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Abstract We report here the synthesis of palladium (Pd)
nanoparticles incorporated poly-(3,4)ethylenedioxythio-
phene (PEDOT) matrix in aqueous medium and its
catalytic performance towards 4-nitrophenol reduction.
This simple one-pot synthesis involving a redox reaction
between 3,4-ethylenedioxythiophene and palladium chlo-
ride (PdCl,) precursor, leads to the formation of Pd
nanoparticles supported on particulate PEDOT. Pd nano-
particles of size 1-9 nm were found to distribute uniformly
over the PEDOT matrix. Morphology of the Pd-PEDOT
nanocomposite was characterized by field emission-scan-
ning electron microscopy and transmission electron
microscopy and the crystallographic details obtained using
X-ray diffraction. The chemical nature of the PEDOT
support matrix was analyzed using Fourier transform-infra
red (FT-IR) spectroscopy. The catalytic activity of the
composite was demonstrated using a model reaction, i.e.,
reduction of 4-nitrophenol to 4-aminophenol. The value
of the apparent rate constant, ca. 65.8 x 107> s' obtained
using UV visible spectroscopy of the reduction of
4-nitrophenol at the Pd-PEDOT nanocomposite is
comparable to those reported for other catalytic systems.
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1 Introduction

Metal nanoparticles continue to generate intense interest in
various fundamental and applied areas of chemistry due to
their properties distinctly different from their bulk coun-
terparts. They are extremely reactive by virtue of their
intrinsic electronic properties and high surface-to-volume
ratio. It is now well recognized that the particle stability
against agglomeration can be achieved by using stabilizers
(solution-phase) and porous solid matrices (heterogeneous
catalysis), electronically conductive or otherwise. Most
commonly used stabilizers and supports are self-assembled
monolayers [1], polymers [2], dendrimers [3—5] functional
organic polymers [6], etc. These novel materials find
applications in the design of sensors [7], catalysts [8] and
electrochromic devices [9].

The synthesis of metal nanoparticles involves reduction
of the metal precursor, i.e., metal salts by various reducing
agents. Facile oxidation of monomers like pyrrole [10],
aniline [11, 12] and thiophene [13] in presence of a few
metal salts forms the basis for producing nanocomposites
of metal nanoparticles contained in a porous conducting
polymer matrix, generated by the oxidation of the mono-
mer. Thiophene-class of monomers, for example, 3,4-
ethylenedioxythiophene (EDOT) can function as reducing
agents leading to the formation of metal-conducting
polymer composites. Such polymer-supported metal
nanoparticles have been of current interest due to their
properties relevant to (micro-) heterogeneous catalysis,
particularly for hydrogenation reactions [14, 15]. In the
class of nitro-compounds, the reduction of 4-nitrophenol
has been a model reaction to demonstrate the catalytic
activity of the metal nanoparticles [16]. We recently have
shown that stable dispersions of the Au—poly-(3,4)ethyl-
enedioxythiophene (PEDOT)-PSS nanocomposite [13] can
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catalyze this reaction with an apparent rate constant of
43.9 x 107> s'. The premise of the present investigation
is that palladium (Pd), with its catalytic ability to effect
hydrogenation reactions [17-19] can be a suitable candi-
date for carrying out reduction of nitrophenol and hence be
of significance to the synthesis of nanocomposites. Inter-
estingly, we found that the salts of Pd can oxidize the
thiophene moiety to produce its conducting polymer while
also undergoing reduction to Pd nanoparticles, in this
process. EDOT functions as a reducing agent since its
oxidation potential is sufficient enough to promote the
formation of metal (M = Au, Ag, Pt) nanoparticles. These
simultaneous processes lead to the formation of metal—
polymer nanocomposites that can be obtained as insoluble
powders, porous thin films and can be made water-soluble
by including a polymeric stabilizer (and dopant for
PEDOT) like, for example, sodium polystyrenesulfonate,
as different heterogeneous reactions require conditions
specific to the environment, i.e., solid or solution-phase.

It may be noted that a strong reducing agent like boro-
hydride needs a metal catalyst to hydrogenate the nitro-
compounds [20, 21]. Since Pd itself is a good candidate as
a catalyst for hydrogenation reactions, it is of our current
interest to generate its nanocomposites with conducting
polymers. Such composites can serve as catalysts not only
in heterogeneous catalysis but also in electrochemical
processes. Recently, Ilieva et al. [22] reported that Cu-Pd
modified PEDOT shows a marked electroactivity towards
nitrate reduction and the enhancement in the reduction is
due to the adsorption of hydrogen by the deposited Pd
within the polymer film.

