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ABSTRACT: We describe a general synthesis strategy, which
combines sol—gel and hydrothermal processes, for the large-
scale synthesis of porous perovskite titanates spheres with
tunable particle size and inner structures. Amorphous hydrous
TiO, solid spheres (AHTSS) are first synthesized by a sol—gel
method and are then used as precursor and template for the
subsequent hydrothermal reaction with alkaline earth metal
ions in an alkaline medium. This strategy can be generalized to
synthesize porous spheres of various perovskite titanates (i.e.,
SrTiO;, BaTiO;, and CaTiO;) consisting of single-crystalline
nanocubes. By controlling the textural properties (ie., size,
porosity, and structure) of AHTSS, perovskite titanates with
tunable size and inner structures are selectively synthesized.
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The underlying formation mechanism is manifested by XRD and TEM to involve in situ crystallization or Ostwald ripening
during the hydrothermal process. The obtained porous SrTiO; spheres present superior performance in photocatalytic oxygen

evolution and CdSe-sensitized mesoscopic solar cells.
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1. INTRODUCTION

Photoelectrochemical processes have proven to be cost-
effective pathways for the efficient conversion of solar power
to chemical and electrical energy, for which mesoscopic metal
oxide semiconductors generally present as the key materials for
light harnessing, charge transport, or both."* Among various
semiconducting metal oxide nanostructures reported to date,
monodisperse spheres comprised of nanocrystallites have been
attracting particular interest. One of the most favorable features
of these materials is the great structural diversity at nano- and
submicrometer length scales, rendering unique textural proper-
ties: porous microstructure and large surface area arising from
the voids among the assembled nanocrystallites, spherical
morphology capable of enhancing the structural stability, ease
of packing, processing, reclaiming, and so on. Taking TiO, as
an example, recent studies have demonstrated that porous TiO,
submicrospheres, as compared to the conventional nano-
particles (NPs), possess a larger surface area for dye uptake
and present a significant size effect in light scattering.

-4 ACS Publications  © 2015 American Chemical Society

14859

Moreover, their interconnected nanocrystalline network
effectively shortens the diffusion path of charge carriers and
decreases the resistances from the grain boundaries, both of
which dramatically facilitate charge transport.>™® Therefore,
superior performances in photocatalysis and mesoscopic solar
cells have been achieved.>”~"°

Perovskite titanates (ATiO;, A = alkaline earth metal)
represent a unique class of oxides with intriguing properties in
ferroelectricity, semi/superconductivity, catalysis, magnetism,
and so on."'"™'* In particular, SrTiO; is a well-known n-type
semiconductor widely used as photocatalysts and photoanode
materials for mesoscopic solar cells.'”~** Owing to the
technical importance of ATiO;, continuous efforts have been
devoted to the facile and controlled synthesis of various
nanostructured ATiO;. Considerable progress has been made
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Figure 1. Schematic representation of the formation of amorphous hydrous TiO, solid spheres (D-/N-AHTSS), using DDA and NHj as the SDA,
and their transitions to porous SrTiO; solid and hollow spheres (h-/s-SrTiO;) via hydrothermal processes, respectively.

recently using wet-chemistry routes, and extensive success has
been achieved in the synthesis of ATiO; NPs.*>">” Compared
with the traditional solid-state synthesis at a high temperature
(>1000 °C), wet-chemistry routes, such as a one-pot hydro/
solvothermal process, are favorable to reducing the crystal
defects and coarsening at relatively low temperature.'®**~>*

Despite the superior performance of porous spheres to NPs,
self-organization of nano ATiO; to a well-defined porous
spherical morphology appears to be a challenge. A key dilemma
in the controllable synthesis lies in the comprehensive balance
between the crystallization and the spherical assembly
process.”*> The as-formed ATiO; nanocrystallites are prone
to isolate from the highly curved spherical surface because of
the increased stress, which easily causes the collapse of the
spherical structure forming free NPs. Such destruction is even
more severe during the fabrication of hollow spheres.
Therefore, according to the protocols established so far, the
synthesized ATiO; (sub)microspheres generally present low
porosity and limited surface area (<20 m? g~!),***%*” which
significantly restrict their practical applications. Moreover, on
the basis of our careful literature survey, size- and inner-
structure-controllable synthesis of spherical ATiO; has not yet
been reported.

In an effort to develop a facile synthesis method for porous
ATiO; solid/hollow submicrospheres with large surface areas
and tunable particle sizes, we consider decoupling the
formation of the spherical structure from the crystallization
process. Thereby, ATiO; can be incubated in the mother
spherical structure, alleviating the control of crystal growth and
favoring the retention of the spherical morphology.>**~*' In
this context, amorphous hydrous TiO, solid submicrospheres
(AHTSS) would be an appropriate “self-template” because we
have recently studied these for the size-controllable synthesis of
mesoporous TiO, solid/hollow submicrospheres.”®*® More
significantly, compared with anatase or rutile TiO,, amorphous
TiO, has been demonstrated to be an ideal precursor that
enables the transformation to nanocrystalline ATiO; at a
relatively low hydrothermal temperature, as investigated by
Walton et al.** The decreases in reaction temperature and
pressure allow the ATiO; nanocrystallites to be incubated and
to ripengradually, which in turn facilitates the retention of
spherical and hollow structures. Therefore, we propose a
combined sol—gel and low-temperature hydrothermal process
for the large-scale synthesis of a series of porous and spherical
ATiO; (A = Sr, Ba, and Ca) with tunable inner structure and
particle size. Figure 1 illustrates the formation of porous SrTiO;
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solid and hollow submicrospheres (s-/h-SrTiO;, respectively)
using AHTSS as the self-template. AHTSS are first formed by
the sol—gel precipitation of titanium alkoxides. The subsequent
hydrothermal reaction with alkaline earth metal ions proceed-
ing in an alkaline medium leads to a phase transformation from
AHTSS to ATiO; with the spherical structure inherited. On the
basis of this synthesis strategy, the solid/hollow interior
structure and the particle size of ATiO; submicrospheres can
be selectively controlled by tuning two key textural parameters
of AHTSS self-template, namely porosity and size. The as-
synthesized porous SrTiO; submicrospheres, possessing a large
surface area up to 95.6 m* g”', show excellent performance in
photoelectrochemical applications.

