of the cylin-

drical mesopore bundles of an ultramicrotomed, mesoporous TiO2 microsphere with [010] incidence, per-
pendicular to the mesopore channels. (B) A fast Fourier transform–filtered TEM image recorded from the
dotted square area in (A). (C) The SAED pattern taken from the cylindrical pore bundles region with [010]
incidence. (D) The WAXRD pattern of the mesoporous TiO2 microspheres, compared to the standard
anatase (space group I41/amd, JCPDS card no. 21-1272). (E) Nitrogen adsorption-desorption isotherms;
inset: pore size distributions of the mesoporous TiO2 microspheres with two sets of pores. The primary
pore size is centered at 5.7 nm, and the secondary pore size at 10 to 30 nm. (F and G) XPS core-level
spectra of Ti2p and O1s, respectively, for the mesoporous TiO2 microspheres.
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The loading capacity of the commer-
cial dye N719 in the mesoporous TiO2

microspheres was ~2.13 × 10−7 mol cm−2,
about twice those of the frequently used
commercial Degussa TiO2 P25 (1.12 ×
10−7 mol cm−2) and conventional meso-
porous TiO2 bulk (1.45 × 10−7 mol cm−2).
Such high dye loading could be attributed
to the large accessible surface area and
the single-crystal–like anatase walls with
dominant (101) exposed facets. The ana-
tase (101) facet here is believed to be the
best surface for loading N719 dye because
the distance between two binding carbox-
ylate groups of N719 dye matches well with
the distance between Ti atoms on anatase
(101) facets (20). In addition, the electrode
films based on the mesoporous TiO2 mi-
crospheres have high light-scattering ca-
pacity in the visible and near-infrared (NIR)
regions (400 to 800 nm) (Fig. 4A), indicat-
ing that the incident sunlight can be sig-
nificantly scattered within the film.

To investigate the photovoltaic per-
formance of DSSCs, we compared their
current density (J)–voltage (V) charac-
teristics with those of conventional meso-
porous TiO2 bulk with randomly oriented
pore channels and P25 under simu-
lated AM 1.5 light (Fig. 4B). The DSSCs
based on radially oriented mesoporous
TiO2 microspheres showed an ultrahigh
short-circuit photocurrent density (Jsc) of
~22.91 mA cm−2, an open-circuit voltage
(Voc) of ~0.75 V, and a fill factor of ~0.71,
yielding a power conversion efficiency
(PCE) of ~12.1%. The DSSC perform-
ance measurements were repeated sev-
eral times for 15 individual solar cells,
and the obtained PCE had a close aver-
age value of ~12.1% (fig. S11), which was
also confirmed by an accredited photo-
voltaic calibration laboratory (fig. S12),
indicating a good reliability of the DSSCs.
In contrast, the PCEs are ~7.6 and 6.8%
for the DSSCs based on the conventional
mesoporous TiO2 and P25, respectively

(Table 1 and Fig. 4B).

Figure 4C and fig. S13 show the cross-sectional SEM image of a
typical mesoporous TiO2 microsphere–based film device. All the me-
soporous TiO2 electrodes were sensitized with commercially available
N719 dye, and the film thickness was ~14 mm. The incident photo–
to–current conversion efficiency (IPCE) of the mesoporous TiO2 mi-
crospheres exceeded 60% in a broad spectral range from 300 to 700 nm,
reaching its maximum of ~95% at 530 nm (Fig. 4D). The photo-
response region was remarkably extended over 800 nm for the DSSCs
based on the radially oriented single-crystal–like mesoporous TiO2

