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A wide variety of hollow inorganic nanostructures have
received recent attention because of their promising applica-
tions including drug delivery, photocatalytic redox reactions
and water splitting, clean energy conversion and storage, gas
sensing, and heavy-metal ion sequestration.!! Significant
effort has been dedicated to developing facile and effective
approaches for the fabrication of various hollow structures
with sophisticated architectures and varied composition-
s.1e42 Among the diverse synthesis approaches (e.g. tem-
plating synthesis, Kirkendall diffusion process, Galvanic
replacement method), Ostwald ripening,?*®% a well-known
physical phenomenon, has recently shown great versatility for
the generation of diverse hollow inorganic crystalline struc-
tures on micro-/submicrometer scales.*"¢* For this approach,
it is generally believed that the central crystallites with
relatively small sizes would have a strong tendency to dissolve
into solution, and then be subsequently relocated to the
particle surface by a recrystallization process, thus giving rise
to nanostructures with hollow interior spaces. The ultimate
architecture of the interior space highly depends on the
packing of the initial crystalline aggregates prior to the
Ostwald ripening process.?¢!

Although this template-free Ostwald ripening approach
has explained the fabrication of numerous different hollow
materials,?¢> direct evidence in support of this formation
mechanism is lacking because most research investigated
these hollow structures using conventional mass/thickness
contrast obtained using TEM."*4 Because of the relatively
large size (usually >200 nm) of the nanostructures and the
overlap of the shell from both sides of the sample in the
image, the detailed architecture (e.g. crystal size, morphology,
uniformity, packing manner, porosity and thickness) of the
shell layers could not be resolved using conventional TEM
characterization. Thus, unambiguous evidence relating to the
seeding (formation of crystalline nanoparticles on the surfa-
ces), crystal growth through Ostwald ripening (formation of
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larger crystals at the expense of smaller counterparts) and the
subsequent hollowing process has not been available.

As an important material with numerous practical appli-
cations and industrial interest, titania has attracted significant
attention since its commercial production in the early 20th
century.'”! The Ostwald ripening process has been applied to
synthesize diverse hollow titania nanostructures,?4*>l how-
ever, the fabrication process usually involves the participation
of various fluorides (e.g. TiF,),***% which produces highly
corrosive and toxic hydrofluoric acid (HF) during the syn-
thesis. Extra care and protection is essential in handling HF
acid, thus decreasing the practicality of this synthesis
approach. Therefore a fluorine-free and effective process
for the fabrication of diverse hollow titania nanostructures
would be desirable, especially for the potential large-scale
production of these nanostructures. We demonstrate herein
a facile and versatile fluorine-free solvothermal process to
fabricate anatase nanostructures with diverse sophisticated
morphologies, including spherical “fluffy” core/shell, yolk/
shell, and hollow nanostructures. A metastable phase on the
surface of the spheres initiated seeding and the Ostwald
ripening process, as determined from a range of character-
ization techniques that revealed the morphological evolution
and crystallization process occurred in the presence of an
ammonia solution.

These nanostructures were synthesized using a facile one-
pot solvothermal crystallization process featuring three step-
wise reaction stages as shown in Scheme 1. The experimental
details of the synthesis and characterization of these samples
can be found in the Supporting Information. This solvother-
mal crystallization proceeded in the presence of 21.3 wt%
ammonia solution within an autoclave heated at 160°C and
no fluorine species were required during the synthesis. After
calcination at temperatures over 500 °C in air, the amorphous
titania cores of the intermediates can be readily converted
into particulate anatase counterparts without damaging the
overall morphologies, thus enabling a facile and scalable
approach for fabricating spherical “fluffy” core/shell, yolk/
shell, and hollow anatase nanostructures.
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Scheme 1. Formation process of diverse titania/titanate nanostruc-
tures: 1) precipitation of a metastable phase, ammonium titanate
nanoflakes, on the surfaces of amorphous titania microspheres using
an energy-favored heteronucleation process, producing a “fluffy” core/
shell-structured intermediate; 2) phase transformation of the metasta-
ble ammonium titanate nanoflakes to anatase nanocrystals occurred in
the shell layer of the intermediate microsphere whereas the core
remained amorphous, which subsequently initiated an Ostwald ripen-
ing process and gave rise to the yolk/shell nanostructures; and

