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This study demonstrates the significant influence of the polystyrene removal pathway on the TiO2 nanocapsules
obtained from PS@TiO2 core-shell particles. In a first step, the polystyrene spheres were coated with titanium oxide
via hydrolysis and condensation of the titanium precursor to form PS@TiO2 core-shell particles. Then, the creation of
the empty cavity to form TiO2 nanocapsules was achieved by removing the polystyrene template by i) thermal
decomposition of the polystyrene or ii) dissolution of the polystyrene using Soxhlet extractor followed by a thermal
procedure. These pathways to remove the polystyrene were investigated by thermogravimetric studies, IR
spectroscopy, transmission and scanning electron microscopy and powder X-ray diffraction. The final TiO2

nanocapsule structure strongly depends on the sacrificial polystyrene removal pathway. The preservation of the TiO2

nanocapsules was obtained essentially when the polystyrene was dissolved before the crystallization of the TiO2.
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Introduction

Inorganic hollow structures (e.g. TiO2,
[1 – 3] SiO2,

[4]

ZnO,[5] Fe3O4,
[6] SnO2,

[3] CeO2
[7]) have attracted much

attention since the past decades for their special
properties in photocatalysis, sensors, Li-ion batteries,
or drug delivery.[1][2] This morphology provides a high
surface area, low density, effective light harvesting,
and particular optical, electrical, mechanical, photo-
electrochemical, and catalytic properties among
others.[1][2] Moreover, the void space confers high
cargo loading/releasing capacity interesting for drug,
peptides or other biological molecule delivery sys-
tems.[1][2][8] Three different routes of synthesis are
known for obtaining hollow structures materials. The
sacrificial hard template method is based on the for-
mation of core-shell particles where the core (e.g. car-
bon,[9] polymer,[3][7][10] silica[11][12]) is removed either
by thermal treatment or by etching in an appropriate
solvent. This last step is crucial and often the main
drawback of this synthetic route. The use of soft tem-
plates (such as micelles, vesicles) for making capsules
facilitates the elimination of the core.[1] However, this
approach leads to a poor control on morphology and
monodispersity of the final particles. The last route
corresponds to a ‘template-free’ synthesis involving in-
situ dissolution/recrystallization processes based on
the Ostwald Ripening mechanism.[1] This process

combines the advantages of both hard and soft tem-
plate syntheses, but nevertheless this method is less
investigated.

Titanium oxide materials are highly used in sun
cream, paints, pigments, in the biomedical field,[13]

and in photocatalysis.[14][15] In particular, the semicon-
ductor properties of TiO2-based materials revealed a
broad research interest in the fields of solar
cells,[15 – 17]photo-electrochromics, or photocataly-
sis,[15][18] e.g. water splitting,[19][20] photoreduction of
CO2,

[20] or water purification.[21] However, these intrin-
sic properties highly depend on the shape, the size,
and the crystallinity of TiO2.

TiO2 nanocapsule synthesis mostly involves sacrifi-
cial hard template spheres where the titanium oxide
is coated on their surface. This template may be con-
stituted by an organic polymer[10][22] (as polystyrene
or co-block polymers) or inorganic compound such as
silica[11] which is easily removable. The polystyrene
(PS) is one of the most common sacrificial templates
because the diameter of the spheres is tunable and
the polystyrene is easily removed by thermal decom-
position or by dissolution in an organic solvent such
as THF,[23] xylene containing triethylamine,[8] or
toluene.[3][10] However, Imhof [10] has observed a defor-
mation of TiO2 shells after dissolving PS in toluene
from PS@TiO2 core-shell particles followed by a drying
step, while the capsules remained spherical after
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calcination, causing however damages to the TiO2

shells. Pei et al.[8] studied the encapsulation of Tri-
closan in TiO2 nanocapsules formed from PS@TiO2

core-shell particles. For obtaining the capsules the PS
was dissolved in triethylamine-containing boiling
xylene (bp = 138 – 145 °C) for 12 h. The resultant
capsules were compact, with smooth surface and
undamaged. For comparison, they treated the core-
shell particles by thermal treatment at 500 °C for 3 h
resulting in TiO2 particles with damaged shells. They
attributed this damage to the crystalline transition of
TiO2 and the contraction of the capsules.