microspheres. Such an expanded photo-responsive behavior is at-
Liu et al. Sci. Adv. 2015;1:e1500166 8 May 2015
tributed to the 3D open, radially-oriented mesopore configuration
and large particle size (~800 nm) of the mesoporous TiO2 micro-
spheres, which results in the pronounced light-scattering property
and expanded photo-responsive ability in the NIR region. From the
overlap integral with the standard global AM 1.5 solar emission spectrum,
the integrated photocurrent density from the IPCE spectrum was cal-
culated as 19.7 mA cm−2, which is 86% of the measured Jsc value
(22.9 mA cm−2). The experimental Jsc error between the J-V curve and
IPCE was ~14%. This is probably due to the spectral mismatch be-
tween the two simulated solar lights in the two separated instruments.
Fig. 4. Photovoltaic device characterization. (A) Diffuse reflectance spectra of TiO2 films with a thick-

ness of about 12 mm. Inset: Photograph of the 3D open, radially-oriented mesoporous TiO2 microsphere-
based film. (B) J-V curves of DSSCs fabricated from the three TiO2 samples with N719 dye under AM 1.5G
simulated sunlight with a power density of 100 mW cm−2. (C) A cross-sectional SEM image of a DSSC
composed of 3D open mesoporous TiO2 microspheres. Inset: Photograph of the sliced films for SEM.
(D) IPCE spectra of the DSSCs based on the radially oriented mesoporous TiO2 spheres with a uniform
size of 800 nm, conventional mesoporous TiO2 bulk, and commercial Degussa TiO2 P25. The pink marked
shadow region shows that the photo-response region is extended over 800 nm for the single-crystal–like
mesoporous TiO2 microspheres. (E) Electron transport time and electron lifetime. (F) Electron diffusion
coefficient (Dn) for the mesoporous TiO2 microspheres.
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The transport time (td), electron lifetime (tr), and diffusion coefficient
(Dn), calculated using intensity-modulated photocurrent spectroscopy
(IMPS) and intensity-modulated photovoltage spectroscopy (IMVS)
(Fig. 4, E and F), demonstrate that the electron transportation rate
within the mesoporous TiO2 microspheres is more rapid than those
inside the mesoporous TiO2 bulk and P25, and the charge recombina-
tion is relatively more suppressed at the mesoporous TiO2 micro-
sphere photoanode-electrolyte interface (27, 28).

On the basis of the above characterization of the DSSCs, the high
PCE of the mesoporous TiO2 microspheres was associated with the
high loading capacity of N719 dye and the large accessible surface area
with dominant (101) exposed facets, high rate of electron transfer through
single-crystalline–like anatase walls, and pronounced light-scattering
ability due to 3D open, radially-oriented mesopore configuration. The
mesoporous TiO2 microspheres also demonstrated high performance
in photocatalytic reactions (fig. S14).

To understand the evaporation-driven oriented assembly process,
we used the cryo-SEM technique to examine the products harvested
from the sol solution at different intervals of time (fig. S15). The
growth of these mesoporous TiO2 microspheres was found to proceed
through a phase separation and gradual transformation of Pluronic/
titania composites from spherical to radial cylindrical micelles. At the
first stage of the process, the preferential evaporation of THF at 40°C
increased the concentration of the mixed solution (containing water, HCl,
acetic acid, amphiphilic block copolymer, and titania oligomers), induc-
ing a liquid-liquid phase separation by hydrolytic polycondensation of
the TBOT precursor. The spherical PEO-PPO-PEO/titania composite
micelles formed at the interface between the THF- and water-rich
phases, minimizing the surface tension (fig. S15B). TEM images show
that these spherical micelles have a typical core-shell structure with
PEO-PPO-PEO as the core and titania oligomers as the shell (fig. S2).
With continuous THF evaporation at 40°C, these small spherical mi-
celles aggregated together to form large, dense, spherical particles, re-
ducing interface energy; hence, the solution became turbid (fig. S15C).
Finally, second-step evaporation of THF and residual solvents (such as
butyl alcohol) from inside the microspheres (at 80°C) caused the PEO-
PPO-PEO/titania spherical micelles to fuse into cylinders, leading to a
continuous 3D radially oriented growth of cylindrical micelles (fig.
S15D). This driving force was the result of reducing surface energy
Liu et al. Sci. Adv. 2015;1:e1500166 8 May 2015
when the interface between the spherical composite micelles and
THF solvent disappeared after complete solvent evaporation.
DISCUSSION

