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ABSTRACT: Unique 3D hierarchical anatase TiO2 super-
structures with evolvable morphologies and tunable sizes were
successfully fabricated through a facile solvothermal route
without using any structure-directing additives. A complex
assembly process involving nucleation of nascent nano-
particles, agglomeration and ordered attachment of tiny
nanocrystals, and regrowth induced by metastable crystal
phase was put forward for the formation and morphology
evolution of the anatase superstructures. It was revealed the
crystalline phase experienced a ripening process from semi-
crystal to mesocrystal status accompanying the morphologies
evolving from peony-like to chrysanthemum-like and eventually to spherical structures. The obtained 3D hierarchical anatase
TiO2 superstructures exhibited superior photocatalytic activities for organic pollutant degradation, which could be largely
attributed to the more efficient light-harvesting ability and the high specific surface area of the unique structures.
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■ INTRODUCTION

Research aimed at constructing inorganic hierarchical super-
structures assembled by nanoscale subunits has recently
become an attractive trend in nanosciences and nano-
technology, not only due to their amazing versatility sprung
from different monomorphological nanostructures but also to
the widely recognized fact that properties and functions of
nanomaterials depend considerably on the morphology,
structure, phase, shape, size, and dimensionality.1−5 Particularly,
3D hierarchical structures, which are organized from 1D or 2D
nanobuilding units, have attracted rapidly increasing attention,
due to their potential and promising applications in photo-
catalysis, separation, adsorption, sensors, electronics, dye-
sensitized solar cell, and so on.6−11 Many methods have been
developed for preparing these structures, of which one-pot
template-free hydrothermal/solvothermal procedures are more
preferable and recommendable than commonly adopted
template ones, due to their simplicity and adjustability. Up to
now, a variety of 3D superstructures have been acquired in a
delicately controlled manner. However, developing facile
approaches for controllable fabrication of evolvable 3D
superstructures remains a great challenge. What is more, to
our knowledge, almost all the publications just focus on
fabrication of a defined structure, there is still no work

penetrating into what would happen to the products if the
hydrothermal/solvothermal process continued.
As one of the most promising semiconductor materials with

numerous practical applications, titanium dioxide (TiO2) has
been extensively investigated.12−17 To date, TiO2 with various
morphologies has been synthesized, such as particles, rods,
tubes, spheres, etc., of which 3D hierarchical nanostructures are
considered one of the most attractive photocatalyst materi-
als.18−23 On the one hand, hierarchical superstructures usually
possess larger surface area, well-facilitating adsorption and
photoreaction of reactants.24,25 On the other hand, they have
the advantages of more efficient light harvesting ability due to
multireflection of irradiated light within the voids and between
the subunits of the materials, therefore obtaining higher
photoefficiency.24,26 In addition, the existence of a great
number of sharp edges and corners in the 3D hierarchical
superstructures is in favor of the movement of electrons and
holes in semiconductors, improving the photochemical and
catalytic performance of TiO2.

27 Although very recently several
groups reported synthesis of 3D hierarchical TiO2 with
improved photocatalytic activities,8,28,29 they usually limited
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either in adopting routes of complicated procedures, or in
obtaining products of defined morphology and lower surface
area.28,30 Therefore, it is still an urgent need to develop versatile
synthetic process for 3D hierarchical TiO2 superstructures with
evolvable morphology. Meanwhile, it is also a pity no light, to
our knowledge, has been cast on postformation evolution of 3D
hierarchical TiO2 superstructures.
To tackle these problems, we propose here a strategic

solvothermal procedure for synthesis of 3D hierarchical TiO2
superstructures (HTSs) self-organized from ultrathin TiO2
nanosheets and penetrate into morphology evolution of
samples in the postformation process (Scheme 1). A complex

assembly process involving nucleation of nascent nanoparticles,
agglomeration and ordered attachment of tiny nanocrystals, and
regrowth induced by metastable crystal phase was put forward
for the formation and morphology evolution of the anatase
superstructures. Moreover, superior photocatalytic performance
for degradation of organic pollutant was also demonstrated for
the obtained 3DHTSs.