2. EXPERIMENTAL SECTION

2.1. Chemicals. All chemicals used were obtained from Sigma-
Aldrich and used as received without further purification, except
titanium isopropoxide (Ti(O-iPr),, >97%) that was purified by
distilling at 120 °C under reduced pressure. The obtained colorless
and transparent liquid was used for the subseqgent synthesis of AHTSS
self-templates.

2.2. Synthesis of AHTSS with DDA (D-AHTSS). Typically, 1.08 g
of dodecylamine (DDA) was readily dissolved in 200 mL of a mixture
of ethanol and acetonitrile (3:1 in volume ratio) containing 1.15 g of
H,O. After stirring for 10 min, 4 mL of Ti(O-iPr), was promptly
injected under vigorous stirring. A milky suspension was formed in 2 s.
After aging for 6 h by gentle stirring, the formed D-AHTSS were
centrifuged, washed by ethanol once, and then washed by water three
times. Finally, they were dried at 80 °C.

2.3. Synthesis of AHTSS with NH; (N-AHTSS). Typically, 0.38 g
of NH;-H,O (28 wt %) solution and 0.91 g of H,O were added to 250
mL of a mixture of ethanol and acetonitrile (6:4 in volume ratio).
Then, S mL of Ti(O-iPr), was promptly injected into the above
solution under vigorous stirring. A milky suspension was formed in 2 s.
After aging for 6 h by gentle stirring, the formed N-AHTSS were
centrifuged, washed by ethanol once, and then washed by water three
times. Finally, they were dried at 80 °C.

2.4. A General Synthesis Method of s-/h-SrTiO3. Typically, 1.0
g of dried AHTSS was redispersed in 35 mL of 2 mol L™ NaOH
aqueous solution. Sr(NOj;), was then added with a final molar ratio to
TiO, of 1.1:1.0. After stirring for 10 min, the suspension was
transferred to a 45 mL Teflon-lined autoclave. A hydrothermal
reaction was carried out at 140 °C for 4 h to conduct the
crystallization. The obtained white particles were collected, washed
with 0.05 mol L™* HNO; and water to remove the unreacted Sr(OH),,
and finally calcined at 450 °C for 4 h with a ramping rate of 5 °C
min~". By tuning the type of AHTSS, s-/h-SrTiO; can be selectively
synthesized using N-/D-AHTSS, respectively.
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Figure 2. (a) TEM and (b) SEM images of D-AHTSS. (c) N, sorption isotherm plots of D-/N-AHTSS.

2.5. Materials Characterization. XRD patterns were collected on
a Bruker D8 Advance X-ray diffractometer using monochromated
high-intensity Cu Ka radiation with a wavelength of 0.15418 nm. The
morphology and microstructure were characterized by a Zeiss Supra
40 field-effect scanning electron microscope (SEM) and a transmission
electron microscope (TEM, JEOL JEM-2010). Nitrogen sorption
isotherms were measured by an ASAP 2020 system (Micromeritics).
The Brunauer—Emmett—Teller (BET) equation was used to calculate
the surface area from the adsorption data obtained at P/P; = 0.01—
0.30. The Barrett—Joyner—Halenda (BJH) method was used to
estimate the average pore diameter from the adsorption branch of the
isotherm. TGA was performed in air with a heating rate of 10 °C
min~" using a SDT Q600 V8.0 Build 95 thermoanalytical apparatus.
The optical properties of SrTiO; powders and SrTiO;/TiO,
electrodes were studied utilizing a single beam in a Shimadzu UV—
vis—NIR spectrophotometer (Solidspec-3700).

2.6. Photocatalytic Activity Measurements. Photocatalytic
oxygen evolution tests were conducted in a continuous-flow setup
adapted to a quadrupole mass spectrometer (QMS) for the gas
analysis (Hiden HPR-20). The experimental setup employed in this
study was the same as that described in our previous report.*’ In a
typical run, the SrTiO, (1.0 g L™") photocatalyst was suspended in 50
mL of an aqueous AgNOj solution (0.01 mol L™!) by sonication. The
suspension was transferred into the photoreactor and purged with Ar
for 30 min to sufficiently remove dissolved O,. Afterward, the reactor
was connected to the mass flow controller and to the Q/C capillary
sampling inlet of the QMS through metal flanges and adapters. To
remove the air in the headspace of the reactor, an Ar gas stream was
allowed to flow continuously through the reactor before irradiation,
until no traces of molecular oxygen or nitrogen could be detected by
the QMS. The Ar gas flow rate through the reactor was kept constant
at 10 mL min~" during all photocatalytic tests. The inlet flow rate/gas
consumption by the QMS was 1 cm® min™’, and the excess gas was
directed toward the exhaust. The sampling rate of the QMS was in the
millisecond time range, thus allowing fast tracking of the reaction.
After stabilization of the system background, the reactor was irradiated
from the outside using collimated UV light of a strong 365 nm LED
(Thorlabs). For the quantitative analysis of O, the QMS was
calibrated employing standard diluted O, in Ar (Linde Gas, Germany).

