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ABSTRACT: Methacrylic acid was polymerized on the 3-
(methacryloxy)propyl trimethoxysilane-modified silica core.
The carboxylic acid groups of polymethacrylic acid (PMAA)
not only provide the ‘‘active-sites’’ for growth of the pyrrole
monomers but also act as doping acids for polypyrrole (PPy).
By in situ polymerization route, SiO2/PMAA/PPymultilayer
composites and hollow PPy microspheres with controllable
shell thickness were fabricated. The morphologies, sizes, and

structures of the nanocomposites were investigated in detail
by transmission electron microscopy, scanning electron mi-
croscopy, Fourier-transform infrared spectra, X-ray photo-
electron spectroscopy, and thermogravimetric analysis.
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INTRODUCTION

Recently, there is increasing interest in conducting
polymer core–shell nanocomposites and hollow
nanocapsules due to their wide range of applica-
tion.1 In the past decade, there are a number of strat-
egies reported for fabrication of core–shell conduct-
ing polymer nanocomposites. Among of all
strategies, template-assisted method is one of the
most effective and general techniques. Since the pio-
neered works of Khan et al.2,3 on the preparation of
the core–shell conducting polymer nanocomposites
with polystyrene (PS) latex spheres as templates,
various inorganic or organic materials, such as Ag,4–6

Au,7 Fe2O3,
8 Fe3O4,

9 PS,10,11 and SiO2
12,13, etc., had

been used as templates to synthesize the resulting
core–shell conducting polymer composites. Hollow
conducting polymer capsules could be obtained
easily via removal of templates, and hollow con-
ducting polymer spheres may provide some imme-
diate advantages over their solid counterparts for

applications in various fields due to their relatively
low densities.14 Compared to other templates, the
SiO2 reveals some advantages due to its simplicity
of synthetic procedure, low cost, and ease of func-
tionalization, etc. However, it is a chief disadvant-
age that the hydrophilic surface of silica is not
favorable for aggregation of hydrophobic monomers
(pyrrole). So some research groups had devoted
much effort toward surface modification of SiO2

using different agents, such as poly(N-vinylpyroli-
done),15 cetyltrimethylammonium bromide,16 and 3-
(trimethoxysilyl)propyl methacrylate (MPS).17

In recent articles, the template-containing acidic
groups, such as suflonated-PS18–20 was more favor-
able for fabrication of conducting polymer core–shell
composites. Inspired by the above studies, we used
the SiO2/polymethacrylic acid (PMAA) micro-
spheres as templates to synthesize the SiO2/PMAA/
Polypyrrole (PPy). Compared with traditional modi-
fied-surface agents, the PMAA layer not only offered
‘‘active-sites’’ for formation of PPy on silica but also
acted as doping acids for conducting polymer.

EXPERIMENTAL

Materials

Tetraethylorthosilicate was purchased from Aldrich
(Milwaukee, WI). Divinylbenzene (DVB, 80% DVB
isomers) was obtained from Aldrich and washed
with 5% aqueous sodium hydroxide and water and
then dried over anhydrous magnesium sulfate
before use. MPS was purchased from Alfa and
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distilled under vacuum. Acetonitrile, methacrylic
acid (MAA), pyrrole, and 2,20-azobis(isobutyronitrile)
(AIBN) were obtained from Sinopharm Chemical Re-
agent (Shanghai, China). Acetonitrile was dried over
calcium hydride and purified by distillation. MAA
and pyrrole were distilled under reduced pressure
before use. AIBN was recrystallized from methanol.
All the other reagents were analytical reagents and
used as received without any further purification.

Synthesis of SiO2/PMAA hybrid microspheres

The MPS-modified silica nanoparticles were pre-
pared according to the previous report.21 The SiO2/
PMAA hybrid nanoparticles were prepared by distil-
lation precipitation polymerization (see Supporting
Information).22 By modifying the silica using MPS,
the vinyl groups were introduced on the surface of
SiO2. AIBN as an initiator, DVB as a crosslinker,
MAA monomers were polymerized on the surface of
SiO2. After the polymerization, SiO2/PMAA micro-
spheres were separated by centrifugation and
washed with ethanol. Finally, the product was dried
in a vacuum oven at 50�C for 24 h.