3) formation of self-supported porous shells consisting of faceted
anatase nanocrystals with a gradient in size using the Ostwald
ripening process.
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To illustrate the formation mechanism of these titania
nanostructures, an investigation using SEM, TEM, XRD, and
thermogravimetric/differential thermal analysis (TGA/DTA)
was conducted to monitor the morphological evolution and
crystallization process as a function of the solvothermal
treatment time. SEM images of the precursor microspheres
and the solvothermally treated counterparts (prior to calci-
nation) at varied intervals (0, 16, 24, and 48 h) are shown in
Figure 1. In conjunction with the SEM images showing
detailed surface features of the microspheres, these samples

Figure 1. SEM and TEM (ultramicrotomed sections) images of the
amorphous precursor microspheres (al-a4) and solvothermally
treated titania microspheres (prior to calcination) obtained with
varying solvothermal times: 16 h for amorphous titania/ammonium
titanate core/shell structures (b1-b4, the inset in b3 shows a high-
resolution TEM image of the ammonium titanate nanosheets); 24 h
for amorphous titania/anatase yolk/shell structures (c1-c4); and 48 h
for anatase hollow microspheres (d1-d4). Images shown in a3, b3,
and c3 and those in a4, b4, and c4 display the edge and the core
sections of the titania microspheres, respectively. d3 and d4 images
show parts of the outer and inner shell of the anatase hollow structure,
respectively. Note: SEM images were taken without sputter coating.

were ultramicrotomed to about 90 nm thick sections and
analyzed using TEM to investigate the porous shells and
interior core structures. Precursor microspheres possess fairly
smooth surfaces (Figure 1al and Figure Sla in the Supporting
Information), indicating they consist of ultrafine primary
particles. These precursor microspheres have wormhole-like
mesostructures throughout the whole particle (Figure 1a3
surface and 1a4 core) and are amorphous at atomic scale as
identified by the corresponding XRD pattern (Figure S1m)
and diffuse selected-area electron diffraction (SAED) pattern
(Figure S2a). After solvothermal treatment at 160°C for 2 h,
microspheres covered with a few thin sheetlike nanostruc-
tures are observed (Figure Slc,d). The corresponding XRD
pattern demonstrates that these microspheres are still amor-
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phous (Figure S1m). Progressively more sheetlike nanostruc-
tures formed on the surfaces of the microspheres when
prolonging the solvothermal time to 4 and 16 h (Figure Sle-
h). After 4 h, an obvious diffraction peak around 26 =9.8°
appeared in the corresponding XRD pattern (Figure S1m).
By further increasing the solvothermal treatment time to 16 h,
this low-angle diffraction peak became more distinct along
with the appearance of three other diffraction peaks around
20=27.6, 48.1, and 62.9°. All these diffraction peaks are
associated with the sheetlike nanostructures covered on the
surfaces of the microspheres and can be ascribed to the
formation of ammonium titanate” a lamellar titanate
intercalated with ammonium cations between TiO4 octahedra
layers. For the microspheres solvothermally treated for 16 h
(Figure 1b1), a “fluffy” amorphous titania/ammonium tita-
nate core/shell nanostructure was obtained. The correspond-
ing SEM and TEM images (Figure 1b1, 1b2, and 1b3) clearly
show that the titanate nanoflakes are attached to the surfaces
of the spherical particle. These nanosheets have an interlayer
spacing of about 0.80 nm (inset in Figure 1b3), which is close
to the interplanar distance of the (200) plane of the
ammonium titanate,” further confirming the formation of
such a metastable intermediate phase. As shown in Fig-
ure 1b4, this “fluffy” core/shell nanostructure possessed an
amorphous core featuring the wormholelike mesostructure.
With increased reaction time (24 h), shown in Figure 1c1 and
1c2, the cores shrank, producing unique yolk/shell nano-
structures. Such yolk/shell nanostructures possess an inter-
meshed particulate shell consisting of both ammonium
titanate nanosheets and anatase nanocrystals (Figure 1cl-
c3), while retaining a mesostructured amorphous yolk (Fig-
ure 1c4). The crystal phase of these yolk/shell nanostructures
was determined by the corresponding XRD pattern (Fig-
ure S1m), in which a reduced peak intensity in ammonium
titanate phase and the occurrence of additional diffraction
peaks around 260 =25.6, 38.1, 48.1, and 62.9° are observed.
These newly appearing peaks can be indexed to the (101),
(004), (200), and (204) planes of the anatase titania, respec-
tively, indicating the occurrence of a gradual phase trans-
formation from ammonium titanate to anatase titania.[™
Further increasing the solvothermal treatment to 48 h gives
rise to anatase microspheres with completely hollow interiors
(Figure 1d1, 1d2, and Figure S1k). These hollow micro-
spheres have a porous shell of about 550 nm in thickness
and an inner cavity of about 1200 nm in diameter. The shells
are mainly composed of faceted rodlike nanocrystals with
a length ranging from 10 to 300 nm, and relatively small
anatase crystals primarily gathered on the inner surfaces of
the hollow spheres. The corresponding XRD pattern (Fig-
ure S1m) revealed that these nanocrystals are well-crystal-
lized anatase-phase titania.