The oriented growth of the single-crystal–like anatase pore walls along
the [001] direction is related to the solvent evaporation–driven ori-
ented assembly growth process (24, 29, 30). The addition of a strong
aqueous acid (HCl) can partially charge the initially formed anatase
nanocrystals by selective adsorption of Cl− ions on the (101) planes
(Fig. 1 and fig. S5) (24), which may act as a “bridge” between the nano-
crystal building blocks and hydrophilic segment boundary of Pluronic
F127. The STEM image and energy-dispersive x-ray spectroscopy (EDX)
element mapping analyses confirm the presence of Cl− ions on the
crystallographic planes of a single ultramicrotomed TiO2 microsphere
(fig. S16). As confirmed by in situ synchrotron radiation SAXS (Fig.
2A), a continuous slow evaporation of the residual THF and hydro-
lyzed solvent (for example, n-butyl alcohol) at 80°C actually causes the
initially formed spherical micelles to fuse into radially oriented cylin-
drical micelles. Simultaneously, this second-step evaporation from the
center to the outside of the sphere particles can also cause TiO2 crys-
tallization oriented around F127 cylindrical micelles at a low tempera-
ture of 80°C. Our results revealed that the slow evaporation and
confinement of the triblock copolymer hydrophilic boundary could cor-
rect the crystallographic orientation of the nanocrystal building blocks.
After calcination at 400°C for 2 hours, the oriented anatase nanocrystals
can further crystallize into single-crystal–like pore walls with dominant
(101) exposed facets. However, the products obtained in the same con-
ditions without F127 are typically crackable monoliths composed of
aggregates of irregular TiO2 nanocrystals (fig. S17), indicating that
Pluronic F127 is an essential template in the evaporation-driven ori-
ented growth of mesoporous TiO2 microspheres.

Furthermore, conventional mesoporous TiO2 bulk with irregularly
oriented cylindrical pores and polycrystalline walls can be obtained
(figs. S18 and S19) when the initial yellow sol-gel reaction solution
(fig. S1A) evaporates quickly under a low-vacuum condition (~200 Pa)
at 40°C, implying that control of the solvent evaporation rate is vital
for the micelles and inorganic nanoentities to adapt their preferred
orientation to the interface. Thus, if proper control of the solvent
evaporation rate and initial soluble precursors is achieved, this general
evaporation-driven oriented assembly method can easily extend the
synthesis of mesoporous oriented single crystals to a range of func-
tional semiconductors.

In summary, well-defined, uniform 3D open, mesoporous TiO2 mi-
crospheres with radially oriented mesochannels and single-crystal–like
pore walls that dominate (101) exposed facets have been successfully
synthesized by a novel evaporation-driven oriented assembly method.
Such an unprecedented type of 3D open, mesoporous TiO2 micro-
sphere has a large accessible surface area (112 m2/g), a large pore vol-
ume (0.164 cm3/g), highly single-crystalline–like walls, and a uniform
submicrometer size. Owing to their unique features, especially domi-
nant (101) exposed facets and large surface area, the resultant DSSCs
have a high energy-conversion efficiency of up to 12.1%. Such a general
evaporation-driven oriented assembly procedure results in a dramatic
transformation of surfactant/inorganic oligomer micelles from spheri-
cally to radially oriented cylindrical micelles by controlling the solvent
step evaporation. This evaporation-driven oriented assembly method
Table 1. Photovoltaic parameters of DSSCs based on the photoanodes
of radially oriented mesoporous TiO2 microspheres, bulk mesoporous
TiO2, and commercial P25 after TiCl4 treatment [measured under AM
1.5 sunlight illumination (100 mW cm−2)]. The active area of the devices
with a metal mask was about 0.16 cm2. FF, fill factor.
Samples

Voc

V)

Jsc

A cm−2)