As part of our current efforts in synthesizing and char-
acterizing conducting polymer—metal nanocomposites,
AU~ PEDOT/PSS system [13] was reported from this
laboratory. EDOT was used to reduce HAuCly in solutions
containing sodium polystyrenesulfonate. In the process of
reducing HAuCl,, EDOT is oxidized to form a polymer
showing characteristics of PEDOT. It exhibited a very high
stability in strong salt solutions, pH-sensitivity and cata-
lytic activity to the reduction of p-nitrophenol. In a similar
vein, considering the hydrogen adsorption/absorption
characteristics of Pd metal, we attempted synthesizing the
Pd-PEDOT nanocomposites. Interestingly, when PdCl, is
added to EDOT solution, by an instantaneous reaction, Pd
nanoparticles are formed along with the PEDOT polymer
from the added EDOT monomer. In addition, Pd is
exploited as a catalyst in various coupling reactions like
Heck coupling [23], Suzuki coupling [24], hydrogenation
of allyl alcohols [25], etc.

In the present study, we report the methodology for the
synthesis of Pd-PEDOT nanocomposite as solid powders
and dispersions, structural characteristics, morphology and
catalytic activity for p-nitrophenol reduction.
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2 Experimental
2.1 Chemicals

3,4-Ethylenedioxythiophene (EDOT) (Aldrich), sodium
4-polystyrenesulfonate  (Aldrich), palladium chloride
(PdCl,) (Merck), hydrochloric acid (Ranbaxy), 4-nitro-
phenol (Ranbaxy), and sodium borohydride (Merck) all of
analytical grade were used as received. Aqueous solutions
were prepared using Milli-Q water of 18 MQ.

2.2 Methods

Scanning electron microscopy (SEM) measurements were

made using Hitachi Field emission-Scanning electron
microscopy (FE-SEM) (Model S4700) with an acceleration
voltage of 10 kV in normal mode. X-ray diffraction (XRD)
patterns were recorded in a PANalytical diffractometer
Model PW3040/60 X’pert PRO operating with Cu K,
radiation (4 = 0.15406 nm) generated at 40 kV and
20 mA. Scans were done at 3°min~' for 20 values
between 20° and 90°. Transmission electron microscopy
(TEM) examination was made by placing a drop of the
sample (dispersed in acetone) onto a copper grid coated
with carbon film (400 meshes) and kept aside for drying in
air for several hours at room temperature. The TEM images
were collected from Philips CM200 microscope working at
200 kV. For infrared spectroscopic measurements, a
Thermo-Electron Corp., USA, Nexus 670 model Fourier
transform-infra red (FT-IR) spectrometer (DTGS detector)
was used. UV—vis spectra were collected using Cary 500
spectrophotometer. The catalytic reduction reaction was
carried out in a standard quartz cell of 1 cm path length
with about 3 mL volume and spectra were recorded with a
time interval of 60 s in a scanning wavelength range of
200-600 nm at 25 °C.

2.3 Synthesis of Pd-PEDOT/Pd—-PEDOT-PSS

Synthesis of the Pd-incorporated PEDOT composite
involves addition of 1 mL of PdCl, (5 x 1073 M) to
10 mL of EDOT (1 x 107>M) in aqueous solution.
Within a few minutes, the color of the solution changes to
black and then slowly black particles are precipitated out
from the solution. This observation pertains to the forma-
tion of Pd nanoparticles.

As mentioned earlier, EDOT functions as a reducing
agent for the synthesis of Pd nanoparticles since its oxi-
dation potential is sufficient enough to drive the reduction
of Pd** while also undergoing oxidation to PEDOT. The
PEDOT formed is insoluble in aqueous medium and hence
is precipitated. The precipitate was thoroughly washed
several times with Milli-Q water and acetone and dried
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under vacuum. The dried sample is characterized by XRD,
TEM, FT-IR and FE-SEM.

The synthesis of Pd-PEDOT-PSS aqueous dispersion
involves the reduction of PdCI, using EDOT in presence of
poly-4-styrene sulfonate sodium (Na—PSS). In brief, 10 mL
of EDOT (1 x 1072 M) was dissolved in water along with
1%Na-PSS (under continuous stirring) which also increa-
ses the solubility of EDOT due to the formation of a
pseudo-complex [26]. Subsequently, 1 mL of aqueous
PdCl, (5 x 1073 M) was added slowly to the initial solu-
tion under stirring. Color changes instantaneously from
colorless to black, indicating the formation of Pd nano-
particles, whereas the precipitation is avoided by the
presence of PSS stabilizer.