The presence of amorphous titania in the core regions of
the microspheres solvothermally treated for less than 24 h is
also supported by the corresponding DTA results (Fig-
ure S3a). The sharp exothermic peaks centered at 472°C,
which can be mainly ascribed to the crystallization from
amorphous to anatase titania,®l were clearly observed for the
microspheres solvothermally treated for 2 and 16 h. This
exothermic peak became less defined for the microspheres
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solvothermally treated for 24 h because of the decrease in the
amorphous titania core content. When prolonging the sol-
vothermal time to 48 h, no obvious exothermic peak was
observed on the corresponding DTA curve (Figure S3a),
suggesting that the amorphous phase in these microspheres
has been fully converted to anatase during the solvothermal
crystallization. The overall weight loss of the solvothermally
treated samples decreased with increasing solvothermal
treatment time as shown in the TGA curves (Figure S3b).
This indicates that the microspheres gradually became less
hydrated and the organic residue content decreased with
increasing solvothermal treatment time.

The above SEM, TEM, XRD, and TGA-DTA results
clearly indicate that 1) sheetlike ammonium titanate, an
intermediate phase, formed and kept growing on the outer
surfaces of the microspheres during the early stage (< 16 h) of
the solvothermal process, 2) being a metastable phase, this
ammonium titanate can be readily transformed into anatase
with further solvothermal heating (> 24 h), and 3) the anatase
nanocrystals formed on the shell layers of the spherical
particles acted as the seeds and initiated the well-known
Ostwald ripening process towards the formation of hollow
anatase microspheres. This is different to most of the previous
published articles in which the hollowing process is generally
suggested to start from the center of the spherical parti-
cles.*'#4l The hollowing process, as evidenced by the TEM
images of the ultramicrotomed sample sections, occurred
initially from the surfaces just underneath the crystalline shell
layer and it proceeded inwardly at the expense of the interior
amorphous core.

To understand the role of ammonia in the formation of
these hollow titania nanostructures, a control experiment was
conducted by replacing the ammonia solution with water
under otherwise identical conditions. As shown in Fig-
ure S4a-m, the resulting microspheres were composed of
ultrafine anatase nanocrystals. The high-magnification TEM
images (Figure S4e.f or k, 1) indicate that the nanocrystals are
nearly identical in size throughout the whole particle when
ammonia was not present. Because of the absence of obvious
difference in crystal size between the shell layers and the core
regions of these microspheres, the Ostwald ripening process
was less likely to be trigged to form the hollow spheres in this
case.

