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A facile no-template approach for fabricating curved polystyrene (PS) nanosheets by miniemulsion
polymerization technique was developed. Two essences of the high hydrophobicity of oil phase and the
existence of cross-linking comonomer were found to ensure the stable curved sheet-like morphology.
Here, when choosing tetradecane as the hydrophobic oil phase and divinylbenzene as cross-linker, the
curved PS nanosheets with stable structure were obtained. Furthermore, after introducing functional
groups by sulfonation reaction, these curved PS nanosheets can be used as a general template for
preparing curved sheet-like inorganic/organic nanocomposites with broadly varied inorganic ingredi-
ents, such as metal Ag nanoparticles, inorganic titania, silica, etc. Otherwise, when calcining or
carbonizing these inorganic/organic nanocomposites under air or nitrogen, novel mesoporous or
microporous pure inorganic nanomaterials with curved sheet-like morphology were obtained conve-
niently further.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

In the past decades, efforts in the field of nanomaterials have
mainly been focused on fabricating one-dimensional nanowires,
nanorods and nanotubes [1]. Comparatively, two-dimensional
nanosheets have attracted increasing interests just recently, due to
their unique structure of two-dimensional anisotropy [2,3] and
resulted potential applications for fabricating novel functional
nanomaterials [4,5].

Until now, many methods have been developed to synthesize
two-dimensional inorganic or composite nanosheets, such as exfo-
liation of the layered precursor [6e8], thermochemical or thermo-
physical reaction process [9e15], liquideliquid interfacial
precipitation method [16], and so on. However, for preparing two-
dimensional polymeric nanosheets, only few methods have been
reported. As the first example in this field, separate polymer nano-
sheets containing phenanthrene, anthracene, and dinitrobenzene
chromophore have been prepared by the LangmuireBlodgett tech-
nique [17], in which the rather tedious synthesis procedure for
special spreading polymer was unavoidable. Secondly, high-
performance aromatic polyimide nanosheets were synthesized via
a monomer adsorption and polycondensation process occurred
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inside the pores of mesoporous silica monoliths [18]. Similarly,
unique polymer nanosheets were also formed by thermal poly-
merization of styrene or methyl methacrylate bicontinuous micro-
emulsions from the gaps of a silica opal membrane [19].
Unfortunately, in the latter two techniques, it is complicated to
prepare sheet-like materials in scales. As a result, it is still an urgent
requirement now to develop a simple single-step, scalable strategy
for preparing polymer nanosheets.

Emulsion polymerization had been proved as a powerful tech-
nique for controlling the morphologies of obtained polymer parti-
cles. By simply manipulating the polymerization conditions, novel
polymer particles with various morphologies were obtained, such
as inverse core-shell, double hemispherical, onion-like, golf-ball-
like, peanut-like particles and hollow spheres, etc. [20e25] With
the increasing requirements for nanomaterials, miniemulsion
polymerization, a variant of the emulsion polymerization, in which
monomer droplets play a key role in particle nucleation, has
attracted extra attention in very recent years, because the polymer
particles with submicrometer size, more controllable morphologies
and special functionalities can be obtained, besides of the inherent
virtues of the emulsion polymerization [26e35]. For example,
through miniemulsion polymerization, crumpled poly(acryloni-
trile) particles composed of 10 nm large polymer nanocrystals [29],
organic-inorganic polystyrene-silica hybrid asymmetric particles
[30], polymeric capsules encapsulated with many different kinds
of materials [32e35] were all produced. Unfortunately, to the
best of our knowledge, there has been no report on preparing
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nanomaterials with two-dimensional sheet-like morphology by
one-step miniemulsion polymerization until now.