2.7. Fabrication of Mesoscopic Solar Cells. Viscous pastes of
commercial Evonik-Degussa Aeroxide P25 TiO, NPs and s-/h-SrTiO;
were made by mixing with ethyl cellulose and a-terpineol following
our previously reported procedure.*®** The prepared P25 paste was
first screen-printed onto fluorine-doped tin oxide (FTO)-coated glass
(15 Q sq7!, Pilkington TEC-15) that was predeposited with a thin
compact TiO, layer by spray pyrolysis. Then, the transparent P25 layer
was deposited with a scattering layer by screen-printing the SrTiO;
paste. The resultant films were calcined in air at 450 °C for 15 min
before being subjected to a diluted TiCl, solution, rinsed, dried, and
heated to 450 °C again for 30 min.

The fabricated photoanodes were sensitized with CdSe by
successive ionic layer adsorption and reaction (SILAR) method by
dipping into two separated solutions containing 0.03 mol L'
cadmium nitrate tetrahydrate (Fluka, >99.0%) and 0.03 mol L™
Se? % The Se?~ solution was prepared by mixing SeO, and
NaBH, in ethanol following a procedure developed by Lee et al.** The
desired CdSe clusters were formed by the reaction of the preadsorbed
Cd?** with Se*”. One deposition cycle was completed by further rinsing
in ethanol for 2 min and drying again in an argon atmosphere for 2
min. This procedure was repeated nine times. The obtained CdSe-
loaded TiO, electrodes were then deposited with a ZnS passivation
layer using 0.1 mol L™' aqueous zinc acetate dehydrate (Zn-
(CH;C00),-2H,0) and 0.1 mol L' aqueous sodium sulfide
nonahydrate (Na,S-9H,0), dipping for 1 min in each solution, with
1 min of rinsing in deionized water between each immersion in a
precursor solution. After two deposition cycles, a core—shell CdSe/
ZnS sensitizer layer was formed on photoanodes.

For the construction of solar cell, an aqueous polysulfide solution
composed of 1.0 mol L™! Na,$-9H,0, 1.0 mol L™* S, and 0.10 mol L™
NaOH was used as the electrolyte for CdSe-sensitized solar cell, and
FTO with a thin Pt layer was used as the counter electrode.
Alternatively, a Cu,S counter electrode prepared by adding one drop
of the polysulfide solution onto an unmasked part of well-etched brass
was used.*®

2.8. Characterization of Mesoscopic Solar Cells. Photo-
current—voltage (j—V) characteristics were measured under simulated
AM 1.5G illumination using a Keithley Source Meter and the PVIV
software package (Newport). A Newport solar simulator was used as a
light source, and its light intensity was calibrated using a reference Si
solar cell (Model: 91150V, Newport/Oriel). The active area of the
cells was defined by a black mask to be 0.1199 cm® Incident photon
conversion efficiency (IPCE) spectra were measured under short-
circuit condition in air using a 300 W xenon lamp and a grating
monochromator equipped with order sorting filters (Newport/Oriel).
The spectral resolution was set to 5 nm. The incident photon flux was
determined by using a calibrated silicon photodiode. Photocurrents
were measured with an autoranging current amplifier. Control of the
monochromator and recording of the photocurrent spectra were
carried out via the TRACQ Basic software (Newport).

3. RESULTS AND DISCUSSION

3.1. Synthesis of AHTSS with Controllable Textural
Properties. The AHTSS were synthesized by direct hydrolysis
of Ti(O-iPr), in a mixed ethanol—acetonitrile solution with
small amounts of water and structure-directing agent (SDA).
Acetonitrile is used as a cosolvent to improve the
monodispersity of the resultant AHTSS.> The SDA, either
DDA or NH;, is used as spherical morphology controller and
precipitation prompter for the rapid hydrolysis of Ti(O-iPr),,
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which generates ultrafine Ti(O-iPr),(OH),_, NPs. Moreover,
with the assistance of SDA, these NPs serve as nucleation
centers for the subsequent agglomeration of the nanosized
hydrates. Uniform and monodisperse solid spheres can thus be
formed via self-organization.*’

Apparently, the particle size of AHTSS is critically
determined by the quantity of nucleation centers created by
water. Tuning the molar ratio of H,O to Ti(O-iPr), (Ry) from
2.5 to 15 enables the formation of monodispersed AHTSS with
particle sizes in range of 0.2—1.1 ym (see Figure S1 and ref
38.). The higher Ry is, the more nucleation centers are formed,
and consequently, the smaller the particle size will be.

