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ABSTRACT: Microspheres with silica as core and poly(4-vinylpyridine) (P4VP) as shell were synthesized. AuCl4
� ions were bound by

P4VP chains to form the complex, which acted both as an oxidant of pyrrole monomers and as a source of Au atoms. By vapor

phase polymerization, the PPy and Au nanoparticles were simultaneously formed on the surfaces of SiO2@P4VP microspheres. The

core-shell structure was confirmed by transmission electron microscopy. The surface morphologies of the composites were observed

by scanning electron microscopy. The molecular structures of composites were characterized in detail by Raman spectra, X-ray

diffraction, and X-ray photoelectron spectroscopy. VC 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 128: 4130–4135, 2013
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INTRODUCTION

There has been increasing interest on the preparation of conduct-

ing polymer and conducting polymer matrix composite due to

their potential applications in solar cells,1,2 catalysis,3,4 surface

enhance Raman scattering (SERS),5–7 and so forth. Among

various conducting polymer matrix composites, conducting

polymer-noble metal (gold, silver, and palladium)/composite has

attracted considerable attention because it combines excellent

environmental stability, good redox properties of conducting

polymers8,9 and the unique optical, catalytic, and electrochemical

properties of noble metal nanoparticles.10–12 So far, a number of

strategies for the synthesis of conducting polymer-the noble

metal composites have been reported.13–17 For example, Shi and

coworkers13 prepared the flower-like Pd nanoparticles on

polypyrrole (PPy) film by electrochemical deposition. The

as-prepared PPy-Pd composite exhibited high SERS-activity and

the enhancement factor was measured to be as high as 105 for

4-mercaptopyridine. Feng et al.14 fabricated the polyaniline-Au

composite via electrostatic assembly, and the composite showed

high catalytic activity for the oxidation of dopamine.

Using the template method to prepare the conducting polymer-

metal composites has also been reported.15–17

Recently, one-step synthesis of conducting polymer-noble metal

composite using metal salts (AgNO3,
18–20 Pd(C2H3O2)2,

21 and

PdCl2
4,22) as an oxidant has developed. This method bases on

oxidation of pyrrole monomer and the reduction of the metal

salts, yielding PPy and elemental metal simultaneously. For

example, Fujii et al. used PdCl2 as the oxidant to oxidize pyrrole

monomer, and the formation of PPy and reduction reaction of

Pd2þ ions to Pd atoms occurred simultaneously. As-obtained

PPy-Pd composite can be used as an efficient catalyst for

Suzuki-type coupling reaction.4

Tetrachloroauric acid (HAuCl4) as an oxidant in the presence of

polystyrene-b-poly(2-vinylpyridine) copolymer micelles for fabri-

cation of PPy-Au nanocomposite has been reported.23 In this

method, the AuCl4
� ions attached to poly(2-vinylpyridine) chain

acted both as oxidant and as a source of Au atoms. However, its

disadvantage involved high-cost block polymer and complicated

self-assembly process in toluene. Herein, we describe a novel

approach to prepare PPy-Au on the surface of SiO2@Poly(4-vinyl-

pyridine) (P4VP) microsphere. The SiO2@P4VP microspheres are

treated with HAuCl4, and AuCl4
� ions are bound by P4VP chains

to form SiO2@P4VP-HAuCl4 complex by electrostatic adsorption

due to positively charged NH groups of pyridine.23,24 The complex

can act as an oxidant for pyrrole monomer. By vapor phase

polymerization, the PPy and Au nanoparticles (Au NPs) are

formed simultaneously on the surfaces of SiO2@P4VP micro-

spheres. Because the chain of poly(4-vinylpyridine) can attach

various metal salts, the strategy is simple and versatile for synthesis

of other conducting polymer-metal composite.

EXPERIMENTAL

Materials and Methods

Materials. Tetraethylorthosilicate (TEOS), divinylbenzene (DVB),

and 4-vinylpyrinde (4-VPy) were purchased from Aldrich.

VC 2012 Wiley Periodicals, Inc.
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3-(Trimethoxysilyl) propyl methacrylate (MPS) was purchased

from Alfa. 2,20-azobis (isobutyronitrile) (AIBN), acetonitrile,

pyrrole, and chloroauric acid trihydrate (HAuCl4�3H2O) were

obtained from Sinopharm Chemical Reagent Co. (Shanghai,

China). DVB was washed with 5% aqueous sodium hydroxide and

water, then dried over anhydrous magnesium sulfate before use. 4-

VPy, MPS, and pyrrole were distilled under reduced pressure

before use. AIBN was recrystallized from methanol. Acetonitrile

was dried over calcium hydride and purified by distillation. Other

reagents were of analytical grade and used as received without fur-

ther treatment.