■ EXPERIMENTAL SECTION
Preparation of HTSs. The detailed composition of the solutions

and the solvothermal reaction conditions for synthesizing HTSs with
different structures are listed in Table S1 in the Supporting
Information. In a typical experimental procedure, 0.74 g of NH4F
was added into 5 mL deionized water and magnetically stirred until
completely dissolved, followed by addition of 50 mL ethylene glycol
(EG). After the mixture was stirred for 15 min, 5 mmol TiOSO4 was
added into the solution during strong stirring. Then, the mixture
solution was transferred into a 100 mL Teflon pot and sealed tightly in
a stainless steel bomb and heated at 180 °C for 6 h at an increase rate
of 3 K min−1. The products of the solvothermal reaction were washed
with absolute ethanol and distilled water three times, respectively. The

Scheme 1. Schematic Illustration of the Morphological
Evolution

Figure 1. SEM and TEM images of the HTSs obtained with varying reaction time: HTS6 (a1−a4); HTS8 (b1−b4); HTS10 (c1−c4); HTS12 (d1-
d4, the inset in panel d4 shows a high-resolution TEM image of the paddy particle); HTS14 (e1−e4, the inset in e4 shows a high-resolution TEM
image of the rice particle). Note: SEM images were taken without sputter coating.
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white precipitates were collected and vacuum dried at 80 °C overnight
and kept in a desiccator. A portion of powders were calcined at 500 °C
for 1 h for further characterization and application use.
Characterization. The morphology of the HTSs was obtained

with a field-emission electron microscope (SU8020, Hitachi, Japan)
with an accelerating voltage of 3 kV. The samples were free of
pretreatment by metal sputter coating. Higher resolution transmission
electron microscopy (HRTEM) and the selected area electron
diffraction (SAED) patterns of the samples were obtained on a
transmission electron microscope (JEOL, JEM-2100, Japan) operated
at 200 kV. The X-ray diffraction (XRD) patterns were recorded with a
PANalytical X’Pert Pro X-ray diffractometer (PANalytical, The
Netherlands) equipped with Al Kα radiation (40 kV, 200 mA).
Nitrogen adsorption−desorption isotherms were measured with a
Micromeritics ASAP2000 V3.01 analyzer. The Brunauer−Emmett−
Teller (BET) specific area was calculated using the BET equation. The
pore size distribution was obtained using the Barret−Joyner−Halenda
(BJH) equation. The thermogravimetric/differential thermal analysis
(TG/DSC) was examined on a Netzsch STA449 instrument from
room temperature to 800 °C with a heating rate of 10 K min−1. The X-
ray photochemical spectra was performed on a Thermo SCIENTIFIC
ESCALAB 250 equipped with Al-Ka alpha radiation. UV−vis diffuse
reflectance spectra (DSR) was performed on a Hitachi U4100
spectrometer.
Photocatalytic Activity. The photocatalytic activities of the 3D

HTSs were examined by degradation of azo-dye Rhodamine B (Rh.B)
at room temperature in a custom-made 100 mL reactor. An 8 W
mercury lamp with a characteristic wavelength of 365 nm was placed
beside the reactor as a light source. 0.01 g HTSs were added into 50
mL Rh.B solutions (2 mg L−1) in the reactor and magnetically stirred
in the dark at a speed of 800 rpm for 1 h to ensure the adsorption
equilibrium and eliminate the diffusion effects. Then, the mixture
solution was irradiated. Samples were taken at an interval of 20 min,
filtered through a 0.2 μm cellulose acetate membrane and detected by
UV−vis spectroscope (Hitachi U4100, Japan). A pseudo-first-order
reaction rate equation was used to evaluate the degradation kinetics for
HTSs. The equation was defined as ln(C/C0) = kt, where C and C0
refer to the concentration of Rh.B at the irradiation time t and 0 min, k
and t represent the reaction rate constant and photodegradation time,
respectively.