Herein, we demonstrated a novel one-pot non-templating
synthetic method to prepare curved PS nanosheets by virtue of
miniemulsion polymerization technique. Furthermore, we also
showed that these novel curved PS nanosheets can be used as
templates for preparing two-dimensional sheet-like nano-
composites with changeable compositions such as metals, inor-
ganic materials, etc.
2. Experimental section

2.1. Materials

Styrene (St) and divinylbenzene (DVB) were passed through an
activated Al2O3 column to remove the inhibitors and stored at low
temperature for use. Aniline was distilled under vacuum and stored
at low temperature. 2-Azoisobutyronitrile (AIBN) was recrystal-
lized from methanol and stored at 4 �C. Tetraethyl orthosilicate
(TEOS), tetrabutyl titanate (TBT), sodium dodecyl sulfate (SDS),
tetradecane (TD), isooctane (OT), potassium persulfate (KPS) and
ethanol were used without further purification.
2.2. Sample preparation

2.2.1. Synthesis of PS nanosheets by miniemulsion polymerization
A representative polymerization process was as follows:

surfactant of SDS (0.03 g) and water (15 mL) were mixed together
by ultrasonicating for a few minutes. A mixture of TD (2.1 mL), St
(1.5 mL) and DVB (0.5 mL) was then added. The miniemulsification
of the overall mixture solution was achieved by ultrasonicating the
mixture for 10 min. The prepared miniemulsion was removed to
a three-necked flask (50 mL) fitted with a paddle with Teflon rod
and a condenser. After degassed with nitrogen for 30 min, the
miniemulsion was heated to 70 �C. The KPS (0.02 g) was added
subsequently to initiate the polymerization. The whole synthetic
process was kept under mechanical stirring for 8 h in N2.

2.2.2. Sulfonation of PS nanosheets
PS nanosheets (0.1 g) were dispersed in concentrated sulfuric

acid (3 g) at 40 �C for 8 h. After that, the sulfonated polystyrene
(SPS) nanosheets were purified by washing with ethanol/water.

2.2.3. Titania composite nanosheets
SPS nanosheets (0.1 g) were dispersed in the mixture of TBT and

ethanol (5 mL) (volume ratio ¼ 1) by sonication. After holding the
mixture under stirring for 24 h at room temperature, the TBT
adsorbed nanosheets were separated by centrifugation and washed
with ethanol to remove residual TBT outside the nanosheets. They
were then redispersed in the mixture of H2O and ethanol (5 mL)
(volume ratio ¼ 1) under sonication followed by a sol-gel process
for 12 h at ambient temperature. The formed composite nanosheets
were centrifugated and washed with ethanol/water. To obtain pure
inorganic titania nanosheets, the titania composite nanosheets
were calcined at 450 �C in air for 4 h.

2.2.4. Silica composite nanosheets
SPS nanosheets (0.1 g), water (1 mL) and TEOS (1 g) were

dispersed in ethanol (5 mL) by sonication. After stirring the
mixture for 24 h at room temperature, the prepared SPS nano-
sheets hybridized with silica were purified by centrifugation and
washed with ethanol. To obtain pure mesopore inorganic silica
nanosheets, the silica composite nanosheets were calcined at
450 �C in air for 4 h.
2.2.5. Ag composite nanosheets
SPS nanosheets (0.1 g) were immersed in aqueous solution of

silver nitrate (4 mL) with the concentration of 20 wt.% under
stirring for 24 h for absorption. Afterwards the silver nitrate
saturated polystyrene nanosheets were separated by centrifuga-
tion and further washed with water to remove residual silver ions
outside the nanosheets. In a closed vessel, the nanosheets were
redispersed in ethanol (4 mL). Then the aqueous solution of
sodium borohydride (20 wt.%) was dropped into the dispersion
until the color changed under stirring. Subsequently, it was reac-
ted at ambient temperature for 0.5 h leading to Ag composite
nanosheets.

2.2.6. Polyaniline (PANi) composite nanosheets
SPS nanosheets (0.1 g) were dispersed in water (5 mL) con-

taining monomeric aniline (0.1 g) by sonication. After degassed
with nitrogen for 30 min, the mixture was sealed and stirred for
24 h at ambient temperature. The degassed aqueous ammonium
persulfate (1 M, 1 mL) was then added to initiate polymerization of
aniline at room temperature for 24 h. The obtained PANi composite
nanosheetswere purified by centrifugation andwashedwithwater.

