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ABSTRACT: The development of a simple and reprodu-
cible route to prepare uniform core@TiO, structures is
urgent for realizing multifunctional responses and
harnessing multiple interfaces for new or enhanced
functionalities. Here, we report a versatile kinetics-
controlled coating method to construct uniform porous
TiO, shells for multifunctional core—shell structures. By
simply controlling the kinetics of hydrolysis and
condensation of tetrabutyl titanate (TBOT) in ethanol/
ammonia mixtures, uniform porous TiO, shell core—shell
structures can be prepared with variable diameter,
geometry, and composition as a core (e.g, a-Fe,O;
ellipsoids, Fe;O, spheres, SiO, spheres, graphene oxide
nanosheets, and carbon nanospheres). This method is very
simple and reproducible, yet important, which allows an
easy control over the thickness of TiO, shells from 0 to
~285, ~45, and ~70 nm. Moreover, the TiO, shells possess
large mesoporosities and a uniform pore size of ~2.5 nm,
and can be easily crystallized into anatase phase without
changing the uniform core—shell structures.

C ore—shell structures, representing multiple-discrete func-
tions related components integrated in one unit, have
recently been subjected to extensive research because they
promise wide applications in renewable energy, advanced
biomedicine, and environmental cleanup.'~> The success of all
these applications strongly depends on the availability of
various shell frameworks with tunable composition, thickness,
and structure over well-designed functional cores. Presently, a
number of shell frameworks (e.g, semiconductors,” noble
metals,® polymers*) have been developed to pursue these aims.
Among those, Stober-derived silica shells® are most attractive in
terms of the outstanding properties of SiO, and in particular,
the simple synthetic protocol of hydrolysis and condensation of
silicon alkoxides (e.g, tetraethyl orthosilicate) in ethanol/water
mixtures under alkaline conditions (e.g, ammonia)® Signifi-
cantly, it is possible to precisely control silica shells with tunable
thickness, porosity, mesostructure, and functionality.” Impor-
tantly, Qiao and co-workers have extended the Stober method
for preparation of uniform polymer and carbon spheres.®
However, to date, there is rarely effective report on the
preparation of other metal oxides shells, especially uniform
TiO, shells for core—shell structures via the Stober method.
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TiO, is very attractive due to their fascinating features such
as plentiful polymorphs, good chemical and thermal stability,
excellent electronic and optical properties.” These features
render them greatly promising in photocatalysis,'® dye-
sensitized solar cells,'"" lithium-ion batteries (LIBs),"> and
supports'>. Therefore, it is greatly desirable to develop a simple
and reproducible route to prepare core@TiO, structures, which
is a prerequisite to realize multifunctional responses and
harness multiple interfaces for new or enhanced functionalities.

Previously, great efforts have been directed toward synthesis
of core@TiO, structures. For example, Caruso and co-workers
introduced a layer-by-layer self-assembly strategy for coating
TiO,, which was realized by the surface electrostatic
interactions."* Lou and co-workers have developed a high-
temperature hydrothermal approach to synthesize a series of
core@TiO, structures based on an interface-induced aggrega-
tion strategy.'> In addition, several reports regarding synthesis
of core@TiO, structures via the sol—gel method involve the
use of capping agents, low temperature or mixed solvent to
reduce the reactivity of titanium precursors.'® In particular, Yin
and co-workers have recently developed a two-step sol—gel
process for deposition of TiO, on the surface of SiO, with the
assistant of hydroxypropyl cellulose.'” However, uniform
deposition of porous TiO, as a thin layer to maximize the
active surface is still difficult and remains a great challenge. The
main reason may be the low electronegativity and the high
coordination numbers of titanium, which endow its precursors
with great reactivity, and thus, it is difficult to control the
reaction kinetics for heterogeneous nucleation and growth of
TiO, on desired cores.'®

Herein, we demonstrate a versatile kinetics-controlled
coating method to synthesize monodisperse core@TiO, shell
structures. To our knowledge, this is the first report on
extending the classic Stober method to rationally control the
hydrolysis and condensation of tetrabutyl titanate (TBOT) in
ethanol/ammonia mixtures for constructing multifunctional
core—shell structures with uniform porous TiO, shells. In this
case, the preferential heterogeneous nucleation and growth of
TiO, on the surface of a core (e.g,, @-Fe,O; ellipsoids, Fe;0,
spheres, SiO, spheres, graphene oxide nanosheets, and carbon
nanospheres) can be realized by precisely controlling the
reaction kinetics. This method is very simple and reproducible,
yet important, which allows varying the thickness of TiO,
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shells. In addition, the TiO, shells possess large mesoporosities
and a uniform pore size of ~2.5 nm, and can be easily
crystallized into anatase phase without changing the uniform
core—shell structures. Moreover, the TiO, shells exhibit high
performance when they are applied to lithium-ion storage and
catalytic reactions.