■ RESULTS AND DISCUSSION
To monitor the morphology evolution and crystallization
process from unstable to fully crystallized condition in the
postformation period, an investigation using SEM, TEM, XRD,
and thermogravimetric/differential thermal analysis (TG/DSC)
was conducted. During the hydrothermal condition, nano-
particles were first formed as nucleation seeds (2h, Figure S1a1,
Supporting Information). Simultaneously, some nanoparticles
aggregated forming fluffy structures (Figure S1a2, Supporting
Information). With the increase of the hydrothermal reaction
time to 3 h, the nanoparticles that constructed the fluffy
structures experienced an orderly attachment of crystallite
forming rudimentary loosely compact nanosheets (Figure S1b,
Supporting Information). Further increasing the reaction time
to 6 h, we obtained integral flower-like superstructures (Figure
S1c, Supporting Information). Figure 1 shows electron
micrographs depicting the subsequent integral structure
evolution with reaction time (prior to calcination). As shown
in Figure 1a, peony-like structures of big petals with an average
diameter of 800 nm were obtained after a 6 h solvothermal
reaction, which were composed of randomly oriented ultrathin
nanosheets with a thickness of several nanometers. The petals
appear mesh-like textures with pores strewed (Figure S2,
Supporting Information). An obvious diffraction peak around
2θ = 25.24° appeared in the corresponding XRD pattern
(Figure 2a), demonstrating semicrystal nature that endows

HTS6 with the possibility to further grow and evolve with
continuing solvothermal reaction. After 2 h, HTS8 retained the
hierarchical peony-like structure (Figure 1b), which was also
composed of ultrathin mesh-like nanosheets, but petals of the
peony became smaller and denser (Figure 1b1). The XRD
pattern (Figure 2b) had three main diffraction peaks around 2θ
= 25.24, 48.23, and 55.29°, all of which can be ascribed to the
formation of anatase titanium oxide (JCPDS No.70-6826).
After two more hours of solvothermal treatment (HTS10), the
peony-like morphology evolved to chrysanthemum-like mor-
phology with the large sheet petals evolving to thin willow-leaf
like petals, and the overall structure became compact (Figure
1c) and larger (Figure S3, Supporting Information). The
corresponding XRD pattern demonstrates the more crystalline
nature of the titanium oxide (Figure 2c), in which an increased
peak intensity in the anatase titania phase and the occurrence of
additional diffraction peaks around 2θ = 25.24, 38.0, 48.3, 54.5,
and 62.8° were observed. These peaks can be indexed to the
(101), (103), (200), (105), and (213) planes of the anatase
titania, respectively, indicating a ripening crystallizing process in
the 2 h. With the reaction time increased to 12 h, petals of the
chrysanthemum-like spheres tended to curl and compact,
forming paddy-like particles (Figure 1d). The paddy-like
particles have a lattice fringes spacing of about 0.35 nm
(inset in Figure 1d4), corresponding to the (101) plane of the
anatase titania. An increased peak intensity in the XRD pattern
of HTS12 (Figure 2d) around 2θ = 25.24, 38.0, 48.3, 54.5, and
62.8° was observed, confirming the deepening crystallinity of
the product. When the reaction time was further increased to
14 h, the morphology of the product became condensed
spheres composed of nanoscale rice-like particulate TiO2
crystals (Figure 1e). The corresponding XRD pattern (Figure
2e) reveals these spheres were well-crystallized anatase phase
titania. What is more, SAED patterns of these HTSs appear
different. Both HTS6 and HTS8 exhibit a semicrystalline phase
(Figure S4a,b, Supporting Information). HTS10 shows rings in
the SAED pattern (Figure S4c, Supporting Information),
indicating a random orientation between the crystallites. The
SAED pattern of HTS12 (Figure S4d, Supporting Information)
shows more dots with minor broadening, indicative of a
stronger alignment between the crystallites. HTS14 exhibits a
monocrystal SAED pattern (Figure S4e, Supporting Informa-
tion), which demonstrates crystallites or particles in HTS14 are
highly ordered aligned.

Figure 2. XRD patterns of the HTSs obtained with varying reaction
time: HTS6 (a), HTS8 (b), HTS10 (c), HTS12 (d), and HTS14 (e).
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Such prepared HTSs possess mesoporous networks proved
by the N2 adsorption−desorption analysis (Figure 3). Specific

surface area and pore volume exhibited a tendency to decrease
from 197 to 23 m2 g−1 and 0.32 to 0.027 cm3 g−1, respectively,
when reaction time increased from 6 to 14 h (Table S2,
Supporting Information). This result corresponds to the
morphology evolution from ultrathin nanosheets based
hierarchical structures to larger and condensed spheres. Such
porous structures can provide more efficient transport pathways
for molecules, which is critical for catalyst and other
applications. More importantly, such unique 3D hierarchical
structures allow multireflections of irradiated light sources, such
as ultraviolet light, within their cross-linked structures,
maximizing light harvesting and thus increasing quantities of
photogenerated electrons and holes functioning in the
photocatalytic reaction, which endows HTSs with greatly
enhanced photocatalytic activity.
The increased maturity of the crystalline nature of the