THF Was used for the dissolution of the PS from
core-shell particles by Demir€ors et al.[23] showing good
efficiency for the elimination of PS for thin TiO2 wall
thicknesses. Unfortunately, upon increasing the wall,
the dissolution of PS was not efficient anymore and
the core remained inside the material.

Numerous articles have been published in this
field, involving thermal decomposition of PS or its dis-
solution into different solvents at room temperature
or at the boiling point of it. But the dissolution of PS
using solid/liquid extraction system which is a simple
and soft method for removing the polymer core was
never studied.

The goal of this study was the evaluation of the
removal pathway of the polystyrene from PS@TiO2 on
the final titanium oxide nanocapsule structure. The
thermal decomposition under air of the polystyrene
template with simultaneous crystallization of the TiO2

was compared to its dissolution in chloroform using
Soxhlet apparatus followed by the crystallization of
TiO2 upon calcination.

Results and Discussion

Titanium oxide nanocapsules were formed by coating
of titanium oxide on polystyrene spheres that were
used as sacrificial templates.

The synthesis of anionic polystyrene spheres was
inspired by Kartsonakis et al.[24] and corresponds to
the emulsion polymerization of styrene monomer. The
polystyrene beads have a spherical shape with an
average diameter of 190 nm as shown in Fig. 1. These
PS spheres were coated with TiO2 by hydrolysis/con-
densation of titanium isopropoxide occurring on the
surface of the PS (Scheme 1).

In order to obtain hollow TiO2 nanocontainers
from the PS@TiO2 core-shell particles, two methods
exist in the literature which are i) the calcination of
the powder above the temperature of the PS decom-
position[8][10]or ii) the dissolution of PS in a solvent. To
get rid of the PS the material is ageing in solvent at
room temperature or at the boiling point of the sol-
vent. A simple method was never studied for this pur-
pose: the dissolution of PS by liquid-solid extraction
using a Soxhlet apparatus.

This method allows the renewability of fresh sol-
vent and the elimination of PS residues during the dif-
ferent cycles’ draining of the thimbles without any
mechanical forces applied on the material. For this
soft method, the ideal solvent should well dissolve

Figure 1. TEM picture and size distribution of polystyrene
spheres, scale bar represents 2 lm.

Scheme 1. Synthetic pathways for the TiO2 nanocapsule formation.
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the PS (as in the other methods) and possess a low
boiling point.

Compared to other solvents, chloroform is a
promising candidate for dissolving the polystyrene
using a Soxhlet extractor due to the combination of
both properties summarized in Table 1.

In this study, the decomposition of the polystyrene
(PS) by thermal treatment (PS@TiO2-1) was compared to
the dissolution of PS in chloroform using a solid/liquid
extractor followed by thermal treatment (PS@TiO2-2).

According to the TGA analysis of PS@TiO2 (Fig. 2),
the total decomposition of the PS occurred below
450 °C. Moreover, the decomposition of the PS after

the different treatments (calcination or dissolution of
PS followed by calcination) was studied by IR spec-
troscopy (Fig. 3). The spectrum which corresponds to
PS@TiO2 (pink curve) before treatment shows strong
bands between 500 and 1950 cm�1 and
2845 – 3085 cm�1 which originate from polystyr-
ene[25] and a large band between 2500 and
3500 cm�1 and one around 1630 cm�1 corresponding
to the stretching and bending vibration of hydroxyl
groups.[26] For the thermally treated sample for
removing the PS, called PS@TiO2-1 (Fig. 3a), before
and after calcination at 300 or 400 °C, the polystyrene
was still present and the band of the hydroxyl group
was drastically reduced. From 500 °C onwards, the
bands of polystyrene totally vanished. Moreover, new
bands were observed in the 400 – 900 cm�1 region
that can be attributed to the O–Ti–O vibration mode
of anatase.[26]

In the case of the dissolution of PS before the cal-
cination treatment, which corresponds to the sample
PS@TiO2-2 (Fig. 3b), after calcination at 300 °C and
400 °C, the bands attributed to PS were present but
in much lower intensity, confirming the partial dissolu-
tion of the PS in chloroform. Above 500 °C, the PS
was not detectable anymore and the band belonging
to the anatase phase appeared,[26] which is in agree-
ment with the X-ray results showing the presence of
anatase (see Fig. 6, below).

