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Abstract

Conducting poly(3,4-ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS) composites containing Pt nanoparticles were synthesized

by one-step method. Pt nanoparticles were formed in commercial PEDOT:PSS solution by hydrothermal reaction, alcohol reduction, and electron

exchange with PEDOT and stabilized by PSS [PtCl6]2� ions reduced completely after 4 h and Pt nanoparticles of arbitrary diameter in the range

3.0–5.0 nm were obtained. Considering refluxing time, slightly increased and narrow-sized Pt nanoparticles were stabilized and immobilized in the

conducting polymer, PEDOT:PSS matrix. The formation and growth of Pt nanoparticles were characterized by using X-ray diffractometer,

transmission electron microscopy, X-ray absorption spectroscopy, and X-ray photoelectron spectroscopy. Furthermore the electrostatic or chemical

interaction between Pt nanoparticles and PSS� chain was also confirmed.
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1. Introduction

Nanocomposites of conjugated polymers and inorganic

particles have received much attention. Conjugated polymers

have great advantages due to their high electrical conductivity

and redox properties, and extensive applications ranging from

batteries to light emitting devices have been carried out [1,2].

Many inorganic particles have been encapsulated in conjugated

polymers. Such nanocomposites showed various interesting

characteristics, particularly in the study of dielectric properties,

energy storage, catalytic activity, and magnetic susceptibility

[3,4]. The electronic structure of polymer chain can be strongly

influenced by the characteristics of embedded metal nanopar-

ticles [5,6]. These potentialities are due to a high specific

surface area and the quantum size effect, which is derived from

the dramatic reduction of the number of free electrons in

particles in the range of 1–10 nm [7]. Needless to say, an

accurate control of the particle size and distribution is the most

important to investigate those unique physical and chemical

properties.
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Han et al. [8] have reported that the reduced forms of

polypyrrole and polyaniline were converted to the respective

oxidized forms with simultaneous in situ reduction of metal

ions Au (III) to their elemental form, which, however, was not

dispersed in most common solvents. We believe that stable

colloidal forms of nanocomposites consisting of metal

nanoparticles protected with conjugated polymer would

provide various interesting characteristics and new features

in nanotechnology applications [9–11].

In this study, conducting PEDOT:PSS film containing Pt

nanoparticles were obtained in one step without an additional

stabilizer for Pt nanoparticles. Through the reduction of

H2PtCl6�xH2O by hydrothermal reaction, conjugated polymer

led to Pt nanoparticles with narrow size distribution and

protected Pt nanoparticles as a stable form. This paper describes

the synthesis and characterization of Pt nanoparticles protected

with conjugated PEDOT:PSS.

2. Experimental

PEDOT:PSS (Baytron AI 4083) was purchased from HC

stark. Hexachloroplatinic acid hexahydrate (H2PtCl6�xH2O,

Aldrich Co.) was used as purchased. Iso-propanol was

guaranteed grade and used without further purification. In a
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typical reaction, 0.001 g of H2PtCl6�xH2O was dissolved in

0.5 ml of isopropyl alcohol and added to 1 ml of aqueous

solution of PEDOT:PSS. Reaction took place at 60 8C under

magnetic stirring for 1–24 h and PEDOT:PSS nanocomposite

films containing Pt nanoparticles were prepared by spin casting

at 500 rpm. The films were annealed for 15 min at each

stepwise temperature of 80, 120, and finally 230 8C.

To examine the crystalline structure of Pt nanoparticles, X-

ray diffraction (XRD) experiment was performed at 8C1

beamline of Pohang Accelerator Laboratory (PAL) in Pohang,

Korea. We set the energy of incident X-rays as conventional Cu

Ka energy (8.05 keV, l = 0.15425 nm). Transmission electron

microscopy (TEM) measurement was conducted at 200 kVon a

Hitachi H-7100 electron microscope. We used the PAL 3C1

beamline to X-ray absorption spectroscopy (XAS) experiment.

XAS was measured around Pt LIII edge (11.564 keV).

Experiments were done with the fluorescence mode and the

X-ray energy resolution was DE/E = 2 � 10�4. The position of

double crystal monochromator was calibrated by the standard

Pt-foil. X-ray photoelectron spectroscopy (XPS) measurements

were carried out on ESCALAB 220-iXL (VG scientific) using

Al Ka (1486.6 eV) radiation to examine electronic interaction

between PEDOT:PSS and Pt nanoparticles during the formation

of PEDOT:PSS–Pt hybrid system.

3. Results and discussion

Pt nanoparticles were prepared in conjugate polymer

PEDOT:PSS by one step reaction and three successive

mechanism could be considered. PEDOT:PSS is highly acidic

aqueous solution as for alcohol reduction and sonochemical

reaction. Moreover, electrostatic bonded PEDOT:PSS provides

electron exchange and stabilized site for Pt nanoparticles

during solution reflux. As the refluxing time increase,

reduction of [PtCl6]
2� salt ions, Pt+ ions, and Pt–OH without

surfactant is probable according to the hydrothermal reaction

(H2PtCl6�xH2O + 2RCH2OH ! Pt0 + 2RCHO + 6HCl + xH2O;
Fig. 1. X-ray diffraction patterns of Pt nanoparticles prepared in PEDOT:PSS

with various refluxing time (1, 2, 4, and 24 h).
H2PtCl6 + 2H2! Pt0 + 6HCl), alcohol reduction (Pt–OH + H+

+ e� ! Pt0 + H2O), and electron exchange with polymer

(Pt+ + PEDOT0! Pt0 + PEDOT+).