DDA (or NH;) mediates the self-organization of primary
TiO, hydrates to AHTSS. These SDAs play unique roles in the
formation of AHTSS. Tuning SDA allows for a facile control of
their textural properties, e.g., their porosity. Figure 2a,b shows
the representative SEM and TEM micrographs of D-AHTSS
synthesized with an Ry of 4.7. They are solid and exhibit high
uniformity in particle size (~480 nm). Similar uniform
spherical morphology is also fresent in N-AHTSS, as can be
found in our previous report.”®

Nevertheless, there is a significant difference in their specific
surface area, as revealed by N, adsorption analysis (Figure 2c).
D-AHTSS has a nonporous structure with a limited BET
surface area of 6.87 m’/g, whereas N-AHTSS possesses an
ultralarge surface area of 467.4 m* ¢! and a uniform BJH pore
diameter of 3.5 nm. With DDA as SDA, an organic—inorganic
hybrid mesostructure can be formed through a so-called S°I°
pathway by the cooperative assembly between the neutral DDA
surfactants (S°) and the inorganic precursor (I°) of hydrophilic
TiO, hydrates.”**™>> Through such cross-linking, DDA
molecules are associated with TiO, hydrates in D-AHTSS.
Thermogravimetric analysis (TGA) of D-AHTSS shows that
the DDA/TiO, weight ratio is around 0.27. Similar to the
mesostructured DDA-SiO, hybrid materials,*® D-AHTSS show
nonporous nature, and their surface area is mainly attributed to
their surface roughness.”** In comparison, because of the
increasing OH™ with the introduction of NH; as SDA,
hydrogen bonding and electrostatic attractions dominate the
self-assembly, guiding the formation of N-AHTSS with the
close packing of nanosized TiO, hydrates. Porous structure can
thus be formed because of the existence of numerous voids
among the TiO, hydrates.*®

3.2. Hydrothermal Transformation from AHTSS to
ATiO;. The nanosized TiO, hydrates show a high reactivity
with alkaline earth hydroxides during the hydrothermal process.
A variety of prototypical ATiO3, including SrTiO;, BaTiOj,
and CaTiO;, can be synthesized at a moderate hydrothermal
temperature of 140 °C. Herein, we take SrTiO; as an example
to expound our synthesis strategy.

Figure 3 summaries the morphology and microstructure of
s-/h-SrTiO; synthesized from N-/D-AHTSS. After a mild
hydrothermal reaction followed by a calcination at 450 °C, s-/h-
SrTiOj; inherit the spherical morphology of their self-templates,
although the diameter is decreased to 420—450 nm and the
uniformity is slightly degraded because of the structural
shrinkage caused by the crystallization of SrTiO;. More
interestingly, tuning the self-template allows for the facile
synthesis of SrTiO; submicrospheres with controllable inner
structures. For instance, s-SrTiO; derived from N-AHTSS
possesses a solid interior and consists of numerous SrTiO;
nanocubes, the typical crystal shape of perovskites (Figure
3a,b). The edge length of the packed SrTiO; nanocubes is very

Figure 3. (a, ¢, and d) SEM,, (b and e) TEM, and (f) HRTEM images
of s-SrTiO; (a and b) and h-SrTiO; (c—f) synthesized from N-/D-
AHTSS, respectively.

uniform and estimated to be around 30—40 nm. Voids among
these nanocubes create accessible mesopores and channels
inside the solid submicrospheres. In contrast, h-SrTiO; with a
hollow interior is obtained when using D-AHTSS as self-
template. The densely packed SrTiO; nanocubes construct a
spherical shell with a thickness of 120—180 nm (Figure 3c—e).
A high-resolution TEM (HRTEM) image shown in Figure 3f
reveals that each nanocube is fully crystallized. The d spacing of
the lattice fringes is calculated to be 2.76 A, which can be
assigned to the (110) surface of SITi0,.>

N, adsorption—desorption isotherms were measured for s-/
h-SrTiO; after calcination at 450 °C to further elucidate their
microstructure evolution upon phase transition. As shown in
Figure 4, they exhibit type-IV isotherm plots with distinct
capillary condensation steps, suggesting the presence of
mesopores in both samples. BET specific surface areas of s-/
h-SrTiO; are estimated to be 101.3 and 64.7 m’g’,
respectively. A type H3 hysteresis loop at P/P, = 0.6—1.0 is
observed in s-SrTiO;, which can be assigned to slit-shaped
pores constructed by the packed nanocubes.***” In contrast, h-
SrTiO; exhibits two hysteresis loops in the sorption isotherm.
At P/P, = 0.40—0.75, the hysteresis loop is of type H2,
suggesting the presence of inkbottle-like pores arising from the
intra-aggregated pores. At P/P, = 0.8—1.0, the hysteresis loop is
of type H4, which is ascribed to the narrow slit-like pores
because of the large interaggregated pores enriched by the
generation of hollow interiors.>® Accordingly, h-SrTiO,
presents a bimodal pore size distribution ranging in the
mesoporous and macroporous regions centered at 3.4 and >100
nm, respectively.
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Figure 4. N, sorption isotherms and pore size distribution plots
(inset) for s-/h-SrTiO;.

It is worth noting that these two kinds of porous SrTiO,
submicrospheres present much larger surface area than those
obtained from the solid-state reaction or from the sol—gel
coprecipitation method followed by calcination, where
amorphous titanates directly crystallize into dense crystals
inevitably eliminating their surface area.”®*” In our synthesis
strategy, SrTiO; building blocks are incubated under hydro-
thermal conditions, which facilitates the crystal growth of
SrTiO; at the nanoscale. Hence, the hydrothermally prepared
submicrospheres possess a large surface area, up to 170.2 m*
g~' (Figure S2), and show superior thermal stability resistance
to indiscriminate crystal growth or fusion in the subsequent
calcination process. As a result, a porous structure with a large
surface area is obtained.