Preparation of SiO2/PMAA/PPy multiple
nanocomposite

SiO2/PMAA microspheres (0.1 g) were dispersed in
10 mL of deionized water by ultrasound. Different
volume of pyrrole monomer was added, and the
mixture solution was stirred for 2 h at room temper-
ature. Subsequently, the oxidant ammonium persul-
fate (the molar ratio of oxidant to monomer was 1 :
1) was added into above solution. The reaction sys-
tem was kept stirring for 12 h at room temperature.
After washing by ethanol several times, the product
was dried at 50�C for 24 h in vacuum oven.

Preparation of hollow spheres

The nanocomposite particles were soaked in an
aqueous solution of 10 wt % hydrofluoric acid (HF)

for 24 h to remove the silica cores. And then the
sample was separated by centrifugation at 4000 rpm
for 15 min and washed four times with deionized
water. Finally, the product was dried at 50�C for 24
h in vacuum oven.

Characterization

Scanning electron microscope (SEM, S-4800) and
transmission electron microscope (TEM, H-7650)
were used to observe the morphologies of the nano-
composites. Fourier-transform infrared spectroscopy
(FTIR 6700, Nicolet) and X-ray photoelectron spec-
troscope (XPS, Axis Utltradld) were used to charac-
terize the nanocomposites. Thermogravimetric analy-
sis (TGA) was determined with a Perkin-Elmer
thermogravimetric analyzer (TG-DTA, SSC-5200) at
a heating rate of 10�C min�1 in N2 from room tem-
perature up to 900�C.

RESULTS AND DISCUSSION

The fabrication of SiO2/PMAA/PPy microspheres
was described in Scheme 1. The vinyl groups were
introduced to the surfaces of SiO2 by modifying SiO2

using MPS. Subsequently, MAA monomers were
polymerized on SiO2 to form SiO2/PMAA micro-
spheres. The pyrrole monomers were adsorbed on
the PMAA layer and further oxidized to form SiO2/
PMAA/PPy multilayer nanocomposite. Removal of
SiO2 cores by HF, hollow PPy microspheres were
obtained.

Thermogravimetric Analysis

The TG results of the products in nitrogen are
shown in Figure 1. The TGA curve of SiO2/PMAA
microspheres shows a three-step weight loss. The

Scheme 1 Illustration of formation of SiO2/PMAA/PPy
nanocomposite and PPy hollow spheres. [Color figure can
be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Figure 1 TG curves of (a) SiO2/PMAA, (b) SiO2/
PMAA/PPy (pyrrole: 20 lL), and (c) SiO2/PMAA/PPy
(pyrrole: 40 lL).
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initial weight loss below 200�C is due to the evapo-
ration of moisture. The second step (200–300�C) cor-
responds the loss of the small molecule H2O and
CO2 because the dehydration of PMAA to form pol-
yanhydride.23 The decomposed process of polyanhy-
dride started at around 385�C, and completely
ended at around 520�C. The percentages of residual
SiO2 was 17.5 wt %. The curves of SiO2/PMAA/PPy
composites with different PPy content are presented
in Figure 1(b,c), respectively. It can be found that
higher PPy loading resulted in larger amounts resi-
dues. Comparing curve a with curves b and c, the
SiO2/PMAA/PPy composites begin decomposing at
410�C, which are higher than that of SiO2/PMAA
composite. The result could be interpreted by the
stronger hydrogen-bonding interaction between the
carboxylic acid groups of PMAA and amino groups
on pyrrole rings, which improved the thermody-
namic stability of the resulted product.

The low-resolution SEM image of SiO2/PMAA
particles is shown in Figure 2(a). Figure 2(b) is a
higher magnification SEM image obtained from a
selected area of Figure 2(a), which clearly shows
SiO2/PMAA particles with relatively smooth surface
and about 300 nm in diameter. Figure 2(c) provides
insight into the core–shell structure of SiO2/PMAA

particle. The sharp contrast between the dark edge
and the pale center in the TEM image [Fig. 2(d)]
proves the hollow inside with removal of SiO2.
Different amounts of pyrrole monomer (20 lL and

40 lL) were added into the reaction system to form
SiO2/PMAA/PPy microspheres. The morphology of
resulting product could be clearly observed, and
PPy shell comprised granular structures was evident
[Fig. 3(a,b)], which may be due to pyrrole monomers
in situ polymerized to form PPy nanoparticles, and
these particles piled on the surface of PMMA layer.17