2.2.7. Carbon and carbon composites nanosheets
The composite nanosheets were firstly heated to 200 �C at 2 �C/

min and held at 200 �C for 2 h, and then were heated to 370 �C.
After holding at 370 �C for 2 h, the temperature was further
increased to 800 �C and held for 2 h to prepare carbon, silica/carbon
and titania/carbon nanosheets. The heated samples were naturally
cooled down to ambient temperature. The whole process was
conducted under N2.

2.3. Characterization

Fourier-Transform Infrared (FT-IR) spectroscopy was recorded
by a deuterate triglycine sulfate (DTGS) detector on a Bruker
EQUINOX 55 spectrometer and processed by the Bruker OPUS
program. Raman spectra of the carbon nanosheets were charac-
terized by Renishaw 2000. The samples were prepared by milled
with potassium bromide (KBr) to form a very fine powder and then
compressed into a thin pellet.

Transmission electron microscopy (TEM) images were obtained
using a JEOL 100CX instrument operated at an accelerating voltage
of 100 kV. The samples were prepared by spreading very dilute
ethanol dispersions onto the carbon-coated copper grids and left
to dry.

Scanning electron microscopy (SEM) images were obtained
using a HITACHI S-4300 instrument operated at an accelerating
voltage of 15 kV. The SEM samples were ambient dried and vacuum
sputtered with Pt about an average thickness of 3 nm.

Atomic force microscope (AFM) images were obtained by
a Nanoscope IIIA (Digital Instrument) at the tapping mode with
silicon tips. The samples were prepared by spin-casting the diluted
mother miniemulsion on a clean mica surface at a rotary speed of
500 rpm for 1 min.

Wide-angle X-ray powder scattering (XRD) (Rigaku D/max-
2500) was used to characterize the crystalline phase.

Pore size was characterized by nitrogen adsorption/desorption
on a Micromeritics ASAP 2020M surface area and porosity analyzer.

3. Results and discussion

3.1. Preparation of curved PS nanosheets

In the O/W miniemulsion polymerization system, the dispersed
spherical oil droplets were used as the polymerizing places, which
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endowed the formed polymer particles with ideal curved config-
uration. As a result, if interfacial polymerization was carried out in
this O/W miniemulsion system, the spherical hollow polymer
particles or the curved nanosheets can be expected in theory.

Here, the used O/W miniemulsion system was comprised of St
as monomer, DVB as cross-linker, TD/OT as hydrophobic oil, SDS as
surfactant, and KPS as initiator, where the dispersed oil droplets
mixed by St, DVB and TD/OT was stabilized by surfactant, SDS, in
the continuous water phase, and the initiator, KPS, was dissolved in
the water phase. At the beginning of the polymerization, the water
soluble radical from KPS initiated the copolymerization of St and
DVB at the interface and subsequently the copolymerization of St
and DVB carried out in the whole oil droplets. With the polymeri-
zation carrying out further, the obtained cross-linked PS oligomer
deposited at the interface of oil droplets since PS are soluble neither
inwater nor in hydrophobic oil. Then this phase-separated polymer
served as loci for the further polymerization. In this whole mini-
emulsion polymerization process, we found that the properties of
the hydrophobic oil and usage of the cross-linker were the two vital
factors for controlling the morphologies of the obtained polymer
nanoobjects.
Fig. 1. SEM and inset TEM images of the representative PS hollowmicrospheres (AeD) and n
the TD volume percentages in the mixture of TD and OT were 0% (A), 0.5% (B), 15% (C), 50%
To study the influence of hydrophobic oil, except for the ratio of
TD to OT, the other parameters were kept the same in the whole
studied miniemulsion systems, where the cross-linker DVB with
a volume ratio of 1:3 to St was used. Fig. 1 was the representative
SEM and TEM pictures of the prepared nanoobjects, which clearly
showed that the morphologies of nanoobjects could be manipu-
lated only by changing the volume ratio of OT and TD. As shown in
Fig. 1A, by using pure OT as hydrophobic oil, the solid particles with
the average diameter of ca. 30 nm and a minority of hollow
microspheres with the diameter of hundreds of nanometers were
formed. By adding a small amount of TD (0.5%, volume ratio) into
the hydrophobic oil, the hollow microspheres with clearer void
were still obtained but the amount of small solid particles markedly
decreased (Fig. 1B). Increasing the volume ratio of TD to 15%, the
small solid particles nearly disappeared and small holes appeared
on the surface of hollow microspheres at the same time (Fig. 1C).
With further increasing the volume ratio of TD to 50%, the size of
the holes on the surface of hollow microspheres became increas-
ingly larger and the small solid particles completely vanished
(Fig. 1D). When the volume ratio of TD reached 75%, the hollow
microspheres were replaced by the novel curved sheet-like
anosheets (E, F) prepared by miniemulsion polymerization using KPS as initiator, where
(D), 75% (E) and 100% (F), respectively.