As revealed by field emission scanning electron microscopy
(FESEM) and transmission electron microcopy (TEM) images,
uniform a-Fe,O; ellipsoids were first synthesized with a
diameter of ~100 nm and length of ~480 nm as the cores
(Figure S1). Then, via a sol—gel process of hydrolysis and
condensation of TBOT in ethanol/ammonia mixtures, uniform
core—shell a-Fe,O;@TiO, microellipsoids can be obtained
with a diameter of ~200 nm and length of ~580 nm (Figure
la). TEM images (Figure 1b) of the microellipsoids clearly

Figure 1. The core—shell a-Fe,O;@TiO, microellipsoids prepared by
the kinetics-controlled coating method: (a) FESEM images; (b,c)
TEM images and (d) HRTEM images before calcinations. (e) FESEM
images; (f,g) TEM images and HRTEM images after calcinations at
500 °C in air. The insets in (a) and (e) are the corresponding
magnified FESEM images, showing the nanoparticles-aggregated
structures. The insets in (c) and (g) are the corresponding SAED
patterns taken from the shell domain, revealing the polycrystalline
feature of anatase TiO,.

reveal the obvious core—shell structure with a porous TiO,
shell of ~45 nm in thickness. The rough morphology reveals
that the porosity results from numerous aggregated nano-
particles (Figure la, inset). High-magnification TEM images of
the microellipsoids further confirms that individual a-Fe,O;
ellipsoid is uniformly coated by numerous aggregated TiO,
nanoparticles (Figure 1c). A high-resolution TEM (HRTEM)
image obviously reveals that a-Fe,O; ellipsoid is well
crystallized with a d-spacing of 0.25 nm matched to the d;;,

lattice,"” and the porous TiO, shells are amorphous (Figure 1d
and Figure S2a). The X-ray diffraction (XRD) pattern of the
microellipsoids (Figure S3a) and the selected-area electron
diffraction (SAED) pattern of TiO, shell (Figure lc, inset)
further confirm the amorphous nature of TiO, shells. After
calcination at 500 °C in air, uniform microellipsoids are
retained with a slight decrease in diameter (~190 nm) and
length (~570 nm) (Figure le). The XRD pattern of the
calcined sample (Figure S3b) exhibits the characteristic
diffraction peaks, which can be well indexed to anatase TiO,
and a-Fe,0;. A magnified FESEM image clearly shows that the
anatase TiO, shells are composed of numerous aggregated
nanoparticles (Figure le, inset). TEM observations (Figure
1fg) further indicate that the microellipsoids possess uniform
core—shell structures, where individual a-Fe,O; ellipsoid is
coated by self-assembled TiO, nanocrystals. The porous
structures derived from the voids between aggregated nano-
crystals can be clearly elucidated. The corresponding SAED
pattern of the shells (Figure lg, inset) also reveals the
polycrystalline feature of anatase TiO,. The mean shell
thickness is estimated to be ~40 nm (Figure 1g). In contrast,
the slight shrinkage of TiO, shells after calcination may be
attributed to the desorbed water and the condensation of TiO,
networks at a high temperature as demonstrated by the
thermogravimetric analysis (TGA, Figure S4). HRTEM images
(Figure 1h and Figure S2b) show that the TiO, nanoparticles
are well crystallized with a size of ~5 nm and a d-spacing of
0.35 nm, well-matched to the d,,, of anatase TiO,*°, and
exhibit highly mesoporous structures.