The “fluffy” core/shell intermediates (solvothermally
treated for 16 h) and the yolk/shell nanostructures (solvo-
thermally treated for 24 h) can be readily converted to
anatase counterparts without changing the overall morphol-
ogies during calcination. Figure 2 displays SEM and TEM
images of these anatase nanostructures calcined at 650°C for
2h in air. “Fluffy” core/shell anatase nanostructures (Fig-
ure 2a,b and Figure S5a,b) were covered by thin sheetlike
nanostructures on the outer surfaces. As illustrated by
a broken microsphere, Figure S5b, the core of the micro-
sphere is composed of granular nanocrystals. This result is
also confirmed by the corresponding TEM images shown in
Figure SSc¢ and S5d, in which a homogeneous particulate
network consisting of about 20 nm crystals is clearly observed
throughout the whole core of the sliced sample. Elongated
nanocrystals surrounding this core (Figure S5¢) correspond to
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Figure 2. SEM and TEM (ultramicrotomed sections) images of the
calcined “fluffy” core/shell anatase microspheres (a, b, Solvo-16 h-Cal),
yolk/shell anatase microspheres (c, d, Solvo-24 h-Cal) and hollow
anatase microspheres (e—i, Solvo-48 h-Cal), i) high resolution TEM
images of a typical rodlike nanocrystal indicating its high crystallinity
and oriented elongation along the [001] direction. Note: SEM images
were taken without sputter coating.

the sheetlike nanostructures. Anatase nanostructures with
yolk/shell structure are shown in Figure 2¢ and 2d. In this
case, the shells consist of a mixture of sheetlike and elongated
nanocrystals (Figure 2c¢ and Figure S6), while the yolks are
spherical assemblies of nanocrystals (Figure 2d). The result-
ing nanostructures are monodisperse entities, for example, the
hollow anatase microspheres (shown in Figure 2¢) possess an
average diameter of 2.3+0.1 pm based on analysis of
240 entities (shown in Figure S7). A typical high-magnifica-
tion SEM image, as shown in Figure 2, clearly reveals the
rough surface feature and the presence of a void (about
380 nm in diameter) on the surface. As confirmed by the
corresponding TEM analysis (Figure 2 g), these titania micro-
spheres possess hollow chambers and uniform shells of about
550 nm in thickness (Figure 2g and h). The shells are mainly
composed of faceted rodlike nanocrystals with a length
ranging from 10 to 300 nm. The corresponding high-resolu-
tion TEM image (Figure 2i) shows continuous lattice fringes
throughout the whole nanocrystal to the edges, indicating
a high crystallinity of the products. Spacing between the
lattice fringes of the nanocrystals was measured to be 0.35 nm,
which corresponds to the spacing of (101) planes of the
anatase phase (JCPDS card No. 21-1272), indicating an
oriented elongation of the crystal along the [001] direction.

XRD studies were carried out to investigate the crystal
phase and crystallinity of these calcined products. As
illustrated in Figure S8a, XRD patterns of these calcined
microspheres can be assigned to the anatase phase of titania.
The diffraction peaks become sharper when the solvothermal
treatment time was prolonged from 16 to 24 h, and to 48 h,
indicating formation of larger anatase crystals with enhanced
crystallinity by increasing the solvothermal treatment time.
An X-ray photoelectron spectroscopy (XPS) survey and high-
resolution spectra analysis were performed to further inves-
tigate surface compositions and crystallinity of the resulting
nanostructures (Figure S8b and S9). The high-resolution Ti2p
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XPS spectra shown in Figure S8b further confirming an
enhanced crystallinity of the resulting products.”!