Comparing Figure 2(b) to Figure 3(b), it was found
that the surface of SiO2/PMAA/PPy nanocompo-
sites was rougher, which indicated the PMAA layer
had been enwrapped by PPy. After removal of SiO2

core, the TEM images of the responding product are
shown in Figure 3(c,d). The average thickness of
shell of particles in Figure 3(d) is about 80 nm,
which is thicker than that of particles (� 60 nm) in
Figure 3(c). This result indicates that the composites
have higher PPy loading with increase of amount of
pyrrole in the reaction. The observation is also in a
good agreement with TGA data.
The FTIR spectra of the SiO2/PMAA and SiO2/

PMAA/PPy composites are shown in Figure 4. The
characteristic peak at 710 cm�1 corresponds to the

Figure 2 SEM images of SiO2/PMAA nanocomposites: (a) low resolution, (b) higher resolution; TEM images of (c)
SiO2/PMAA nanocomposites and (d) hollow PMAA with removal the SiO2.
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typical absorption of the phenyl group of polyDVB
component. The peak at 1700 cm�1 in Figure 4(a)
corresponding to the stretching vibration of the car-
bonyl group of the carboxylic acid group demon-
strates that PMAA segment was incorporated onto
the shell layer of the core–shell hybrids.22 In Figure
4(b), band at 1040 cm�1 is assigned to a combination
CAH in-plane ring bending and the deformation of
the five-membered ring that contains the C¼¼CAN
deformation. The bands at 920 cm�1 and around 780
and 680 cm�1 are attributed to C¼¼C in-plane bend-
ing of pyrrole ring and CAH out-of-plane bending
in PPy, respectively.24,25 Those data from Figure 4(b)
confirm that PPy has been formed on the surface of
SiO2/PMAA.

The molecular structures of the composites were
further characterized by XPS. The XPS survey spec-
trum of SiO2/PMAA/PPy nanocomposites is pre-
sented in Figure 5(a), and the elements C, N, and O
are detected. Figure 5(b) shows the N1s spectrum,
which is deconvoluted into four peaks. The major
peak at the binding energy (EB) of 399.8 eV is attrib-
uted to the amine-like (ANHA) structure in PPy.
The peak at 398.6 eV is assigned to the imine-like
(¼¼NA) nitrogen species in PPy. Two peaks at 400.8

and 402.2 eV are attributed to the positively charged
nitrogen (Nþ) structure.26,27 The C1s spectrum [Fig.
5(c)] of the product can be decomposed into a series
of Gaussian-Lorentzian peaks with the EB values
equal to 284.5, 286.7, and 289 eV. The main peak

Figure 3 SEM images of SiO2/PMAA/PPy: (a) low resolution; (b) higher resolution; TEM images of hollow structure
with removal of SiO2: (c) reaction condition: 20 lL pyrrole; (d) reaction condition: 40 lL pyrrole.

Figure 4 FTIR spectra of SiO2/PMAA (a) and SiO2/
PMAA/PPy (b).
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component at 284.5 eV is assigned to CAH, CAC,
and CAN species.28,29 The other two peaks at 286.7
and 289 eV are attributed to oxidized carbon species

(CAO and O¼¼CAO, respectively) characteristic to
the presence of acetate charge.30

To investigate the influence of PMAA on the con-
ductivity of PPy, a SiO2/PPy composite was also
prepared (see Supporting Information). These sam-
ples were pressed into disks at room temperature,
and the conductivities of the samples were deter-
mined using standard four-point probe techniques.
Conductivities of the relevant composites were listed
on the Table I. From those data, it is found that the
conductivity SiO2/PMAA/PPy composite is much
higher than that of SiO2/PPy composite, which con-
firms that PMAA has a doping action on PPy. After
SiO2 core was etched, the conductivities of PPy hol-
low spheres were efficiently improved compared
with corresponding composites.

CONCLUSIONS

In conclusion, SiO2/PMAA/PPy composites had
been successfully synthesized, and PPy hollow
spheres could be obtained via HF-etched method.
The size of nanocomposites and shell thickness of
PPy hollow spheres could be controlled by adjusting
the addition volume of pyrrole monomer. The
hydrogen-bonding interaction between the carbox-
ylic acid groups of PMAA and amino groups on
pyrrole rings ensured pyrrole monomer polymerize
on the PMAA layer. Compared to the SiO2/PPy
composite, the PMAA as a macromolecular doping
acid could improve markedly the conductivity of
PPy. PMAA-modified-SiO2 can be used as a tem-
plate to fabricate other conducting polymer/SiO2

composites and the relevant hollow microspheres.
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