N, sorption isotherms (Figure SSA) of the core—shell a-
Fe,O;@TiO, microellipsoids before and after calcination both
show typical type IV curves with distinct hysteresis loops close
to H1 type. The Brunauer—Emmett—Teller (BET) surface area
and pore volume of the as-prepared microellipsoids are
calculated to be as high as 404 m?/g and 0.35 cm?/g
respectively, further revealing the highly porous shell structures.
After calcination at 500 °C in air, the BET surface area and pore
volume are greatly decreased to 105 mz/g and 0.16 cm®/ g
respectively, but still high. This results from the densification of
TiO, networks and the growth of nanocrystals. The
corresponding pore size distribution curves (Figure SSB)
derived from the adsorption branches of the isotherms by using
the Barrett—Joyner—Halenda (BJH) method clearly show a
slightly larger pore size of ~4.3 nm than that (~2.5 nm) of the
as-prepared sample, further illustrating that small amorphous
nanoparticles are aggregated, and grow into large anatase
nanocrystals. Such large mesoporosities derived from the
uniform TiO, nanoparticles, in association with the very thin
layer of TiO,, are expected to show high performances when
they are applied to lithium-ion storage and catalytic reactions
(see Figures S6 and S7).*'

The effect of ammonia content is analyzed to gain insight
into the formation mechanisms of the uniform porous TiO,
shells. When a small fraction of ammonia is added to the system
(<0.2 vol %), FESEM images show that no obvious TiO,
nanoparticles are formed on the surface of a-Fe,O; ellipsoids
(Figure S8a,b). Once the content of 0.25 vol % ammonia is
reached, uniform TiO, shells (~25 nm in thickness) can be
constructed on the surface of a-Fe,0; ellipsoids (Figures S8c
and S9a). After removing the core—shell a-Fe,0;@TiO,
microellipsoids from the mixtures, a clear solution can be
obtained (Figure S10a), indicating that heterogeneous
nucleation and growth of TiO, on the surface of a-Fe,O;
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ellipsoids preferentially occur over homogeneous ones. As
ammonia content increases to 0.4 vol %, the thickness of TiO,
shells increases to ~70 nm (Figures S8d and S9b), and a milky
white suspension is observed after removing the microellipsoids
(Figure S10b). It reveals that isolated TiO, nanoparticles are
formed in the solution (Figure S8f). However, under the same
ammonia content of 0.4 vol %, just shortening the reaction time
to 12 h, a clear solution is obtained after removing the
microellipsoids (Figure S10c), and yet the thickness of TiO,
shells (~70 nm) is not obviously changed (Figure S8e). These
observations illustrate that further growth and polymerization
of titanium oligomers cannot occur on the surface of the
microellipsoids when the thickness of TiO, shells reaches ~70
nm, but homogeneous nucleation and growth can take place in
the solution with time; thus, isolated TiO, nanoparticles are
formed. When 1.0 vol % water mixed with 0.4 vol % ammonia
is added into the synthetic system, large irregular nanoparticles
are observed (Figure S8g), which indicates that excess amount
of catalyst make the hydrolysis and condensation of TBOT so
rapid that heterogeneous and homogeneous nucleation and
growth occur simultaneously; thus, aggregated structures are
formed. These results clearly demonstrate that ammonia
content plays an important role in controlling the reaction
kinetics to construct uniform core—shell a-Fe,O;@TiO,
microellipsoids.

On the basis of the above observations, we propose a
kinetics-controlled coating process for uniformly coating TiO,
on the surface of a-Fe,0; ellipsoids. The sol—gel process of a
titanium alkoxide to form a polymerized TiO, networks
consists of hydrolysis and condensation steps as depicted in
Figure 2; consequently, the kinetics of hydrolysis and
condensation over TBOT are mainly controlled by the
concentration of ammonia while maintaining other reaction
parameters.'® Figure 2b schematically illustrates the four
distinct modes observed for nucleation and growth of TiO,
on the surface of a-Fe,0; ellipsoids under different ammonia
content. When adding a small fraction of ammonia into the
system (Mode 1), the hydrolysis and condensation rate of
TBOT is very slow, resulting in a low concentration of titanium
oligomers (C,). Because the C, is lower than the critical
concentration for heterogeneous nucleation (Ci.), no TiO,
nanoparticles are formed on the surface of a-Fe,0; ellipsoids.
Upon slightly increasing the content of ammonia (Mode 2), the
hydrolysis and condensation of TBOT can be promoted, thus
leading to a quick increasing of titanium oligomers. When the
C, reaches a level higher than the C,, a significant
heterogeneous nucleation of TiO, takes place on the surface
of a-Fe,0; ellipsoids. The appearance of TiO, nuclei partially
relieves some titanium oligomers, however, which is still higher
than the supersaturated concentration (Cg,), because of the
balance between the production by hydrolysis and condensa-
tion and the consumption by diffusion to the nuclear sinks.'®**
Therefore, the process of growth of TiO, nuclei to form TiO,
networks can proceed through diffusion and polymerization of
titanium oligomers to the TiO, nuclei. Finally, uniform TiO,
shells are formed. With a high content of ammonia (Mode 3),
the reaction kinetics is greatly enhanced; thus, the C,, is initially
increased extraordinary high. As a result, TiO, nuclei are
formed in a short time. In this case, the plentiful supplies of
titanium oligomers make TiO, shells rapidly grow in thickness,
but simultaneously, the growth rate becomes slow with time as
a result of the mass transfer and the diffusion of reactive species
to large particles is much slower than that of small ones.””
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Figure 2. (a) Schematic illustration of the hydrolysis and condensation
process of titanium alkoxides for preparing polymerized TiO,
networks. (b) Schematic representation of nucleation and growth of
TiO, on the surface of a-Fe,O; cores via the kinetics-controlled
coating method. The plot shows four distinct modes of the time-
dependant concentration of titanium oligomers (C,,) under different
ammonia content, the corresponding representation (left) of
nucleation and growth process of TiO, on the surface of a-Fe,0;
cores in each mode and the SEM images (right) of resulted a-Fe,O5/
TiO, composites are also illustrated. The scale bar of all SEM images is
1 pym.