The thermal influence on the TiO2 NC shape was
followed by SEM. Fig. 4 corresponds to the SEM

Table 1. Polystyrene solubility and boiling point of potential
solvents

Solvent PS solubility
[g/ml][31]

Boiling point
[°C]

Toluene 0.68 111
Tetrahydrofuran 0.96 66
Xylene 0.40 138 – 145
N,N-Dimethylformamide 0.31 153
Chloroform 1.28 61

Figure 2. TGA of PS@TiO2 before the removal treatment of PS
(as synthesized).

Figure 3. Infrared spectra of PS@TiO2 as synthesized (pink),
after calcination at 300 °C (black), 400 °C (red), 500 °C (green),
and 700 °C (blue) (A) PS@TiO2-1 and (B) PS@TiO2-2.

Figure 4. Thermal study of PS@TiO2-1 after calcination at a)
300 °C, b) 400 °C, c) 500 °C, and d) 700 °C, scale bar represents
1 lm.
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pictures of PS@TiO2-1 after different temperatures of
calcination at which the PS was thermally decom-
posed. As shown in Fig. 4a, the decomposition already
started at 300 °C, leading to a breaking of the shells
of the TiO2. From the inlay zoom picture of Fig. 4a,
the inside of nanocapsules shows that part of the
polystyrene is left in lamellar form inside the TiO2

nanocapsules, while at 400 °C (Fig. 4b), the TiO2

nanocapsules were in majority drilled by the PS pass-
ing through. This phenomenon led to the loss of the
nanocapsule structure at 500 °C which was confirmed
at 700 °C where only debris of TiO2 nanocapsules is
obtained.

Fig. 5 shows the SEM pictures of PS@TiO2-2 after
the dissolution of PS in chloroform following different
calcination temperatures on the way to obtain TiO2 in
its anatase phase. Before the thermal treatment, the
TiO2 nanocapsules were undamaged and the cavity
was already formed as it is shown by the TEM picture
on Fig. 5b. Until 500 °C, their structure was preserved

unlike during the previous process. Unfortunately at
700 °C, the final TiO2 was found as debris of nanocap-
sules like for PS@TiO2-1 when the PS was thermally
decomposed. The loss of the structure at 700 °C could
be due to the growth of TiO2 crystallites forming the
nanocapsule structure. Indeed, the crystallization of
the amorphous TiO2 to anatase occurred between 400
and 500 °C according to the X-ray diffraction which
showed the presence of the anatase phase after calci-
nation at 500 °C. Between 500 and 700 °C, the TiO2

phase transition from anatase to rutile partially
occurred as shown in Fig. 6, which is in accordance
with the literature where the transition phase starts
around 600 °C under air in most of the cases.[27]

After the TiO2 crystallization between 400 and
500 °C, the crystallites were growing with the increase
of the calcination temperature. Using the Scherrer
equation, the determination of crystallite sizes was
performed from diffractograms (Table 2). At 500 °C,
TiO2 corresponds to the anatase phase with crystallite
sizes of around 9 nm for PS@TiO2-1 and PS@TiO2-2.
While at 700 °C, the anatase crystallites are around 18
and 23 nm and the rutile crystallites around 15 and
22 nm in diameter for PS@TiO2-1 and PS@TiO2-2,
respectively. The growth of the crystallites is due to
their sintering under thermal conditions.