products corresponding to the increased solvothermal reaction
time can be further supported by TG/DSC (Figure S5,
Supporting Information). It can be observed from the DSC
results that a sharp exothermic peak centered at 490 °C
appeared for HTS8, which resulted from the crystallization
from amorphous to anatase phase. With prolonging of the
solvothermal reaction, this exothermic peak became less
defined due to decrease of the amorphous species in the
products. Especially for HTS14, there is no obvious exothermic
peak observed on the corresponding DSC curve, which

indicates the amorphous species in the HTS14 has been fully
converted to anatase phase. TGA curves also reveals the overall
weight loss of the samples decreased with the increase of the
solvothermal treatment time, indicating the samples became
less hydrated and the organic species content decreased with
increasing solvothermal treatment time.
On the basis of the above-mentioned experimental results,

e.g., SEM, TEM, XRD, and TG/DSC, the morphological
evolution mechanism throughout the crystal growth from
formation of HTS6 to its postformation process can be
proposed as described in following steps: (1) nucleation of
small nanoparticles and the simultaneous aggregation. At this
stage, large numbers of nanoparticles produced upon
solvothermal reaction initially induces a high collision
frequency leading to a random agglomeration of particles,
which have open porous structure and therefore contribute
little to reduction of surface area per unit volume; (2) ordered
attachment of particles or crystallites form hierarchical
superstructures. With the decrease of particle number density
and collision frequency, the particles start to aggregate in a
more ordered fashion, eliminating the solution-solid interface to
minimize the system free energy; (3) renucleation and
regrowth in the postformation period. As a model for
nanoparticle aggregation proposed by Nomura et al.,31 when
a significant number of “ordered” attachments has taken place,
the “released” ions may be numerous enough to induce a
second nucleation process. During this stage, larger ultrathin
nanosheets split to smaller ones and further evolved to rice-
grain like particles to eliminate the smaller edge faces, which
was induced by both the slow desaturation or ripening and their
hydrophobic nature of high energy.
To understand the role of reagents composition in the

formation of 3DHTS, a series of control experiments were
conducted (Table S1, Supporting Information). As shown in
Figure S6 (Supporting Information), the resulting products
appeared as varied morphologies in the case of different
reagents compositions. Anomalous spherical particles were
formed with an increased dose of H2O to 10 mL (Figure S6a,
Supporting Information). It was unformed smaller nano-
particles that were obtained if the dose of H2O was further
increased to 20 mL (Figure S6b, Supporting Information).
What is more, the morphologies of the products also vary with
changes of the NH4F amount. The morphologies appeared to
be nanoparticles (Figure S6c, Supporting Information),
evolving spheres (Figure S6d, Supporting Information), or
octangular plates (Figure S6e, Supporting Information) when
NH4F was absent, decreased to 0.5 g, or increased to 1 g,
respectively. What is more, if NH4F was substituted by other
reagents like NH4Ac and NH4Cl, no hierarchical structures but
rather amorphous products were formed. Substitution of NH4F
with NaF can also result in the formation of the hierarchical
structures, but the samples were not as integral and well-
proportioned as those for NH4F. Therefore, NH4F plays an
important role in formation of the unique hierarchical
structures. In addition, replacing the TiOSO4 with other Ti
precursors, e.g., titanium butoxide and titanium isopropoxide,
no hierarchical superstructures but rather only hexahedral sticks
and plates were obtained (Figure S6f,g, Supporting Informa-
tion). Therefore, it is reasonable to propose that acidic
conditions also function in forming 3DHTS. Under weak
acidic conditions of the solvothermal reaction, fluorine ions
preferentially bind to the higher energy facets, e.g., {001} facets,
of the initially formed nanoparticles and restraining the growth