3.3. Formation Mechanism. The transformation from
AHTSS to perovskite SrTiO; occurs during the hydrothermal
process and is accompanied by substantial structural evolutions.
The synthesis is derived from an aqueous NaOH solution
containing suspended AHTSS and Sr(OH),. Herein, Sr(OH),
is freshly formed by mixing Sr(NO;), with NaOH. Its solubility
in water can be dramatically increased at elevated temperature
(e.g, 1.77 g per 100 mL at 20 °C, as compared with 21.83 g per
100 mL at 100 °C). Hence, the formed Sr(OH), precipitate
can be readily dissolved in the aqueous medium at the
hydrothermal temperature 140 °C. Therefore, the formation of

SrTiO, is believed to occur at the solid (AHTSS)—liquid (Sr**-
containing alkaline solution) interface, ensuring uniform
morphology and easy crystallization.

The intermediates at different stages of hydrothermal
reaction were collected, and their structure and morphology
were analyzed. Figure Sa shows the XRD patterns of D-AHTSS
after hydrothermal reaction durations of 0.5, 1.5, 3, and 4 h. All
four samples display only one SrTiO3 phase (Powder
Diffraction File (PDF) no. 73-0661, International Centre for
Diffraction Data (ICDD), 1997). With the progress of
hydrothermal reaction, the diffraction peaks of SrTiO; become
more and more intense, suggesting the gradual crystallization of
SrTiO;. Neither anatase nor rutile diffraction peaks of TiO, are
observed during the entire hydrothermal process, indicating a
direct phase transformation from amorphous TiO, hydrates to
crystallized SrTiO;. The corresponding morphological evolu-
tion can be clearly seen from the TEM images shown in Figure
5 b—g. A smooth surface is present in the pristine D-AHTSS
(Figure Sb), which becomes slightly rough after a short
hydrothermal reaction (0.5 h) that is ascribed to the formation
of SrTiO; nanocrystallites (Figure Sc). Because of the space
confinement, the crystallization merely happens at the surface
of nonporous D-AHTSS. The sphere surface becomes much
rougher as SrTiO; grows into larger crystallites and almost
covers the entire surface of D-AHTSS after 1.0 h reaction
(Figure Sd). Further increasing the reaction time to 2.0 h
results in the formation of a core—shell-like structure, with a
thin crystallized SrTiO; shell and a spherical solid core (Figure
Se). The shell becomes thicker when further prolonging the
hydrothermal duration to 3.0 h, whereas the core becomes
smaller and isolates from the shell, resulting in a yolk—shell
structure (Figure Sf). As identified by the XRD analysis, the
yolk—shell-structured intermediates show only one SrTiO,
phase; however, anatase phase (PDF no. 21-1272, ICDD,
1969) appears upon calcination (Figure S3), suggesting that the
yolk indeed is made of amorphous TiO, hydrate, which is intact
during hydrothermal process and is crystallized to anatase upon
heat treatment. This, together with the perfect spherical
structure remaining in the decrescent D-AHTSS, implies that
the hollowing process is plausibly induced by an outward
Ostwald ripening. This means that along with the inward
reaction of D-AHTSS with Sr(OH), the high-energy species
beneath would presumably relocate onto the SrTiOj; shell via
Ostwald ripening. Hence, the shell growth is prompted, and

Intensity / a.u.

Figure S. Phase and morphological evolutions from D-AHTSS to SrTiO; hollow spheres during the hydrothermal process: (a) XRD patterns and
TEM images of products obtained with different durations: (b) 0 h, (c) 0.5 h, (d) 1.0 h, (e) 2.0 h, (f) 3.0 h, and (g) 4.0 h.
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voids appear at the TiO, hydrate/SrTiO; interface. Hollow
submicrospheres are eventually formed after a 4.0 h reaction
when the hydrous TiO, species are completely consumed
(Figure Sg). Further increases in the hydrothermal reaction
time, however, leads to an “over-ripening” of SrTiO; The
spherical morphology gets distorted, and a considerable
amount of disassembled free NPs coexists in the final product
(Figure S4).

Although the above time-dependent analysis has unambig-
uously drawn a mesoscopic picture on the formation of hollow
submicrospheres, the microscopic picture is yet clear. During
the hydrothermal process, the surface of D-AHTSS submicro-
spheres would gradually transform to the crystallized SrTiO;
phase. It is reasonable to assume that both the Sr** and OH~
species would further penetrate through the generated
mesopores and attack the amorphous TiO, hydrate to form
SrTiO; nanocrystallites, which accompanies the expulsion of
assembled DDA molecules. The newly formed SrTiO;
nanocrystallites will subsequently undergo Ostwald ripening
and redeposit onto the SrTiO; shell. Alternatively, the newly
exposed TiO, hydrates underneath the SrTiO; shell may
experience similar Ostwald ripening and form crystalline
SrTiO; on the shell by reacting with Sr(OH), in the solution.
In either case, core—shell and then yolk—shell intermediate
structures of amorphous TiO,@crystallized SrTiO; are
successively formed before the hollow inner structure is
eventually generated in SrTiO; submicrospheres.