From Rietveld refinement of the diffractograms of
PS@TiO2-1 and PS@TiO2-2 after 700 °C (Figs. S1 and
S2), the ratio anatase-to-rutile was determined (A/R). It
showed a ratio of 98:2 for PS@TiO2-1 while the ratio
was 86:14 for PS@TiO2-2 (Table 2). The kinetic of ana-
tase-to-rutile transformation depends on several
parameters because it is a reconstructive process and
these factors have impact on the time-temperature
conditions.[27] For instance, the particle size and
shape, the surface area, the impurities and the

Figure 5. SEM pictures of PS@TiO2-2 a) after PS dissolution and
calcination at c) 300 °C, d) 400 °C, e) 500 °C, f) 700 °C, and b)
TEM pictures of PS@TiO2-2 after PS dissolution, white and black
scale bars represent 1 lm and 250 nm, respectively.

Figure 6. X-ray diffractograms after 300 °C (black), 400 °C (red),
500 °C (green), and 700 °C (blue) for (A) PS@TiO2-1 and (B)
PS@TiO2-2 (black stars: anatase phase; red dots: rutile phase).
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conditions of the transformation (atmosphere, heating
rate,. . .) play a role in the transformation kinetic.[27]

We assume that the loss of the TiO2 NC shape at
700 °C for PS@TiO2-2 is coming from the sintering of
the crystallites which firstly could create holes in the
shell and finally lead to the structural collapse when
the diameter of the crystallites reaches the wall thick-
ness of TiO2 (around 20 nm) as it is proposed in
Scheme 2.

The decomposition of polystyrene by calcination
drilled the TiO2 nanocapsules starting from 300 °C
while the structure of TiO2 as nanocapsules was pre-
served until 500 °C by dissolving the polystyrene in
chloroform, before the phase transition of TiO2 under
thermal treatment.

These differences in shape could influence other
properties such as the band gap energy of the mate-
rial which is one important parameter for a semicon-
ductor.

The absorption edge of TiO2 for the four different
samples is shown in Fig. 7a. This edge is redshifted
for PS@TiO2-1 compared to PS@TiO2-2, indicating a
decrease of the bandgap. Moreover, for PS@TiO2-1
after 500 °C, a broad band appears in the visible
range. The band gap energies were estimated from
the modified Kubelka-Munk method[28][29] (Fig. 7b)
considering indirect transition.

For both materials, no drastic change was
observed depending on the temperature of calcina-
tion (3.17 vs. 3.14 and 3.26 vs. 3.27 eV for PS@TiO2-1
and PS@TiO2-2). In the literature, the common value
for anatase is around 3.2 eV, while for rutile, it is
around 3.0 eV.[15][21] Surprisingly, the PS@TiO2-1 has
the lowest EGAP value for both temperatures while it
has the highest A/R ratio after 700 °C (Table 3). This
behavior is not well understood.

The efficiency of the PS dissolution in chloroform
was evaluated by increasing the wall thickness of TiO2

(PS@TiO2-2thick). For that, the quantity of PS intro-
duced during the synthesis of PS@TiO2 was divided
by a factor 2 (250 mg).

The PS@TiO2-2 and PS@TiO2-2thick particles after
dissolution of PS and calcination at 500 °C for 2 h
were homogeneous in size and the capsules were
undamaged (Fig. 8a and b). The TEM pictures showed
clearly the void inside of the capsules, proving the
removal pathway’s efficiency. The zooms in Fig. 8c
and d show clearly that the wall thickness is increased
by increasing the Ti precursor: PS ratio during the syn-
thesis (the red bar represents the thickness of the

Table 2. TiO2 crystallites size calculation of PS@TiO2-1 and PS@TiO2-2 after calcination at 500 and 700 °C

Calcination at 500 °C Calcination at 700 °C

Anatase Rutile Anatase Rutile Ratio A:Ra

PS@TiO2-1 ca. 9 nm – ca. 18 nm ca. 15 nm 98:2
PS@TiO2-2 ca. 9 nm – ca. 23 nm ca. 22 nm 86:14

a Determination using Rietveld refinement.

Scheme 2. Proposed process of TiO2 NC crystallization by increasing the calcination temperature.

Figure 7. a) UV/VIS spectra and b) plots of (F(R)hm)2 vs. photon
energy of PS@TiO2-1 (solid) and PS@TiO2-2 (dashed) after calci-
nation at 500 °C (green) and 700 °C (blue).

