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Hollow spheres and capsules have stimulated great interest
because of their potential applications in controlled delivery
systems, artificial cells, lightweight fillers, catalysis, and as
vessels for confined reactions.!! Hollow spheres, in particular
those with complex core—shell structures, have increasingly
attracted interest as a result of their superior properties.”! For
example, a unique plasmon hybridization has been reported
on hollow spheres with two concentric metallic nanoshells,
thus providing a novel method of tuning resonance frequency
by nanostructure engineering.?? Polymeric hollow spheres
with a movable gold nanoparticle core have also been
obtained, which allow the optical sensing of chemicals
diffused into the cavity.”® In addition, polyelectrolyte cap-
sules with a shell-in-shell structure exhibit an enhanced
mechanical strength and preserved permeability.”? To date,
the synthesis of such complex structures is essentially based
on a time-consuming layer-by-layer templating technique, in
which layers of desired materials (for example, metals,
polymers, and polyelectrolytes) and of sacrificial materials
(such as silica) are alternately grown on preformed spheres
(for example, silica and polystyrene particles).*"!

Herein, we report a one-step approach to the synthesis of
hollow spheres with a double-shelled complex structure by
using commercial polymer hollow spheres as templates. As
shown in Figure 1, a polystyrene hollow sphere containing a
thin hydrophilic inner layer and transverse channels of
poly(methyl methacrylate)-poly(methacrylic acid) (PMMA-
PMA)®?! is treated with sulfuric acid, and sulfonation takes
place in three locations: the exterior shell surface, the interior
shell surface, and the transverse channels. This procedure
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Figure 1. Schematic illustration of the formation of double-shelled
hollow spheres.

creates a hollow sphere that contains a hydrophilic inner
layer, outer layer, and channels of sulfonated polystyrene gel.
Control of the shell thickness of the original polystyrene
sphere and the degree of sulfonation allows precise control
over the thickness of the hydrophilic sulfonated layers and of
the unsulfonated polystyrene middle layer. The sulfonation
process produces hydrophilic shells with sulfonic acid
(SO; H™) groups that are capable of adsorption or of forming
complexes with a large variety of functional components, such
as metal ions, metal oxide precursors (for example, titania
alkoxides), and basic organic precursors (for example, ani-
line).”! Preferential growth of desired materials (such as
TiO,)"*! within the hydrophilic sulfonated regions followed by
removal of the middle polystyrene layer creates various
functional composites with a double-shelled structure. This
direct approach allows the fabrication of double-shelled
functional-composite spheres with controllable shell thick-
ness and shell separation distance.

Figure 2 shows scanning electron micrography (SEM) and
transmission electron micrography (TEM) images of unsulfo-
nated spheres, sulfonated spheres, and the resultant double-
shelled titania spheres. The unsulfonated hollow spheres
(Figure 2a) have an average diameter of 500 nm and a
smooth, uniform shell of thickness 80 nm. Sulfonation at 40°C
for 0.5, 2, and 4h results in sulfonated hollow-sphere
templates denoted as S1, S2, and S3, respectively. Compared
to the unsulfonated spheres, the S1 spheres (Figure 2b) show
a significantly thickened shell (from 80 to 125nm), a
decreased cavity diameter (from 340 to 260 nm), and a
slightly deformed spherical shape, which indicate the effective
sulfonation and gel formation on both exterior and interior
shell surfaces. The appearance of the sulfonic and sulfonyl
peaks in the FTIR spectrum further confirms the sulfonation
(see Supporting Information). Elemental analysis showed
that the S1 spheres contain 2.5 wt% of sulfur atoms. An
increase in the sulfonation time to 2 h (sample S2) increased
the amount of sulfur to 6.1 wt% and resulted in a thinner
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Figure 2. Morphologies of representative templates and titania hollow
spheres. a) SEM and TEM (inset) images of unsulfonated polymer
hollow-sphere templates. b) SEM and TEM (inset) images of the
sulfonated S1 templates. c) SEM image of titania composite hollow
spheres templated by S1; the inset shows a TEM image of the
corresponding double-shelled titania hollow spheres after treatment
with DMF. d) Cross-sectional TEM images of ultramicrotomed titania
hollow spheres before and after (inset) treatment with DMF. e) SEM
image of titania composite hollow spheres templated by S2; the inset
shows a cross-sectional TEM image of the composite hollow spheres
after treatment with DMF. f) SEM image of titania composite hollow
spheres templated by S3; the inset shows a TEM image of the
corresponding titania hollow spheres after treatment with DMF.