Unlike h-SrTiO; no reconstitution happens during the
hydrothermal formation of s-SrTiO;, as evidenced by an
identical time-dependent morphological analysis (Figure SS).
The highly porous structure in N-AHTSS offers good
accessibility to the dissolved Sr** and OH™ species. The inside
nanobuilding blocks, hydrous TiO,, gradually dehydrate, and
heterogeneous nucleation of pseudocubelike SrTiO; nano-
crystallites is triggered on the surface of each nanosized TiO,
hydrate under the mild alkaline condition. The crystallization
process does not distort the original spherical morphology.
Thus, the formation of SrTiO; nanocrystallites in this study is
believed to involve an in situ crystallization mechanism,*"®
rather than a dissolution—precipitation mechanism.***" It is
noteworthy that both of the above two formation mechanisms
have been proposed for the formation of crystalline SrTiO;
although controversy persists because of the difficulty in getting
real-time characterizations of the microstructures of inter-
mediates. Our synthesis of porous hierarchical SrTiOj;
submicrospheres reported here for the first time offers direct
evidence to support the in situ transformation model
mesoscopically. The phase transformation from amorphous
TiO, hydrates to SrTiO; nanocrystallites leads to a decrease in
the surface area of submicrospheres to 170.2 m”> g™' after
hydrothermal process and an increase in pore size to 6.1 nm
(Figure S2).

3.4. Generalization of the Self-Template Strategy. To
corroborate the proposed formation mechanism, attempts have
been made to extend our synthesis strategy to other ATiO;
submicrospheres, including CaTiO; and BaTiO; We selected
400 nm N-AHTSS and 600 nm D-AHTSS as the self-template
for the synthesis of porous CaTiOj; solid submicrospheres and
BaTiO; hollow submicrospheres, respectively. Figure 6a shows
their XRD patterns that are consistent with PDF nos. 22-0153
and 74-1968 (ICDD, 1971 and 1997), respectively, suggesting
that well-crystallized perovskite phases of CaTiO; and BaTiO;
are obtained. Electron microscopy characterization reveals that

(110)

(@

BaTiO, (74-1968)

Intensity / a.u.

g8 CaTiO, (22-0153)

Figure 6. (a) XRD patterns of CaTiO; solid spheres and BaTiO,
hollow spheres. (b and d) SEM and (c and e) TEM images of porous
CaTiO; solid spheres (b and c) and BaTiO; hollow spheres (d and e)
with average particle sizes of 330 and 560 nm, respectively.

porous CaTiO; solid submicrospheres with an average diameter
of ~360 nm (Figure 6b,c) and BaTiO; hollow submicrospheres
with an average diameter of ~570 nm (Figure 6d,e) are
successfully synthesized.

The above has shown compelling results that a range of
ATiOj; submicrospheres could be feasibly synthesized by a low-
temperature hydrothermal process using AHTSS as the
template and Ti source. By simply adjusting the properties
(particularly, the size and porosity by tuning the SDA and Ry)
of AHTSS, this strategy allows for size-controllable synthesis of
porous ATiO; solid or hollow submicrospheres.

3.5. Photocatalytic Activity for O, Evolution. The
optical characteristics and band gap energies (E,) of s-/h-
SrTiO; were studied using diffuse reflectance UV—vis spec-
troscopy. For comparison, SrTiO; NPs synthesized by a similar
hydrothermal method at 180 °C using P25 TiO, as the Ti
source were used as reference material. This material has a
surface area of 12.6 m* g~' and a particle size of 40—70 nm
(Figure S6). Figure 7a shows their UV—visible spectra. All three
samples show a significant increase in absorption at wave-
lengths shorter than 400 nm, which can be assigned to the
intrinsic band gap absorption. According to the Kubelka—Munk
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Figure 7. (a) UV-—vis diffuse reflectance spectra of SrTiO,
nanoparticles (NPs) and s-/h-SrTiO;, and (b) their photocatalytic
0, evolution from 0.05 mol L™' AgNOj; solution. Conditions: 1.0 g
L™ SrTiO;, 50 mL of suspensions, and UV illumination using 365 nm
LED (light intensity = 44 mW cm™2).

function, E, for an indirect semiconductor such as SrTiO; can
be estimated by plotting (E(Ry,)hv)? versus hv (ie., 1240/1),
where F(R,) = (1 — R,,)*/2R,, Ry, is the reflectance, h is the
Planck’s constant, v is the oscillation frequency, and 4 is the
associated wavelength. The thus-obtained plot is shown in the
inset of Figure 7a. By extending a straight line tangential to the
slope to cut the horizontal axis, E, of the h-/s-SrTiO;
submicrospheres can be estimated to be around 3.25-3.26
eV, comparable to SrTiO; NPs.