Table 3. Band gap energies of PS@TiO2-1 and PS@TiO2-2 after
calcination at 500 and 700 °C

Temperature of calcination EGAP [eV]

PS@TiO2-1 500 °C 3.17
700 °C 3.14

PS@TiO2-2 500 °C 3.26
700 °C 3.27
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walls of around 20 nm and 30 nm for PS@TiO2-2 and
PS@TiO2-2thick, respectively).

Photodegradation of Methylene Blue (MB)

TiO2 has proven to be very effective in the pho-
todegradation of recalcitrant dyes contained in
wastewater such as heteropolyaromatic (methylene
blue (MB)) or azoic (methyl red, congo red) com-
pounds with a complete mineralization.[30]

The photocatalytic properties of our three different
samples PS@TiO2-1, PS@TiO2-2 and PS@TiO2-2thick
were evaluated by studying the photodegradation of
methylene blue (MB) after thermal treatment of the
catalysts at 500 °C for 2 h.

The photocatalytic degradation of MB was fol-
lowed by UV-visible spectroscopy (Figs. S3 – S5) and
their profiles are represented in Fig. 9a. The use of
PS@TiO2-1 obtained from thermal decomposition of
PS, which damaged and drilled the TiO2 shell, leads to
lower photoactive degradation of MB compared to
PS@TiO2-2. We assume that this difference could be
explained by the fact that the void space allows an
efficient harvesting of the light and this phenomenon
would be less important when the structure is dis-
rupted. On the other hand, a drastic drop was noticed
when the thickness of the shell was increased
(PS@TiO2-2thick). In considering a pseudo first order
kinetic model, the constant rate k was evaluated from

the slope of the linear graph shown in Fig. 9b. The k
rate was respectively 24.0 9 10�3, 29.7 9 10�3, and
10.6 9 10�3 min�1 for PS@TiO2-1, PS@TiO2-2, and
PS@TiO2-2thick, respectively. According to these data,
the PS@TiO2-2 was the most active catalyst being
three times more photoactive than PS@TiO2-2thick.

Conclusions

This study showed the impact of the polystyrene
removal pathway on the structure of titanium oxide
nanocapsules from PS@TiO2 core-shell particles.
Indeed, the thermal decomposition of polystyrene
simultaneously with the titanium dioxide crystallization
implied the destruction of the capsules as starting from
300 °C while the dissolution of the polystyrene fol-
lowed by the thermal crystallization of the titanium
oxide allowed the preservation of the TiO2 nanocapsule
structure until at least 500 °C. In both PS removal path-
ways, the capsular shape of the TiO2 is lost at 700 °C. At
this temperature, the collapse of the TiO2 structure was
probably not due to the removal of the polystyrene but
rather originated from the crystallization process of the
TiO2, where the crystallite size reached the TiO2

nanocapsules wall thickness.
For the photodegradation of MB, the removal

pathway of PS influences the photoactivity, but com-
pared to this, the TiO2 wall thickness is a predominant
parameter in the photoactivity.

Experimental Section

Polystyrene Synthesis

The anionic polystyrene beads (PS) were synthetized
following a microemulsion method from Kartsonakis
et al.[24]

To avoid the side reaction with oxygen, the forma-
tion of PS was carried out under inert atmosphere (N2).
In a reflux system, sodium dodecylsulfate (0.09 g,
0.3 mmol) used as surfactant and potassium persulfate

Figure 8. SEM and TEM pictures of (a, c) PS@TiO2-2 and (b, d)
PS@TiO2-2thick after dissolution of PS and calcination at 500 °C
for 2 h, scale bar represents 500 nm.

Figure 9. a) Photocatalytic degradation of MB and b) pseudo-
first order kinetics model over PS@TiO2-1 (black square),
PS@TiO2-2 (violet triangle) and PS@TiO2-2thick (cyan pentagon)
after thermal treatment at 500 °C for 2 h.
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(0.30 g, 1.1 mmol) used as initiator were introduced in
water (250 ml) and mixed together during 30 min
under inert atmosphere. The styrene (3.70 g,
35.5 mmol) was added and the reaction mixture was
kept at 80 °C for 42 h. Then, the mixture was cen-
trifuged to remove the supernatant. The PS was washed
three times with water (by washing/centrifuging steps)
and was resuspended in a small amount of water for
the storage.