Scheme 1. The proposed mechanism of the formation of PS hollow microspheres and
nanosheets by miniemulsion polymerization.

Y. Wu et al. / Polymer 51 (2010) 3075e30823078
nanoobjects (Fig. 1E). Fig. 1F showed the curved nanosheets
obtained by using pure TD as the hydrophobic oil, where the sheet-
like appearance was similar to that shown in Fig. 1E.

Furthermore, to show the crucial effect of water soluble initi-
ator, such as KPS, on this method, the corresponding SEM and TEM
results with oil soluble AIBN as initiator were also shown in
Figure S1. From Figure S1 A to D, comparing to Fig. 1A, C, E, F
respectively where all experimental conditions were kept same
except for the type of initiator, the solid particles with distinctly
different morphologies were obtained by using AIBN as initiator.
As a result, it is necessary to use water soluble KPS as initiator for
these hollow microspheres and curved nanosheets by our tech-
nique here.

It has been reported that the morphology of hollow micro-
spheres prepared by membrane emulsification and subsequent
suspension polymerization is caused by a rapid phase separation of
formed polymer from the hydrophobic oil cores of the oil droplets
[36e38]. When the phase separation process is too slow, the
deposited polymer at the interface can not prevent the hydro-
phobic oil cores from contacting with the continuous water phase
during polymerization, which results in the formation of hollow
microspheres with pores on their surface.

Scheme 1 showed the formation mechanism of PS hollow
spheres and nanosheets in our miniemulsion polymerization
system. Because of the shorter alkyl chain length, the solubility
between water and OT is better than that between water and TD
having longer alkyl chain. As a result, when pure OT was used as
hydrophobic oil, St can not be effectively prevented to diffuse from
hydrophobic oil droplets to the continuous aqueous phase.
Fig. 2. SEM and inset TEM images of the nanosheets prepared by miniemulsion polyme
respectively.
Resultantly, the formed PS deposited at the interface from hydro-
phobic oil right away because of the less St, the good solvent for PS,
existing inside the droplets, which resulted in the formation of
hollow microspheres. Simultaneously, St diffused into the aqueous
phasewas also initiated to form small solid particles by a secondary
nucleation process. However, TD, having lower solubility in water,
can effectively prevent the diffusion of St from the oil droplets.
When it was used as hydrophobic oil, the secondary nucleation to
get small solid particles was avoided efficiently, because of nearly
no escaped St in the aqueous phase. At the same time, the formed
polymer can not deposit at the interface quickly from hydrophobic
oil because of the high concentration of St, the good solvent of PS, in
the oil droplets. Consequently, the curved PS nanosheets were
obtained.

As a result, through changing the property of hydrophobic oil
simply by adjusting TD/OT with different ratio, the shapes of
obtained nanoobjects were easily manipulated. Furthermore, the
usage of more hydrophobic oil phase, for example, TD, was critical
for the formation of curved PS nanosheets.