unsulfonated polystyrene middle layer, which indicates a
higher degree of sulfonation. An excess degree of sulfonation
may completely consume the entire polystyrene middle layer,
and cause collapse of the structure upon drying. Indeed, the
S3 spheres were easily deformed and lost their spherical
contour after freeze-drying (see Supporting Information).
We have previously found that tetrabutyl titanate (TBT)
can favorably undergo a sol-gel process within sulfonated
polystyrene gel to form titania.“) The same reactions can be
applied to the sulfonated hollow spheres. Figure 2c¢ and d
shows the resultant titania spheres produced with S1 as the
template. The spheres are approximately S00 nm in diameter
(Figure 2¢) with a similar morphology to that of the S1
template (Figure 2b). The removal of the polystyrene tem-
plates, which was confirmed by the weakening of the
characteristic peaks of polystyrene in the FTIR spectrum,
creates the double-shelled, concentric titania hollow spheres
shown in the TEM image (Figure 2c, inset). The thickness of
the shells is around 25 nm and the distance between the shells
is around 75 nm, although the contour of the inner shell is
somewhat unclearly defined (Figure 2d). The use of sulfo-
nated templates with a higher degree of sulfonation results in
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hollow titania spheres with an increased diameter and
decreased shell-to-shell distance. For example, the S2-tem-
plated titania hollow spheres show an average diameter of
580 nm, a reduced shell-to-shell distance of approximately
30 nm, and a thicker shell of 50 nm (Figure 2 e). The use of the
S3 template results in 630-nm single-shelled titania hollow
spheres (Figure 2 f). These results demonstrate the efficiency
of controlling the morphology of the double-shelled structure
by simply tuning the degree of sulfonation. As a control
experiment, titania spheres were prepared by using the
unsulfonated hollow spheres as templates. Titania was
formed only within the hydrophilic inner layer®®! and not on
the exterior surface, which indicates the key role of sulfona-
tion in the formation of such double-shelled structures.

The synthesized double-shelled titania hollow spheres are
strong enough to survive calcination at 450°C in air, which
removes the polymer and generates titania crystalline phases.
In contrast to the dissolution of polystyrene by N,N-dime-
thylformamide (DMF), calcination leads to a significant
volume contraction. For example, the diameter of the S1-
templated titania spheres contracts from 500 to 400 nm (see
Figure 3a and Supporting Information). The inner shell, in

Figure 3. Morphologies of representative double-shelled crystalline
metal oxides and conducting polymer hollow spheres. a,b) TEM
images of titania hollow spheres templated by ST and S2, respectively,
followed by template removal by calcination at 450°C in air to form
anatase. ¢) SEM image of double-shelled Fe;O, hollow spheres tem-
plated by S2. d) SEM image of double-shelled polyaniline hollow
spheres templated by S2. The insets in (c) and (d) show TEM images
of the spheres after treatment with DMF.

particular, contracts remarkably and becomes a movable
inner hollow sphere. High-resolution TEM analysis indicates
that the nanoparticles in both the shell layers have a
crystalline order and form almost fully crystallized inorganic
frameworks (see Supporting Information). Increasing the
amount of titania in the composite helps to stabilize the
double-shelled structure. For example, thermogravimetric
analysis (TGA) shows that titania/S1 and titania/S2 composite
spheres contain 24.3 and 37.1 wt % titania, respectively. As a
result, the S2-templated titania spheres maintain the concen-
tric double-shelled structure after calcination (Figure 3b and
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Supporting Information). X-ray diffraction (XRD) studies
show that the calcined titania is composed of anatase
(Figure 4a). The average particle size calculated using
Scherrer’s formula is about 11.4 nm, consistent with the
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Figure 4. X-ray powder diffraction spectra of TiO, hollow spheres
calcined at a) 450 and b) 600°C for 2 h in air (rutile v; anatase ®).

TEM result. A higher calcination temperature (for example,
600°C) results in a dominant rutile phase with a small amount
of the anatase phase (see Figure 4b and Supporting Informa-
tion; the calculated average particle size is 32.0 nm) and also
deterioration of the spherical structure (see Supporting
Information).

The unique template structure combined with the com-
plexation capability of the sulfonic acid groups within the
sulfonated layers allows this synthesis approach to be
generalized for the production of a large variety of double-
shelled composite spheres. For example, double-shelled
composite hollow spheres containing crystalline Fe;O, nano-
particles can be fabricated, based on the complex of iron ions
and sulfonic acid groups. Figure 3c shows SEM and TEM
(inset) images of the Fe;O, nanoparticle composite spheres
prepared with S2 as the template. The composite spheres
contain 57 wt % of Fe;O, nanoparticles of diameter 10-15 nm,
as deduced from TGA and TEM studies. The positions and
relative intensities of all the XRD diffraction peaks (see
Supporting Information) are well-matched with those of
magnetite (JCPDS card 19-0629). Thus, it can be concluded
that magnetite dominates the nanoparticles. The crystallo-
graphic form was further verified by its color change from the
dark brown of the as-prepared sample to red, which
corresponds to maghemite, upon oxidation at 100°C for 4 h.
The average particle size calculated from the XRD data is
11.0 nm. Such crystalline nanoparticles show superparamag-
netic behavior at room temperature (see Supporting Infor-
mation). Similarly, by utilizing acid-base interactions, aniline
monomer can favorably be adsorbed within the sulfonated
layer. Subsequent polymerization leads to the formation of
conductive double-shelled polyaniline composite spheres.
Figure 3d shows the SEM and TEM (inset) images of the
polyaniline composite spheres prepared with S2 as the
template; the spheres have a smooth surface with well-
retained spherical contour. Compared with the easily
deformed single-shelled polyaniline hollow spheres,“! the
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double-shelled structure effectively enhances the mechanical
stability of the hollow spheres, which is similar to the previous
reports of double-shelled polyelectrolyte capsules.’? As
revealed by the FTIR spectrum (see Supporting Information),
the resultant polyaniline (36.8 wt% of the composite, esti-
mated from elemental analysis) was doped in situ with the
sulfonated polystyrene and formed the emeraldine salt,”!
which resulted in an appreciable conductivity of 6x
10~*Scm™'. Studies aimed at a detailed understanding and
possible applications of such functional spheres are in
progress.