Preparation of SiO2@P4VP@PPy-Au Composites. The MPS-

modified silica and SiO2@P4VP microsphere were prepared

according to Ref. 25. A total of 0.1 g SiO2@P4VP microspheres

were dispersed into 10 mL of 10 mM HAuCl4 aqueous solution,

and the mixed solution was stirred for 12 h. The excessive

HAuCl4 was removed by centrifugalization, and the obtained

SiO2@P4VP-HAuCl4 complex was redispersed in 10 mL of

deionized water via ultrasound to form colloidal solution. A

certain amount of above colloidal solution was dropped on the

silica substrate and dried by N2 flow. Subsequently, the silica

substrate was placed into a closed container filled with saturated

pyrrole vapor, and the vapor phase polymerization was allowed

for 24 h at room temperature. The obtained product was dried

in vacuum oven at 60�C for 24 h.

Characterization

Scanning electron microscopy (SEM, S-4800) and transmission

electron microscope (TEM, H-7650) were used to observe the

morphologies of the composites. X-ray diffraction (XRD,

RigakuD/max-1200), Raman spectra (HR800), and X-ray photo-

electron spectroscope (XPS, Axis Utltra DLD) were used to

characterize the composite. Thermogravimetric (TG) analysis

was determined with a Perkin–Elmer thermogravimetric ana-

lyzer (TG-DTA, SSC-5200) at a heating rate of 10�C min�1 in

N2 from room temperature up to 900�C.

RESULTS AND DISCUSSION

The preparation of the SiO2@P4VP@PPy-Au composites is

described in Scheme 1. First, 4-VPy monomers are polymerized

on the surface of the MPS-modified SiO2 to form SiO2@P4VP

microspheres. Second, the SiO2@P4VP microspheres are

immersed in HAuCl4 aqueous solution and AuCl4
� ions are

adsorbed to the P4VP chains. Finally, SiO2@P4VP@PPy-Au

composite is obtained by the vapor phase polymerization.

Morphology

Figure 1(a), shows the low-resolution SEM image of SiO2@P4VP

microspheres. Figure 1(b) is a higher magnification SEM image

obtained from a selected area of Figure 1(a) and clearly shows that

SiO2@P4VP microsphere with about 450 nm in diameter has rela-

tively smooth surface. The core-shell structure of the microsphere

is confirmed by their TEM images [as shown in Figure 1(c)]. The

sharp dark-light contrast indicates that the particles have P4VP

shells (light contrast) and SiO2 cores (dark contrast).

After vapor phase polymerization, the SEM images of the obtained

SiO2@P4VP@PPy-Au composite is shown in Figure 2(a,b). The

outside nanoparticles in Figure 2(b) and the corresponding dark

spots in Figure 2(c) are Au NPs. From these images, it is found

that the distribution of Au NPs on the surfaces of the products is

very nonuniform, as a set of agglomerated clusters. Usually, the

nanoparticles trend aggregation to reduce the surface energy. The

Au NPs are charged, and the resulting electrostatic repulsion can

prevent or lower the aggregation.26 In our experiment, formed Au

NPs without any electric charge on the surface are small in diame-

ter. So, the aggregation is unavoidable. In addition, the relatively

low coverage of Au NPs is observed. The possible explanation is

that the P4VP shell is not enough thick in our experiment, which

leads to the amount of the AuCl4
� ions absorbed on the P4VP

shell is insufficient. It may be effective to improve Au NPs cover-

age if more 4-vinylpyrinde monomers are polymerized to increase

the thickness of P4VP shell.

Structural Characterization

Figure 3 shows the Raman spectra of SiO2, SiO2@P4VP

microspheres, and SiO2@P4VP@PPy-Au composites. As shown

in Figure 3(b), the spectrum of SiO2@P4VP microspheres has

three strong bands centered at 996, 2922, and 3052 cm�1, which

are assigned to ring breathing, aliphatic CH2 asymmetric

stretching, and CH asymmetric ring stretching in the P4VP,

respectively.27 However, these peaks are absent in the spectrum

Scheme 1. The fabrication of the SiO2@P4VP@PPy-Au composite. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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of the SiO2@P4VP@PPy-Au composites [Figure 3(c)].