When a maximum thickness of ~70 nm is obtained, the growth
of TiO, shells is suppressed due to the size effect.”” Therefore,
with further hydrolysis and condensation of TBOT, the C,,, can
eventually be reached so the isolated TiO, nanoparticles are
formed. If the initial contents of water and ammonia are too
high (Mode 4), the reaction kinetics becomes so fast that the
Ci, can continually exceed the C,, where even the
heterogeneous nucleation occurs. As a result, a continual
cascading of nuclei in addition to growth ensues. Obviously,
then, large nanoparticles are formed and aggregated. Con-
sequently, by controlling the reaction kinetics, homogeneous
nucleation and growth of TiO, can be avoided so that uniform
core—shell a-Fe,O;@TiO, structures can proceed, and
importantly, the thickness of TiO, shell can be tailored by
adjusting the initial ammonia content.

We further demonstrate that Fe;O, spheres, Stober-derived
silica spheres, as well as graphene oxide (GO) nanosheets
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(Figure S11) can be uniformly coated by porous TiO, shells via
the kinetics-controlled coating method; all the samples
obviously show the monodisperse core—shell structures (Figure
3). In addition, uniform porous TiO, shells can also be
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Figure 3. TEM images of the uniform porous TiO, shell core—shell
structures prepared by the kinetics-controlled coating method: (a,b)
Fe;0,@TiO, spheres, (c,d) SiO,@TiO, spheres and (e,f) graphene
oxides (GO)@TiO, nanosheets. The white labels obviously show the
corresponding cores and the TiO, shells domain.

constructed on the surface of carbon nanospheres (Figure S12).
Silica is well-known for its versatility 1n coatlng many
nanostructures to form core—shell structures.”> Therefore, we
have also demonstrated that uniform porous TiO, shells can be
constructed with a silica interlayer. For example, monodisperse
sandwich-like core—shell structures can be obtained with Fe;O,
or NaYF,:Yb,Er nanoparticles as the inner core, silica as the
interlayer, and uniform porous TiO, as the outer shells (Figure
S13). These observations illustrate that uniform porous TiO,
shells can be coated on surface of various cores via the kinetics-
controlled coating method independent of core diameter,
geometry, and composition.

In summary, we have demonstrated a versatile kinetics-
controlled coating method to construct uniform porous TiO,
shells for multifunctional core—shell structures such as a-
Fe,O;@TiO, microellipsoids, Fe;O,@TiO, spheres, SiO,@
TiO, spheres, GO@TiO, nanosheets, and carbon@TiO,
spheres. The preferential heterogeneous nucleation and growth
of TiO, on the core surface can be realized by precisely
controlling the kinetics of hydrolysis and condensation of
TBOT in ethanol/ammonia mixtures. Noteworthy, the thick-
ness of the TiO, shells can be varied from 0 to ~25, ~45 and
~70 nm by adjusting the ammonia content, and importantly,
they possess large mesoporosities and a uniform pore size of
~2.5 nm. In addition, the amorphous TiO, can easily transform
to anatase phase without changing the uniform core—shell
structures. We believe that such a demonstration presents a
new powerful approach toward preparing high-performance
and multifunctional core@TiO, structures and, more impor-
tantly, provides insight into the design of advanced core—shell
structures.
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