In conclusion, we have demonstrated a one-step method
for the synthesis of double-shelled composite hollow spheres
by using sulfonated hollow spheres as templates. Controlled
sulfonation allows the synthesis of templates with tunable
thickness of the sulfonated outer layer, sulfonated inner layer,
and unsulfonated middle layer. The sulfonation process gives
layers with sulfonic acid groups that allow the formation of a
wide variety of functional composites. This research provides
a novel and efficient approach to the synthesis of various
double-shelled functional spheres for many important appli-
cations.

Experimental Section

Sulfonated hollow-sphere templates: Freeze-dried polymer hollow
spheres® (Rhom & Haas Company) were immersed in concentrated
sulfuric acid. Sulfonation at 40°C for 0.5, 2, and 4 h resulted in the
sulfonated hollow-sphere templates denoted as S1, S2, and S3,
respectively. The sulfonated spheres were thoroughly rinsed with
water and ethanol.

Titania hollow spheres: Freeze-dried sulfonated templates (0.1 g)
were immersed in tetrabutyl titanate (TBT)/ethanol (1:1 v/v, 5 mL)
for 24 h. After centrifugation and rinsing with ethanol, the resultant
materials were transferred to a closed vessel containing ethanol
(5 mL) at ambient temperature. Water (5 mL) was then added to the
dispersion with stirring, and the sol-gel process was allowed to
proceed for 4 h. Double-shelled titania hollow spheres were obtained
after centrifugation, rinsing with ethanol, and template removal by
dissolution in DMF or calcination at 450°C for 2 h in air.

Magnetite hollow spheres: Freeze-dried S2 (0.1 g) was immersed
in ammonium hydroxide (10m, 5 mL) for 12 h before transfer to a
solution containing water (10 mL). Aqueous ferrous chloride/ferric
chloride (1:2M, 0.6 mL) was then added dropwise with stirring under a
nitrogen atmosphere.’! Magnetite hollow spheres were obtained after
the polymer was dissolved with DMF and collected by a magnet (see
Supporting Information). The collected spheres could be readily
redispersed by ultrasonication.

Polyaniline hollow spheres: Freeze-dried S2 (0.1 g) was dispersed
in water (10 mL) containing monomeric aniline (0.1 g) with stirring.
After 2 h, aqueous ferric chloride (1M, 0.5 mL) was added to initiate
oxidative polymerization at room temperature for 24 h. Polyaniline
hollow spheres were obtained after centrifugation and treatment with
DMF to dissolve the polystyrene.

Characterization: The structure and morphology of the spheres
were characterized by TEM (JEOL 100CX instrument operated at
100 kV) and SEM (Hitachi S-4300 instrument operated at an
accelerating voltage of 15kV). TEM samples were prepared by
dispersing the spheres from dilute ethanol dispersions onto carbon-
coated copper grids or by the ultramicrotoming technique. The
ultramicrotomed samples were prepared by embedding the spheres in
resin and ultramicrotoming to form 30-50-nm-thick slices with a
Leica ultracut UCT ultramicrotome at room temperature. The SEM
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samples were prepared by vacuum sputtering of Pt onto the dried
samples at ambient temperature.

FTIR spectroscopy was performed using a Bruker Equinox 55
spectrometer with the samples pressed into KBr pellets. X-ray
powder diffractometry (Rigaku D/max-2500) was used to character-
ize the crystalline phases of the materials. A Perkin-Elmer TGA 7
apparatus was used to determine the inorganic content of the
composite spheres. Elemental analysis was carried out with a Flash
EA-1112 apparatus. A vibrating-sample magnetometer (VSM JDM-
13) was used to characterize the magnetic properties of the magnetite
composite spheres. Conductivity measurements were performed on
pieces of compressed dry powder by using a standard four-probe
method at room temperature.d!
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