Figure 3. N2 adsorption−desorption isotherms and BJH pore size
distribution curves for HTSs.
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along the corresponding direction,9 thus leading to formation
of nanosheet petals and the subsequent construction of
hierarchical structures under combined effects with other
factors. It is also worth mentioning that in replacing EG with
absolute ethanol, no hierarchical peony-like superstructures
were obtained and only resulted in rectangular grains (Figure
S6h, Supporting Information). Increasing the H2O ratio results
in faster hydrolyzation of TiOSO4, therefore leading to smaller
nanoparticles. Combined with the fact that an increased dose of
H2O also confined the product in simple shape like
nanoparticles, it is reasonable to propose the viscosity of the
reaction system plays an important role in formation of the
superstructure.32 Either replacing EG with ethanol or increasing
the ratio of H2O has a common effect of markedly decreasing
the viscosity of the reaction system, which acted against the
aggregation of nanosubunits for constructing hierarchical
superstructures.
The semicrystalline peony-like and chrysanthemum-like

samples of HTS6, HTS8, and HTS10 can be converted to
the fully crystalline anatase phase by calcination at 500 °C for 1
h in air without changing the overall morphologies. As
illustrated in Figure 4, HTS6 remains its peony-like structure
(Figure 4a1), but the subunits of nanosheets become coarser
with nanoparticles strewing all over the nanosheets (Figure
4a2,3). This can be ascribed to the removal of a large amount of
organic species (Figure S5, Supporting Information, TGS) by
calcination. Different from HTS6, subunits nanosheets of
HTS8 are smoother with little change (Figure 4b2,3). The
chrysanthemum-like HTS10 also went through the similar
experience as that of HTS8. The calcined counterpart also
remains the similar overall morphology, but the subunits petals

of chrysanthemum did not convert to mesh-like structure as
HTS6, just became coarser due to its lower content of organic
species. As for HTS12 and HTS14, Figure 4d,e clearly shows
that they remain unchanged in morphology after calcination
due to their high crystalline nature.
The crystal phase and crystallinity of the calcined HTSs were

revealed by XRD analysis. As shown in Figure S7 (Supporting
Information), all the XRD patterns can be assigned to the
tetragonal anatase phase of titania (JCPDS No. 21-1272),
exhibiting high purity nature after calcination. The diffraction
peaks became sharper when the solvothermal reaction time was
prolonged from 6 to 14 h, indicating formation of larger anatase
crystals with enhanced crystallinity by increasing the
solvothermal reaction time. In addition, surface composition
and chemical status of the calcined HTSs were investigated by
X-ray photoelectron spectroscopy (XPS, Figure S8, Supporting
Information). The binding energy of Ti 2P3/2 and Ti 2P1/2 is
around 458.5 and 464.3 eV, respectively, indicating the
oxidation state of the Ti element is the same as that of bulk
TiO2. The high-resolution XPS spectrum of F 1s indicates that
the measured binding energy is 684.1 eV, which is the typical
binding energy of fluorated TiO2 systems, such as ≡Ti−F
species on TiO2 crystal surfaces. Because the binding energy of
F 1s for atomic incorporation of F atoms or their substitution
for O atoms is 688.5 eV,33,34 such results indicate the F element
in the product is present as surface atoms. The carbon peak is
attributed to the residual carbon of the product and the
adventitious hydrocarbon from the XPS instrument itself.
To demonstrate structure−function correlation of the

prepared HTSs, photocatalytic activities of the calcined samples
were examined using decolorization of azo-dye Rhodamine B

Figure 4. SEM and TEM images of the HTSs samples calcined at 500 °C for 1 h: HTS6 (a1−a3); HTS8 (b1-b2); HTS10 (c1,c2); HTS12 (d1,d2);
HTS14 (e1,e2).
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(Rh.B) as a probe reaction. Degussa P25, a well-known highly
efficient commercial TiO2 photocatalyst, was used for
comparison. As shown in Figure S9 (Supporting Information),
HTS6 exhibits the highest photocatalytic activity of nearly
100%, whereas other samples show significantly lower activity.
In particular, the compact rice-grain constructed sphere
(HTS14) presents an activity as low as 72%. Activity of P25
is similar to that of HTS14 (74%). To better understand the
photocatalytic activity of the HTSs, the reaction kinetics of the
Rh.B degradation was performed using a pseudo-first-order
reaction rate equation ln(C/C0) = kt. As shown in Figure 5,

plots for all the samples appear linear indicating they fit well
with the pseudo-first-order reaction kinetics. The degradation
rate of Rh.B decreased with increasing solvothermal reaction
time (from 6 to 14 h). The hierarchical peony-like HTS6
exhibit a much higher degradation rate (k = 0.038 min−1) than
those samples of longer solvothermal times, which are 0.036,
0.028, 0.023, and 0.017 min−1 for HTS8, HTS10, HTS12 and
HTS14, respectively. The degradation rate of Degussa P25 is
0.019 min−1, which is just relevantly faster than that of HTS14.
It is known that there have been four strategies reported to

improve the photocatalytic activity of TiO2:
35 (1) improving

light-harvesting efficiency by multiple scattering/reflec-
tion;23,24,29 (2) increasing the specific surface area through
preparing various photocatalysts of microporous and macro-/
mesoporous TiO2;