3 Results and Discussion
3.1 Characterization of PA-PEDOT

Figure 1 shows the FE-SEM image of Pd incorporated
PEDOT composite. The image shows that particles are
uniformly distributed throughout the porous structure of
PEDOT and appears as globules of average size of approx.
80 nm. Since FE-SEM imaging does not distinguish
between Pd and PEDOT, XRD analysis was carried out to
confirm the presence of Pd in the composite.

XRD analysis of the Pd-PEDOT composite (Fig. 2)
shows the reflections at 39.92°, 46.54°, 67.90°, 81.84° and
86.54°, and these peaks correspond to (111), (200), (220),
(311), and (222) lattice planes of Pd. Planes were assigned
by comparing with the standard Pd and these planes cor-
respond to the fcc crystal lattice structure of Pd. No peaks
corresponding to PEDOT were observed. The crystallite
size of Pd particles was evaluated using Scherrer equation
for the (220) peak and is found to be approx. 24 nm in size.

Fig. 1 FE-SEM image of Pd—-PEDOT (scale bar 1.00 um)

(111)

Counts

Fig. 2 XRD diffraction pattern of PdA-PEDOT composite

The size of the Pd nanoparticles determined using TEM
analysis is more reliable than that determined by using
Scherrer formula in XRD analysis. FE-SEM gives the size
of the globules consisting of a composite of Pd particles
and PEDOT, whereas, TEM clearly shows the distinction
between the PEDOT matrix and Pd nanoparticles. Figure 3
shows the TEM images of the Pd-PEDOT composite
where the black spots correspond to Pd nanoparticles
embedded in the polymer matrix. The particles are dis-
persed uniformly on the polymer matrix and size appears to
be ranging from 1 to 9 nm.

The FT-IR spectra of EDOT and Pd—PEDOT in Fig. 4
show that EDOT is completely oxidized by Pd*" to a
polymer PEDOT and in turn Pd*" undergoes reduction to
Pd’. The peaks at 1186 and 892 cm ™' (EDOT) correspond
to =C—H in-plane and out-of-plane deformation vibrations,
respectively. Those peaks (marked*) are not present in the
spectrum of Pd—PEDOT. A broad peak at 1432 cm™' is
attributed to aromatic C=C stretching. These results prove
that PEDOT is in the oxidized form with o~ coupling.
The other peak at 1352 cm™' is due to C—C and C=C
stretching of quinoidal structure originating from the thi-
ophene ring. The peaks at 907 and 673 cm ™' are assigned
to stretching of C-S bond in the thiophene ring and the
peaks at 1243 and 1057 cm ™" are due to the -C—O—C-bond
[27, 28].

3.2 Catalytic Reduction of 4-Nitrophenol

As Pd is known to be an excellent catalyst for hydroge-
nation reactions, Pd,,,,,—PEDOT can be considered for the
reduction of 4-nitrophenol to 4-aminophenol using boro-
hydride. In order to perform this reaction, the use of a
water-dispersible catalyst is necessitated. For this, Pd
nanocomposite was synthesized using sodium polysty-
renesulfonate (Na—-PSS) as solubilizer and stabilizer. In
addition, Na—PSS also serves as a good dopant in the
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Fig. 3 TEM images of Pd—-PEDOT composite (a, b) and histogram
of the particle distribution (c)
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Fig. 4 FT-IR pattern of Pd-PEDOT composite

oxidative polymerization of EDOT and for PEDOT. A
porous nanocomposite in the form of metal nanoparticles in
the core and the matrix PEDOT being the shell was initially
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inferred in our earlier work [13]. In the present case,
Pd—PEDOT-PSS aqueous dispersion was synthesized by
chemically reducing PdCl, using EDOT as the reductant in
presence of Na—PSS which effectively stabilizes the oxi-
dized form of PEDOT compared to other stabilizers during
the oxidative polymerization of EDOT [13].

The catalytic application of Pd—PEDOT-PSS nano-
composite is demonstrated by 4-nitrophenol reduction.
Initially, the reduction of 4-nitrophenol was demonstrated
by several groups using sodium borohydride with a metal
catalyst and observed that without a catalyst, sodium
borohydride is not an effective reducing agent. In this
present work, it is observed that the presence of Pd,,n,—
PEDOT-PSS in aliquot amounts is sufficient for the pro-
motion of nitrophenol reduction with a high value of the
apparent rate constant.