On the other hand, for a stable formation of the PS nanosheets,
the cross-linked internal structure was also an inevitable factor.
Fig. 2 showed the representative SEM and TEM photographs of
nanoobjects obtained by using pure St (A) and pure DVB (B) as
monomer, respectively, where the hydrophobic oil was all
composed by pure TD. By using the pure St as monomer, because of
the noncross-linked molecular structure characteristic, the depos-
ited PS single chain at the interface can easily change their location
to maintain a minimum surface energy when TD moved to contact
with aqueous phase during the whole miniemulsion polymeriza-
tion. After the miniemulsion polymerizationwas finished, the disk-
like nanoobjects with smooth face were obtained (Fig. 2A).
However, when the DVB was used as sole monomer, the polymer
deposited at the interface having a cross-linked structure. With the
hydrophobic oil moving to contact with the aqueous phase during
the polymerization, the cross-linked internal structure locked the
polymer chain and kept the original rough curved sheet-like
morphology. As a result, after the polymerization was finished, the
curved nanosheets with rough internal surface were obtained
(Fig. 2B).

It was also reported that the high vacuum required for SEM
sample preparation and measurement may cause the integrated
microspheres with indentations on their surface sometimes [39].
To exclude this possibility of producing curved nanosheets, except
for SEM and TEM, AFMwas also used to observe the morphology of
the obtained nanoobjects before (Fig. 3A) and after (Fig. 3B) high
vacuum disposal which was kept the same as that performed in
SEM. Compared Fig. 3A with Fig. 3B, there was no difference in the
appearance between them. Accordingly, we concluded that the
rization with TD as hydrophobic oil. The St (A) and DVB (B) was homopolymerized,



Fig. 3. AFM images of the obtained PS nanosheets before (A) and after (B) dealing with high vacuum respectively.
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novel curved sheet-like nanoobjects were brought by the property
of the used miniemulsion polymerization itself.

As a result, by simply choosing TD with longer alkyl chain as
hydrophobic oil and using the cross-linker of DVB, we successfully
prepared stable PS nanosheets with a novel curved morphology by
miniemulsion polymerization.

3.2. Preparation of curved composite nanosheets with controlled
compositions and porous nanosheets thereof

Using the PS hollow microspheres as templates, a series of
composite hollowmicrospheres with changeable compositions and
controlled microstructure were obtained in our group in recent
years [40e43]. Here, we extended the same concept to prepare
another kind of novel curved sheet-like organic/inorganic nano-
composites with various compositions, by using the formed curved
PS nanosheets as templates. Furthermore, based on the obtained
curved sheet-like inorganic/organic nanocomposites, we also
prepared porous curved sheet-like inorganic nanomaterials.

3.2.1. Sulfonated PS nanosheets and carbon nanosheets thereof
To prepare the SPS nanosheet gel, the obtained curved PS

nanosheets with cross-linked internal structure were treated by
concentrated sulfuric acid at the temperature of 40 �C for 8h. After
this process, the curved sheet-like morphology was still preserved
well, which was proved by SEM picture shown in Fig. 4A. FT-IR
spectrumwas used to track the reaction of sulfonation. As shown in
Figure S2A, the characteristic bands at 670, 1180 and 1222 cm�1

were assigned to the derived sulfonic acid group (eSO3H) and the
band at 1128 cm�1 was related with the sulfone group (eSO2e).
Furthermore, using the SPS nanosheets as templates, porous carbon
nanosheets were prepared through carbonization process at high
temperature of 800 �C. Fig. 4B showed the SEM image of the
resulted carbon nanosheets, which still preserved their original
curved sheet-like formation. Raman (Figure S3A) and XRD
(Figure S3B) results indicated that the phase of obtained carbonwas
amorphous. The nitrogen adsorption/desorption isotherms (Trace _,
Fig. 5) indicated the presence of mesopores and micropores in the
shell of the obtained carbon nanosheets. The BET specific surface
area was 550.19 m2 g�1 and t-plot specific surface area contributed
by the micropore was 470.92 m2 g�1. The total pore volume was
0.31 cm3 g�1, to which the micropore contributed 0.23 cm3 g�1. The
micropore diameter was around 0.45 nm and the mesopore size
was around 40 nm.