F
)

h
%)
Adsorbed dye
10−7 mol cm−2)*
Mesoporous TiO2

microspheres

51
 22.9
 0.6
 2.1
 2.13
Bulk mesoporous TiO2
 59
 15.8
 3.1
 .6
 1.45
P25
 34
 12.3
 5.0
 .8
 1.12
*Dye-adsorbed films with an area of ~10 cm2 were used for estimating the adsorbed dye
concentration. The commercial N719 dye was first desorbed into a 0.1 M NaOH solution in
water and ethanol [1:1 (v/v)], and the desorbed N719 dye concentration was then measured
by using an ultraviolet-visible spectrophotometer.
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can be easily extended to synthesize highly crystalline mesoporous
materials with oriented configuration for advanced applications in sen-
sors, photocatalysis, drug delivery, etc.
MATERIALS AND METHODS

The 3D open, radially-oriented TiO2 microspheres were synthesized by
the evaporation-driven oriented assembly (EDOA) approach (see Sup-
plementary Materials and Methods for detailed preparation of TiO2

microspheres). In summary, Pluronic F127 (PEO106PPO70PEO106,
weight-average molecular weight = 12,600 g/mol), water, acetic acid, con-
centrated HCl (36 wt %), and TBOT were vigorously stirred in THF
solvent to form a clear, golden yellow solution. Sequentially, the ob-
tained clear solution was transferred into a volumetric flask and left in
a drying oven to evaporate the THF solvent at 40°C for 8 hours, then
at 80°C for another 12 hours to completely remove the solvent. Final-
ly, the white TiO2 mesoporous powder was obtained by calcination in
air at 450°C for 3 hours. The detailed methods and characterization
are available in the Supplementary Materials.
SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/content/
full/1/4/e1500166/DC1
Materials and Methods
Fig. S1. Photographs of the mixed solution for the preparation of the mesoporous TiO2 micro-
spheres during the evaporation of the solvent THF.
Fig. S2. TEM images with different magnifications of the sample taken from the preparation
solution after the solvent evaporation at 40°C for 6 hours.
Fig. S3. STEM image and EDX elemental maps of the sample taken from the preparation solution
after THF evaporation at 40°C for 6 hours.
Fig. S4. WAXRD patterns of the precipitates obtained at different solvent evaporation times
without calcination.
Fig. S5. The proposed mechanism for oriented growth of the anatase single-crystal–like
pore walls.
Fig. S6. HAADF-STEM images of a single ultramicrotomed 3D open radially oriented mesoporous
TiO2 microspheres.
Fig. S7. SEM images of the products obtained after the second-step evaporation at a high
temperature of 120°C.
Fig. S8. TEM images of an ultramicrotomed radially oriented mesoporous TiO2 microsphere
with different integrity.
Fig. S9. SAED and HRTEM images taken from the cylindrical pore bundle regions with different
orientation.
Fig. S10. HRTEM and SEAD images of the mesoporous TiO2 spheres taken from the area of the
cylindrical pore bundles.
Fig. S11. Detail photovoltaic parameters of 15 individual mesoporous TiO2 microsphere-
based cells.
Fig. S12. Independent certificate by the National Center of Supervision and Inspection on Solar
Photovoltaic Products Quality.
Fig. S13. Cross-sectional and top-view SEM images of the photoanode film based on the
uniform mesoporous TiO2 microspheres.
Fig. S14. Photocatalytic decomposition of methylene blue dye over the mesoporous TiO2

microspheres.
Fig. S15. Cryo-SEM images of the samples harvested at different intervals of solvent evapora-
tion time.
Fig. S16. STEM image and EDX elemental maps of a single ultramicrotomed mesoporous TiO2

microsphere.
Fig. S17. SEM images of the products obtained under similar conditions in the absence of
Pluronic F127.
Fig. S18. Field-emission SEM (FESEM) and TEM images of the ordered mesoporous TiO2 bulks
with randomly oriented cylindrical pores.
Fig. S19. HRTEM images, nitrogen adsorption-desorption isotherms, pore size distributions,
and SAXS integral curves of the randomly oriented mesoporous TiO2 bulk samples.
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