The photocatalytic oxygen evolution measurements were
performed in a sealed continuous-flow photoreactor filled with
SrTiO; suspension (1 g L™') in an AgNO; (0.01 mol L")
aqueous solution (S0 mL) under 365 nm LED light irradiation
(44 mW cm™). Herein, AgNO; was used as a sacrificial
electron acceptor. The photocatalytic O, evolution reactions
can be simply described as follows.*>

4h" + 2H,0 —» O, 1 + 4H" (O, evolution reaction)

(1)
4e” + 4Ag" — 4Ag (Ag reduction) ()
nAg — Ag (growth) 3)

The time profiles of O, gas generated over different SrTiO,
materials were monitored by QMS, and the results are shown in
Figure 7b. The photocatalytic activity for O, evolution of the
porous SrTiO; submicrospheres significantly outperforms that
of the SrTiO; NPs. At the initial stage (¢ < 0.5 h), gaseous O,

vigorously evolves. Particularly, s-SrTiO; shows the highest O,
evolution rate (~7.5 gmol h™"). With increasing reaction time,
the O, evolution slows down because the formed metallic Ag
species on the SrTiO; surface not only eliminate the active sites
but also shield the incident light.'> After 3.0 h of irradiation
time, the total amount of the evolved O, is 8.72 and 6.14 umol
for s-/h-SrTiO;, respectively. In contrast, the photocatalytic
activity of the SrTiO; NPs was found to be notably lower (4.81
umol O,) as compared to that of the porous SrTiO;
submicrospheres (Figure 7b). These results clearly indicate
the beneficial effect of the large surface area, prompting its
interaction with the Ag" ions acting as oxidant and thus
enabling the photocatalytic generation of O,. In addition, the
superior photocatalytic activity may also partially be attributed
to the porous spherical morphology that enables enhanced light
harvesting by scattering and reflection®® as to be shown in the
subsequent section.

3.6. Photovoltaic Performance in Mesoscopic Sensi-
tized Solar Cells. A light-scattering layer on top of the
nanocrystalline active layer is generally employed in the
photoanode of mesoscopic sensitized solar cells to enhance
light harnessing. Besides the refractive index, light scattering of
a material is largely dependent on its shape and dimension, of
which submicrospheres show particular advantages over other
morphologies. For instance, the optimal size is ~400—500 nm
for the widely used rutile TiO, submicroparticlesf"63
Considering that SrTiO; has a comparable refractive index
(~2.41) and favorable band alignment toward anatase TiO,,"
here for the first time we use ternary metal oxide—porous
SrTiO; submicrospheres (~430 nm) as the light-scattering
material for semiconductor-sensitized solar cells.

We first investigated the UV—vis spectra of the electrodes.
The 3.5 pm thick P25 TiO, layer is found to be nearly
transparent in the visible region. The transmittance is around
40% at A = 400 nm (Figure 8a) and gradually increases to 90%
at A > 700 nm. With an additional 3.0 ym thick coating of s-/h-
SrTiO; submicrospheres, both of the multilayered SrTiO;/
TiO, films become completely opaque, and their transmittances
are almost zero in the wavelength range of 350—800 nm,
indicating that the incident light passing through the films is
effectively scattered by the porous SrTiO; submicrospheres.
Compared with s-SrTiO;, h-SrTiO; shows an even higher
reflectance (Figure 8b), plausibly because of their hollow
interior enhancing the multiple light scattering. Therefore, the
existence of a spherical-SrTiO;-based scattering layer would
greatly enhance light harvesting, which prolongs the duration of
incident photons traveling within the photoanode and is
particularly interesting for mesoscopic solar cells.

CdSe was used as the sensitizer for mesoscopic SrTiO;/TiO,
solar cells because its absorption spectrum covers most of the
visible region. A successive ionic layer adsorption and reaction
(SILAR) method was used to deposit the CdSe sensitizer
conformally onto the nanocrystalline electrodes.*® Then, a thin
passivation layer of ZnS was deposited onto the sensitized
electrodes by the same SILAR method to hinder the backward
electron flow from the sensitizer to the oxidized species in the
polysulfide electrolyte.**

Figure 9a shows the IPCE spectra of CdSe-sensitized
mesoscopic solar cells using Pt as the counter electrode. Strong
photoresponse is observed over the entire visible light range.
Typically, with s-/h-SrTiO; as scattering layer, a significantly
improved external quantum efficiency in the long wavelength
region (4 > 600 nm) is observed, which is mainly ascribed to
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Figure 8. (a) UV—vis transmittance and (b) reflectance spectra of
FTO/TiO,/SrTiO; photoanodes. The photoanodes consist of a 3.5
pum thick P25 layer with/without a 3.0 ym thick scattering layer (SL)
of s-/h-SrTiO;.

the enhanced light scattering by the submicrospherical
structures. Decreasing the size of SrTiO; from submicrometer
to dozens of nanometers results in a dramatic drop of light
scattering. As can be seen, the incorporation of a light-
scattering layer made of SrTiO; NPs does not remarkably
improve the IPCE of the solar cells.

Figure 9b shows the photocurrent—photovoltage (j—V)
characteristics of CdSe-sensitized TiO, solar cells with and
without SrTiO; scattering layers. The detailed data are
summarized in Table 1. A notable improvement in photo-
voltage is observed for cells with SrTiOj; scattering layers, which
is presumably associated with the formation of a SrTiO;/TiO,
heterojunction favorable for the charge collection. It is known
that SrTiO; has a similar valence band position as TiO, but a
higher conduction band edge,19 considering its E, of 3.25 eV,
which is larger than that of P25 (3.16 eV). ! The higher V. is
substantiated with the high photovoltage of a cell solely
employing a 3 ym thick CdSe-sensitized h-SrTiO; photoanode
(Figure S7) despite the extremely low photocurrent.