Figure 3(c) exhibits a strong peak attributed CAC stretching of

PPy backbone at ca., 1590 cm�1. The double peaks at ca., 1051

and 1082 cm�1 are assigned to be the CAH in-plane deforma-

tion. The other double peaks at 1335 and 1381 cm�1 are attrib-

uted to be the ring stretching mode of PPy. The bands at 941

and 980 cm�1 are assigned to the ring deformation associated

with dication (dipolarion) and radical cation (polaron) of PPy,

respectively. The results are good agreement with the reported

data,28–31 which prove that PPy is formed.

XRD spectrum of the SiO2@P4VP@PPy-Au composites is shown

in Figure 4. Four strong bands with maximum intensity at 38.2�,

44.2�, 64.6�, and 77.6� are observed, which represents Bragg’s

reflections from (111), (200), (220), and (311) planes of Au.32

For the above data, Au can be further confirmed to exist on the

surface of the composite. In addition, the size of Au crystallite

using Scherrer Formula is estimated to be about 30 nm, which

was in general accord with that of Au in TEM image in Figure 2.

The molecular structure of the composites was further character-

ized by XPS. Survey spectrum of SiO2@P4VP@PPy-Au composite

is depicted in Figure 5(a). The main peaks, C 1s, O 1s, and N 1s are

observed at 285, 400, and 532eV, respectively. The signal due to Cl

2p indicates that the cationic PPy chains are doped with chloride

anions (from AuCl4
� ions). The Au 4f signal is detected, and the

doublet with BE at 83.6 eV (Au 2f7/2) and 87.2 eV (Au 2f5/2), as

shown in Figure 5(b), can be assigned to the gold nanoparticles.33

In addition, a small component at ca., 86–87 eV is assigned to the

presence of Au(III). These species are possibly due to incomplete

reduction of [AuCl4]
� during gold nanoparticles synthesis.34

The peak-fitted N1s core-line spectrum of SiO2@P4VP@PPy-Au

composite [Figure 5(c)] shows that three nitrogen environments

are present. The peak at 398.6 and 399.8 eV are attributed to the

uncharged deprotonated imine (¼¼NA) nitrogen species and

neutral nitrogen atoms (ANHA) in PPy. The two peaks (at 400.8

and 402.2 eV) are assigned to positively charged nitrogen (Nþ)

species in PPy.35 The doping level of PPy is calculated from the ra-

tio of the peak area of Nþ to the total of N 1s.36 The results show

that the doping level of PPy in the composite is 0.328, which is

higher than that of neat PPy (0.263). The existence of protonated

amine is supposed to lead to the attachment of the gold nanopar-

ticles to the SiO2@P4VP@PPy particles surface.

Figure 1. SEM images of SiO2@P4VP microspheres: (a) low resolution; (b) higher resolution; (c) TEM image of SiO2@P4VP microspheres.
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Figure 2. SEM images of SiO2@P4VP/PPy-Au composites: (a) low resolution; (b) higher resolution; (c) TEM image of SiO2@P4VP@PPy-Au composites.

Figure 3. The Raman spectra of SiO2 (a), SiO2@P4VP microparticles (b),

and SiO2@P4VP@PPy-Au composites (c). [Color figure can be viewed in

the online issue, which is available at wileyonlinelibrary.com.] Figure 4. XRD pattern of the SiO2@P4VP@PPy-Au composites.
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TG Analysis

The TG curve of SiO2@P4VP microspheres is showed in

Figure 6(a). The initial weight loss below 200�C is due to the

evaporation of moisture. The significant loss of the weight takes

place in the 380�C–450�C interval. The percentages of residual

SiO2 and a carbonized layer from the polymer is about 60 wt

%. The curve of the SiO2@P4VP@PPy-Au microspheres is pre-

sented in Figure 6(b) and is similar to that of the SiO2@P4VP

microspheres. Comparing curve a with curve b, the ratio of the

mass of the Au-PPy deposite to the substrate balls is estimated

crudely to be about 7 wt %. The continuous weight loss

between 450�C and 900�C interval is mainly caused by the

decomposition of the PPy to form various N-containing

byproducts such as HCN and N2, thus leading to produce poly-

condensed graphitic species.37–39

CONCLUSIONS

In summary, we have successfully synthesized SiO2@P4VP@PPy-

Au composite by vapor phase polymerization under ambient

condition. The composites were characterized in terms of size,

morphology, and core-shell structure. Because the P4VP chains

can absorb various kinds of metal salts, the approach may open

up new opportunities to fabricate the other metal/conducting

polymers composites with potential in various applications.
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