Fig. 1 shows XRD patterns of nanoparticles prepared in

PEDOT:PSS with various refluxing time. The diffraction peaks

of (1 1 1) and (2 0 0) from Pt with face centered cubic structure

are clearly recognizable. Broad diffraction peaks indicate the

small particle size as 4.2 � 0.3, 4.3 � 0.3, and 4.9 � 0.3 nm

with refluxing time of 2, 4, and 24 h, respectively by using the

Scherrer equation [12]. High resolution TEM studies of the

samples allowed us to clearly identify the Pt nanoparticles in

the PEDOT:PSS polymer. After 4 h of refluxing time, uniform

spherical aggregates of Pt nanoparticles could be synthesized

within PEDOT:PSS solution without any stabilizing agent, such

as sodium dodecyl sulfate (SDS) in Fig. 2. In Fig. 2(a), Pt

nanoparticles were roughly spherical in shape with uniform size
Fig. 2. TEM image and its high resolution images of Pt nanoparticles in

PEDOT:PSS with refluxing time of 4 h.
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of 2–4 nm. The TEM micrographs of single crystalline Pt

nanoparticle (Fig. 2(b and c)) showed the fringe pattern of

crystalline planes of Pt (2 0 0) and (1 1 1) with interplanar

spacing of 0.185 and 0.223 nm, respectively.

In the following, XANES was applied to investigate the

structural change of Pt nanoparticles under different reaction

time in PEDOT:PSS solution. Fig. 3 shows the Pt LIII-edge

XANES spectra of Pt foil, H2PtCl6�xH2O and Pt nanoparticles

in PEDOT:PSS system. The absorption intensity was given in

arbitrary unit. In the edge position of normalized absorption

intensity, there was a change in the absorption intensity and

edge position of Pt nanoparticles with different refluxing time

as compared to the standard reference spectra of Pt foil

(bottom) and H2PtCl6�xH2O (top). The maximum intensity was

reduced and shifted to lower excitation energy with increased

refluxing time. These tendencies in the spectra showed that

metallic Pt nanoparticles showed intermediate behavior

between H2PtCl6�xH2O and Pt foil. These data can be

considered that [PtCl6]2�, PtOH and PtO (Pt2+ oxidation state)

are gradually reduced to Pt (metallic) to form Pt nanoparticle

[13]. LIII-edge showed clearer and larger decrease of hybridized

anti-bonding orbital between 2p-orbital of oxygen (or 3d-

orbital of chlorine) and 5d orbital of Pt with refluxing time, and

this reduction might be corresponded to the formation and

growth of Pt nanoparticles. The absorption energies after 4 h

refluxing were shifted to smaller photon energy: more metallic

state of Pt [14]. A decrease and broadening of post edge peak

around 11577 eV corresponding to the hybridization of d-

photoelectron state with localized chlorine 3d state was

observed with fluxing time [14]. It was also confirmed by

the disappearance of Cl 2p core level peak in XPS analysis.

A gradual generation of metallic Pt nanoparticles from

H2PtCl6�xH2O with refluxing time was also monitored with

XPS. In Fig. 4(a) of Pt 4f photoelectron spectra, a gradual
Fig. 3. Pt LIII XANES spectra of Pt reference foil, H2PtCl6�2H2O, and Pt

nanoparticles after cross-linking with PEDOT:PSS with various refluxing time

(2, 4, and 24 h). Measurements were performed at PAL 3C1 (The arrows point

out the maximum intensity position of each spectrum).
decrease of peak binding energy of Pt 4f was observed. It was

reported that the Pt 4f7/2 and 4f5/2 peak binding energies for Pt

foil (typically metallic Pt state) are observed at 71.3 and

74.7 eV [15]. Through a decomposition of Pt 4f peak obtained

from the 4 h refluxing sample (Fig. 4(b)), the presence of a

small population of Pt–d or Pt–OH was confirmed from the Pf

4f7/2 at 73.1 eV. Furthermore it was found that 4f7/2 and 4f5/2

peak binding energies of the Pt nanoparticles were shifted to

high binding energy of 71.8 and 75.1 eV, respectively. From the

comparison with the XANES data, this binding energy shift for

Pt nanoparticles with refluxing time indicates the electrostatic

or chemical interaction between Pt nanoparticles and PSS�

chain.
Fig. 4. X-ray photoelectron spectra of Pt nanoparticles prepared in PEDOT:PSS

solution showing the Pt 4f region with the fitting results (using Shirley type

background).
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4. Conclusions

In summary, we synthesized Pt nanoparticles by one step

through the variation of refluxing time using PEDOT:PSS

solution without any strong reagent of NaBH4 or organic

surfactant of SDS. Pt nanoparticles were uniform in size of 2–

4 nm. Decomposition of H2PtCl6�xH2O to Pt0 was completed

after 4 h of refluxing and the generated Pt nanoparticles would

provide large surface area for further nucleation and growth

with increased refluxing time. All these developments without

using any additives would improve the application and

performance of Pt nanoparticle-conducting polymer composite

in many industrial applications.
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