In addition to the enhanced photovoltage, photoanodes with
s-/h-SrTiO; scattering layers also revealed augmented photo-
currents in j—V measurement. In contrast, a SrTiO;-NP
scattering layer only leads to marginal improvement, which
together with the fact that low photocurrent is delivered by
SrTiO; itself (Figure S7) confirms that the enhanced
photocurrent is mainly ascribed to the excellent light-scattering
properties of s-/h-SrTiO;.

0.6
(a)
0.5
0.4+
W
(8]
a 034
0.2+ —a— Without SL
—a—with SL of SrTiO, NPs
014 ] —e— with SL of s-SrTiO,
. —e— with SL of h-SrTiO,
p
O L N B e e B e e
300 350 400 450 500 550 600 650 700 750
Wavelength / nm
12
(b)
10 4
8_
E
[&]
< 64
£ 6
T, = without sL
—A— with SL of SrTiO,NPs
2 —e— with SL of s-SrTiO,
—— with SL of h-SrTiO,
0 T T T T .2 T

0.0 0.1 0.2 0.3 0.4 0.5 ' 0.6
vhias / V
Figure 9. (a) IPCE and (b) j—V characteristics of CdSe-sensitized
solar cells. The photoanodes consist of a 3.5 ym thick P25 transparent
layer with/without a 3.0 ym thick scattering layer of s-/h-SrTiO; or
NPs. Pt and polysulfide were used as the counter electrode and
electrolyte, respectively.

With h-SrTiOj; as the scattering layer, we then optimized the
thickness of the TiO, layer to 6 ym, which leads to 7 of 3.82%,
comparable to that of the cell made with the rutile TiO,
scattering layer paste (dye—sol) ( = 3.73%; Figure S8 and
Table 1). Furthermore, replacing the Pt counter electrode with
Cu,S renders an impressive 77 of 5.16% (Figure 10) as a result
of drastically enhanced photocurrent,****>* which is among
the highest reported efficiencies for CdSe-sensitized solar cells.
(The reason is not yet clear why the striking effect of Cu,$ has
been observed in several reports.)

4. CONCLUSIONS

A general self-template synthesis strategy combining sol—gel
and hydrothermal processes has been developed for the large-
scale and size-controllable synthesis of porous ATiO; solid/
hollow submicrospheres. By tuning the size and porosity of
AHTSS, spherical ATiO; (A = Sr, Ba, and Ca) of different size
and inner structures could be feasibly synthesized. The
underlying formation mechanism of the hollow submicro-
spheres has been unraveled to involve concomitant surface
crystallization and outward Ostwald ripening during the
hydrothermal process, whereas solid submicrospheres are
formed via an in situ crystallization. The thus-obtained porous
SrTiO; submicrospheres consist of well-organized single-crystal
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Table 1. Characteristics of CdSe-Sensitized TiO, Solar Cells
with SrTiOj; Scattering Layers under Simulated AM 1.5G,
100 mW cm™? Ilumination

photoanode counter Ve Jse
composition electrode V)  (mA/cm®)  ff (%) n (%)°

TiO, (3.5 +0)" Pt 0.494 8.15 463 1.86 + 0.05

h-SrTiO4 i Pt 0.532 2.20 25.8 0.30 + 0.01
(0 +3)°

h-SrTiO4 Pt 0.518 9.82 484 2.46 + 0.07
(3.5 +3)°

s-SrTiO; Pt 0.522 9.23 47.4 2.28 + 0.06
(3.5 + 3)°

SrTiO; NPs Pt 0.515 8.34 472 2.03 + 0.08
(35+3Y

h-SrTiO Pt 0.494 13.1 59.2 3.82 +£0.13
(6 + 33)g

rutile (6 + 3)" Pt 0.483 14.8 522 373 +£0.12

h-SETiO, CuS 0523 185 534 516 + 017
(6 +3)

“The standard deviation of the solar cell efficiency was from the data
of three devices.*® “Photoanode made of a 3.5 ym thick TiO, layer
without any scattering layer. “Photoanode made of a 3 ym thick h-
SrTiO; layer directly used as active layer and without any TiO, layer.
“Photoanode made of a 3.5 um thick TiO, layer and a 3 pm thick
scattering layer of s-SrTiO;. “Photoanode made of a 3.5 ym thick TiO,
layer and a 3 ym thick scattering layer of h-SrTiO3.fPhotoanode made
of a 3.5 ym thick TiO, layer and a 3 pm thick scattering layer of
SrTiO; NPs. $Photoanode made of a 6 ym thick TiO, layer and a 3
um thick scattering layer of h-SrTiO;. "Photoanode made of a 6 ym
thick TiO, layer and a 3 pm thick scattering layer of rutile TiO,
submicroparticles.
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Figure 10. j—V and IPCE (inset) characteristics of CdSe-sensitized
solar cells with a photoanode consisting of a 6 ym thick P2S layer and
a 3 um thick h-SrTiO; scattering layer. The inset shows the IPCE
spectrum. Cu,S and sulfide/polysulfide were used as the counter
electrode and electrolyte, respectively.

nanocubes and possess a large specific surface area. These
interesting textural properties, integrated with their intrinsic
band structure, render superior photocatalytic activity for O,
evolution and enhanced photocurrent and photovoltage, and
thus power conversion efficiency (7) for CdSe-sensitized
mesoscopic solar cells. This green and facile synthesis strategy
is expected to provide intriguing possibilities for the control-
lable synthesis of other titanate submicrospheres with desirable
structural properties for various applications.
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