The photocatalytic activity of these calcined microspheres
was evaluated by the photodegradation of methylene blue
(MB), a probe molecule, under UV light irradiation. For
comparison, the photocatalytic activity of nanoparticles of
Degussa P25, a well-known highly efficient titania photo-
catalyst, was also measured under the same conditions.
Figure S10 represents a time profile of the MB absorption
spectra recorded in the presence of hollow anatase micro-
spheres exposed to UV light. To compare the reaction kinetics
of the MB degradation, a pseudo-first-order reaction rate
equation was used (In(C/C,) = kt, where C and C, refer to the
concentration of MB at the irradiation time ¢ and O minutes, k
and ¢ are the reaction rate constant and photodegradation
time, respectively). As shown in Figure 3, the plots are linear

04
14 Solvo-16 h-Cal
_ Solvo-24 h-Cal
S -2-
Q
e
£ 3
P25
-4
5 Solvo-48 h-Cal

0 10 20 30 40 50 60
t/min —
Figure 3. Photocatalytic degradation of methylene blue in the presence
of calcined “fluffy” core/shell anatase microspheres, yolk/shell anatase
microspheres, hollow anatase microspheres, and Degussa P25 nano-
particles.

indicating a fit with the pseudo-first-order reaction kinetics,
and the degradation of MB improved with increasing
solvothermal treatment time (from 16 to 48 h). The hollow
anatase microspheres show a much higher degradation rate
(k=0.0750 min"') than those microspheres with either
“fluffy”  core/shell  structure  (Solvo-16 h-Cal, k=
0.0211 min™") or yolk/shell structure (Solvo-24 h-Cal, k=
0.0243 min~!). The hollow anatase microspheres display
higher photocatalytic performance than that of the Degus-
sa P25 nanoparticles (k=0.0673 min™') even though these
hollow microspheres possess lower surface area (41 m’g~!,
Figure S11) compared to that of the Degussa P25 (50 m*g ™).
UV/Vis diffuse reflectance spectra and plots of the Kubelka-
Munk function (i.e., relationship of [F(R)Av]"? versus photon
energy) to determine the bandgaps of these titania photo-
catalysts are shown in Figure S12a and S12b. The anatase
microspheres have relatively narrow bandgaps (3.25 eV for
Solvo-16 h-Cal and Solvo-24 h-Cal and 3.27 eV for Solvo-
48 h-Cal sample) compared with the Degussa P25 nano-
particles (3.36 eV). Among the above titania photocatalysts,
the hollow anatase microspheres possesses the lowest surface
area (41 m?g'), however, this sample presents the best
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photocatalytic activity. The superior photocatalytic activity
of these anatase hollow structures could be speculated to be
due to the following synergistic effects: 1) the unique hollow
structure could cause multireflection of the light once the
incident light has entered into the interior spherical chamber
(like a spherical integrating chamber), thus maximizing the
light harvesting and utilization efficiency;'”! 2) the hierarchi-
cally porous shells provide numerous diffusion paths for the
pollutants to travel throughout the material and promote
accessibility to the active surface sites;'!! 3) the intermeshed
networks of the shells and enhanced crystallinity, as con-
firmed by corresponding XRD, XPS, and HRTEM results,
could reduce the recombination rate of the photogenerated
electrons and holes and prolong the electron lifetimes and
diffusion lengths, therefore improving the overall photocata-
lytic activity.®41?]

In summary, a versatile fluorine-free approach has been
demonstrated for structural and morphological engineering of
anatase nanomaterials and gave rise to spherical “fluffy” core/
shell, yolk/shell, and hollow anatase nanostructures using
a facile one-pot solvothermal process. The ammonia present
in the synthesis solution retarded the direct crystallization
from amorphous titania to anatase nanocrystals and pro-
moted the formation of metastable ammonium titanate
nanoflakes on the surfaces of the precursor particles. The
anatase nanocrystals derived from the ammonium titanate
intermediates on the surface acted as the seeds and initiated
the Ostwald ripening process, and thus gave rise to anatase
nanostructures with diverse complex morphologies. The
resulting hollow anatase microspheres showed an enhanced
photocatalytic activity over the commercial P25 nanoparti-
cles. It is believed that this novel surface-based, metastable
phase-mediated synthesis strategy could be extended to the
fabrication of a wide variety of functional hollow nano-
structures with diverse composition or morphologies in
future.
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