PS@TiO2 Core-Shell Synthesis

The titanium oxide shell formation was inspired from
the hydrolysis synthesis of Imhof.[10]

Typically, two solutions were prepared separately.
In the first one, the polyvinylpyrrolidone (0.672 g) and
a solution of NaCl (1.675 ml, 5 mM) were successively
introduced in ethanol (73 ml) containing the polystyr-
ene beads (500 mg) under vigorous stirring. In the
second one, the titanium isopropoxide (0.756 ml) was
mixed in ethanol (10 ml) under vigorous stirring.

Then the second solution was rapidly introduced
in the suspension containing PS at 500 rpm. The stir-
ring was kept for 1 min, and the suspension was aged
for 14 min more.

Finally, the supernatant was removed and the
PS@TiO2 was washed three times with ethanol by
centrifuging and dried at 50 °C overnight.

Removing PS Core Processes

Two pathways were compared to remove the PS core
i) by thermal decomposition of PS under air and ii) by
dissolution of PS into chloroform.

Thermal Decomposition of PS Core (PS@TiO2-1)

The PS@TiO2 materials were calcined at different
temp. to follow the decomposition of PS, obtaining by
this way TiO2 nanocapsule (NC). Several batches were
introduced in a cubic furnace and they were progres-
sively removed after reaching the appropriate temp.
(300, 400, 500 and 700 °C) using a ramp of 5 °C/min.

Dissolution of PS Core (PS@TiO2-2)

In Soxhlet apparatus, the PS@TiO2 was placed into the
cellulose extraction thimbles and the chloroform was
introduced into the flask. The solvent was refluxed for
4 to 5 h to pass through the PS@TiO2 and dissolve
the polystyrene. Then the solid (TiO2 NC) was rinsed
with ethanol and dried at 50 °C overnight.

The same thermal study than the thermal decom-
position process was realized after the PS dissolution.

Characterizations

The TGA analysis was performed with Mettler Toledo
TGA/SDTA851e from 25 to 600 °C using a ramp of
5 °C/min. The infrared spectra were collected with
Frontier FT-IR spectrometer from PerkinElmer in ATR
mode. The Powder X-Ray diffractograms were
recorded in transmission mode with a Stoe STADIP
equipped with copper monochromator source and
Mythen detector. The samples were introduced into a
0.5 mm diameter capillary. For the Scanning Electron
Microscopy, the samples were deposited onto a car-
bon tape and sputtered with 4 nm thickness gold.
The analysis was performed with a TESCAN Mira 3 LM
field emission. The TEM picture was recorded with a
Philips CM100 Biotwin. The solid-state measurement of
UV-visible spectra was recorded in PerkinElmer 900
UV/VIS Spectrometer equipped with integrating
sphere.

Photodegradation of Methylene Blue (MB)

In a 2 cm quartz cuvette filled with 5 ml of MB
(84.2 lmol/l in water), 2.5 mg of the catalyst was
added and resuspended using an ultrasonic bath.

The cuvette was covered in dark for 30 min to
reach the MB adsorption/desorption equilibrium on
the surface of the catalyst. The suspension was then
exposed to a mercury lamp with 335 nm cut off filter
for 150 min. Every 30 min, a 0.6 ml aliquot was taken
off and put into the centrifuge to settle down the par-
ticles; then 0.5 ml of the supernatant was introduced
in a 1 cm quartz cuvette and filled with 1.5 ml of
deionized water. The solution was analyzed by UV-vis
spectroscopy in a PerkinElmer Lambda 2S UV/VIS Spec-
trometer. During the whole photocatalytic reaction,
the temp. of the suspension was maintained at
around 15 °C with a recirculating cooler.

Supplementary Material

Supporting information for this article is available on the
WWW under https://doi.org/10.1002/hlca.201700014.
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