36,37 (3) forming a rutile/anatase junction to
improve the separation of the photogenerated e−h pairs;38,39

(4) controlling the exposed facets, e.g., {001}, of the TiO2
crystal. But there are still controversies reported in the latter
two strategies.5,11,35 Because all these HTSs and the P25
possess a similar crystalline nature. The superior photocatalytic
activity of HTSs was postulated to be mainly derived from the
unique 3D hierarchical structures, which raised the activity
enhancement in two concrete and proverbial aspects, e.g.,
specific surface area, porous framework, and the improved light
harvesting ability. From the aspects of specific surface area and
porous framework, they decreased with increasing the
solvothermal reaction time for HTSs (Table S2, Supporting
Information), which corresponds to the similar decrease trend
of the photodegradation rate. The porous hierarchical structure
makes the photocatalyst possess a higher surface-to-volume
ratio, assuring a higher total amount of the surface active sites,
which enables more reactant molecules to be adsorbed. Also,

the hierarchical porous structure not only facilitates the mass
transfer rate of pollutant and degradation products but also
enables the pollutant molecules to reach into the inner space of
the loose hierarchical structures and the pore channels, thus
enhancing the photocatalytic efficiency.40,41 Regarding the
light-harvesting ability, intermeshed nanosheets assembled
structures allow for multireflections of trapped incident UV-
light among subunits and within their pore channels, thus
allowing more efficient use of the irradiated light and increasing
quantities of photogenerated electrons and holes that function
in photocatalytic reaction, therefore endowing HTSs with
greatly enhanced photocatalytic activity.29 This was confirmed
by the UV−vis adsorption spectra of the HTSs (Figure 6),

which clearly demonstrate that the HTSs obtained from longer
solvothermal reaction time exhibit weaker absorbance in the
UV region. Because it is well-known that the photocatalytic
property is largely related to the crystallization degree of
anatase,11 another reason should be ascribed to the pure
anatase phase and better crystallization degree of the samples
(Figure S7, Supporting Information). Thus, with the
morphology evolving from loose hierarchical flower-like
structures to compact particle constructed spheres, the specific
surface area, pore volume, and light harvesting ability decreased
accordingly. On the basis of the above-mentioned results, it can
be concluded that the photocatalytic activity depends strongly
on the morphology and structure of the TiO2 catalyst.

■ CONCLUSIONS
In summary, a facile one-pot approach has been developed to
synthesize 3D hierarchical TiO2 superstructures, by which
structure and morphology can be engineered from a poorly
crystallized peony-like structure to a semicrystal chrysanthe-
mum-like structure, and eventually to a highly crystallized
monocrysal rice-grain built spherical structure. The evolution of
the hierarchical structures adopted a four stage mechanism: (1)
initial nucleation upon solvothermal reaction and growth of
primary particles; (2) random oriented aggregation of nano-
particles forming a rudimentary agglomerate; (3) further
growth abided by ordered attachment of crystallites/particles
constructing semicrystal nanosheets based hierarchical struc-
tures; (4) a moderated proceeding toward equilibrium with the
solution adhering to the principle of eliminating high energy

Figure 5. Photocatalytic degradation of Rhodamine B using calcined
HTSs samples and Degussa P25 nanoparticles.

Figure 6. UV−vis spectra of HTSs and Degussa P25.
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surfaces and resultant formation of larger well-crystallized
particles built spheres. The resulting 3D hierarchical TiO2
superstructures exhibited superior photocatalytic activities
over the commercial Degussa P25 nanoparticles, which depend
strongly on variation of structures. It is postulated this novel
synthesis strategy for TiO2 can be extended to the fabrication of
a wide variety of other inorganic materials with evolvable 3D
hierarchical structures. More importantly, the proposed
formation mechanism also gives an insight into structural
evolution during the postformation process.
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