Absorption of 4-nitrophenol (1 x 107 M) occurs at
313 nm and after the addition of NaBH,, the absorption
peak undergoes red shift to 400 nm with a color change
from light yellow to dark yellow (corresponding to the
generation of nitrophenolate anion) [29]. The absorption
peak at 400 nm remains unaltered even after the addition of
excess of NaBH,. It confirms that reduction is not
achievable in the presence of NaBH, alone. Interestingly,
after the addition of Pd-PEDOT-PSS dispersion
(Pd loading: 2 pg/pl) to the initial solution, there was a
continuous fading of color leading to discoloration of the
solution. In order to follow the kinetics of the reduction
reaction, the change in the intensity of absorption of
nitrophenolate was monitored using UV-visible spectro-
photometry at regular time intervals.

UV-vis spectral studies reveal that (Fig. 5), the only
peak due to the nitro group in the presence of NaBH, at
400 nm corresponds to the formation of nitrophenolate
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Fig. 5 UV-visible spectrum of 4-nitrophenol reduction in the
presence of excess NaBH, and 40 pl of catalyst (loading: 2 pg/pl)
taken at regular intervals; inset: plot between log A vs. time in
seconds for the disappearance of 4-nitrophenol absorption at 400 nm
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Table 1 Comparison of apparent rate constants for 4-nitrophenol
reduction at PA-PEDOT-PSS with different reported catalyst systems

Composition Apparent rate constant ~ Reference
s

PNIPA gels (Ag) 3.50 x 1073 [30]
p-p-glucose network (Au) 6.54 x 1073 [31]
PPI-Dendrimers (Au) 132 x 1073 [32]
PAMAM-Dendrimers (Au) 3.70 x 1073

Pure Pt 0.12 x 1073 [33]
Raney Ni 0.15 x 1073

Ni—Pt (64:36) 048 x 1073

Ni—Pt (80:20) 0.90 x 1073

Ni-Pt (96:4) 193 x 1073

FGME-Cu 9.00 x 1073 [34]
FGME-Ag 9.50 x 1073

FGME-Au 175 x 1073

Aupne—PEDOT/PSS ™ 439 x 1073 [13]
Pdy,no—PEDOT/PSS ™ 65.8 x 1073 This work
Microgel-Pd 1.50 x 1073 [35]
SPB-Pd 441 x 1073

PAMAM-Pd 3.59 x 1073 [36]
PPI-Pd 407 x 1073

anion. By adding aliquot amounts (40 pl) of Pd-PEDOT-
PSS to the initial solution, there is a concomitant emer-
gence of a peak at 310 and 230 nm that corresponds to the
formation of 4-aminophenol. Continuous reduction in the
intensity of the peak at 400 nm shows the consumption of
4-nitrophenol. However, there is no proportional increase
in the aminophenol peak intensity; probably due to the
difference in the molar extinction co-efficient of 4-nitro-
phenol and 4-aminophenol. In addition, the plot between
the logarithmic value of absorbance and time is found to be
linear (Fig. 5 inset). The apparent rate constant is calcu-
lated from the falling of the peak intensity of 4-nitrophenol
at 400 nm and is found to be 65.8 x 107 s~'. The
apparent rate constant obtained for 4-nitrophenol reduction
are rather high in comparison to almost all previous find-
ings in the literature including those obtained with Pd
(Table 1).

In our previous report [13], we reported that PEDOT-PSS
dispersion alone cannot reduce 4-nitrophenol. Hence, it can

- 4-Nitrophienolate anion
g

/'
S
<' H 5 Hydrogen adsorption
NaB! e e
ey O

Sowrce forH, h

O-H, \

~ 4-Aminoplhenol

Scheme 1 Schematic representation of the conversion of 4-nitrophe-
nol to 4-aminophenol in the presence of NaBH, and Pd-PEDOT-PSS

be concluded that the reduction takes place only due to Pd
nanoparticles. The reaction mechanism can be reasoned by
the inherent hydrogen adsorption/desorption characteristics
of Pd [19, 20]. Here, the Pd nanoparticles shuttle the
hydrogen transport between the NaBH, and 4-nitrophenol.
The shuttling behavior can be reasoned that the Pd nano-
particle adsorbs hydrogen from the NaBH, and efficiently
releases during the reduction reaction (Scheme 1) and hence
Pd acts as a hydrogen carrier in this reduction reaction.

4 Conclusions

A new route for the synthesis of Pd nanopartilces in an
aqueous medium at room temperature involving one step
and one-pot process is reported. The nanocomposite was
characterized using FE-SEM, XRD, TEM and FT-IR. Pd
nanoparticles were found to be in fcc phase and the particle
size was found to be 1-9 nm range from TEM measure-
ments. Catalytic activity of Pd nanoparticles was exploited
in the case of 4-nitrophenol reduction. Controlled reaction
kinetics allows for calculating the apparent rate constant of
the reaction and the value is comparable to the reported ones.
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