3.2.2. Titania composite nanosheets
Inorganic/organic semiconductor titania composite nanosheets

were prepared by favorable solegel process of TBT within the SPS
nanosheets. Fig. 4C showed the resulted titania inorganic/organic
composite nanosheets with a similar morphology to that of their
templates (Fig. 4A). Figure S4A showed the XRD curve of the formed
titania in this state, where its phase was amorphous. The prepared
titania composite nanosheets were strong enough to survive
calcination at 450 �C in air, which removed the polymer composi-
tion (Fig. 4D). Furthermore, carbonizing the sheet-like titania/SPS
nanocomposites also converted them into titania/carbon composite
nanosheets (Fig. 4E). As shown in Fig. 4D and E, compared with
Fig. 4A, a significant volume contraction of the obtained nanosheets
was observed because of calcination and carbonization process but
the curved sheet-like morphology still remained clearly. Besides,
the calcination and carbonization process also caused the phase
transformation of titania inorganic composition from amorphous to
anatase or rutile, which was verified by XRD (Figure S4). XRD
results shown in Figure S4B proved that the calcined titania was
composed of anatase (Figure S4B) and a higher carbonization
temperature (800 �C) resulted in a dominant rutile phase with
a small amount of the anatase phase (Figure S4C).

3.2.3. Silica composite nanosheets
When using SPS nanosheets as templates and TEOS as solegel

agent, silica/SPS inorganic/organic composite nanosheets were also
prepared by a simple sol-gel process, where the sulfonic acid group
of SPS catalyzed the hydrolysis and condensation reactions of TEOS.
Shown in Fig. 4F was the corresponding SEM image of the obtained
silica/SPS composite nanosheets, where the curved sheet-like
morphology was still clear and similar with their templates shown
in Fig. 4A. Subsequently, removing the organic SPS composition of
the silica/SPS composite nanosheets by calcination process at
450 �C under air could prepare porous inorganic silica nanosheets.
Fig. 4G was the SEM image of the obtained silica nanosheets.
Compared with Fig. 4A, the curved sheet-like formation was still
preserved well, which meant that the formed inorganic silica
composition in silica/SPS nanocomposites having a continuous
structure. Shown in Fig. 5 (Trance P) was the corresponding
nitrogen adsorption/desorption isotherms of inorganic silica
nanosheets, fromwhich the BET specific surface areawas calculated
to be 424.75 m2 g�1 and the t-plot micropore surface area was as
small as 42.47 m2 g�1. Otherwise, the silica/carbon composite
nanosheets were also prepared by carbonizing the silica/SPS
nanocomposites at the high temperature of 800 �C under nitrogen.
Fig. 4H showed the representative SEM image of the silica/carbon
composite nanosheets, whose morphology was similar to that
shown in Fig. 4F and G. Fig. 5 (Trance Z) was the corresponding
nitrogen adsorption/desorption isotherms of silica/carbon
composite nanosheets, where the BET specific surface area was
552.84 m2 g�1 and the t-plot micropore surface area was



Fig. 4. SEM and inset TEM images of the representative functional nanosheets. SPS nanosheets (A) and the corresponding carbon nanosheets (B), tiatnia/SPS composite nanosheets
(C) and the derived inorganic tiatnia (D) and titania/carbon (E) nanosheets, silica/SPS composite nanosheets (F) and the derived inorganic silica (G) and silica/carbon (H) nanosheets,
Ag nanoparticles/SPS composite nanosheets (I), PANi/SPS composite nanosheets (J).



Fig. 5. Nitrogen adsorption/desorption isotherms of the carbon nanosheets, silica nanosheets and carbon composite nanosheets (A), and the corresponding pore size distribution
(B). O (I): carbon nanosheets derived from SPS gel nanosheets; q (II): the silica nanosheets after removal of PS by calcination at 450 �C in air from the silica/PS composite
nanosheets; B (III): silica/carbon composite nanosheets after carbonizing the silica/SPS nanocomposites at the high temperature of 800 �C under nitrogen.
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485.39 m2 g�1. As a result, the resulted silica/carbon composite
nanosheets had two pores with different diameter, the micropores
and the mesopores with mean diameter of 0.46 nm and 22 nm,
respectively.

3.2.4. Ag composite nanosheets
The negatively charged sulfonated gel layer can also be used to

adsorb metal cations. After a reduction reaction of the adsorbed
metal cations in the SPS nanosheets, other kinds of curved inor-
ganic/organic composite nanosheets with metal nanoparticles
could be obtained. Here, we chose preparation of Ag/SPS composite
nanosheets to demonstrate this concept. Fig. 4I was the represen-
tative SEM and TEM (inset) images of the obtain Ag/SPS composite
nanosheets, which showed that the Ag nanoparticles with a mean
diameter of 10 nm were formed and well distributed in the whole
curved shell of SPS nanosheets. The cubic phase of the synthesized
silver nanoparticles was also confirmed by XRD as shown in
Figure S5, where all of the four broad peaks at 38.21, 44.31, 64.61
and 77.71 were similar to the standard (JCPDS card file no. 4_783þ)
and the broader part in the low scan angle could be attributed to
the amorphous polymer PS.

3.2.5. PANi composite nanosheets
Anilinemonomer can also be perfectly adsorbedwithin the shell

of SPS gel by specific interaction. As a result, the PANi/SPS
composite nanosheets were prepared after in-situ polymerization
of the adsorbed aniline monomer. Fig. 4J showed the representative
SEM image of the curved sheet-like PANi/SPS nanocomposite,
where their morphology were similar to their templates shown in
Fig. 4A. The FT-IR spectrum of the PANi/SPS composite nanosheets
was shown in Figure S2B, where the PANi in situ doped by the
sulfonic acid (in the gel shell) in the form of emeraldine salt was
evidenced. The main peaks at 1583 and 1498 cm�1 corresponded to
stretching deformations of quinone and benzene rings, respec-
tively. The bands at 1303, 1157 and 843 cm�1 could be assigned to
CeN stretch in a secondary aromatic amine, the aromatic CeH in
plane bending modes, and the out of plane deformations of CeH in
the 1,4-disubstituted benzene ring, respectively. The bands at 1303,
1157, and 843 cm�1 were identical to the emeraldine salt form of
PANi [44,45]. The conductivity of the PANi/SPS composite nano-
sheets was 7.2 � 10�4 S/cm.

4. Conclusions

We have reported a novel no-template method to prepare PS
nanosheets with curved morphology and stable cross-linked
internal structure by one-pot miniemulsion polymerization. The
successful secrets of this method lie in two aspects. One is that the
used oil phase must have high hydrophobicity and also must be
a good precipitator for the formed PS, which guaranteed that the
polymerization loci were confined at the interface between oil
droplets and water in the miniemulsion system to obtain the
curved sheet-like morphology. The other is the use of the cross-
linking comonomer, which gives a cross-linked internal structure
within the shell of nanosheets to protect the original curved sheet-
like morphology from damaging by the movement of PS chains
during the whole polymerization process. Based on the same
polymerization concept, we think this simple and effective method
for preparing curved nanosheets can be expanded to many other
different kinds of polymers theoretically. Furthermore, we also
show that these curved PS nanosheets can also be used as a general
template to prepare curved sheet-like nanocomposites with
various kinds of compositions such as metals, inorganic oxides and
even organic functional polymers. As a result, a novel family of
composite nanomaterials with curved sheet-like morphology and
controllable functionalities is expected.
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