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Organic-inorganic hybrid nanostructures are successfully synthesized by incorporating 3,3',5,5'-
tetramethylbenzidine (TMB) and palladium chloride (PdCl;) at room temperature. The general
morphology of the product was characterized by transmission electron microscopy (TEM) which
displayed Pd distributed in the TMB matrix. A novel nanocomposite electrode was constructed by incor-
poration of the as-prepared product into carbon ionic liquid electrode (CILE). After reduction of Pd(II)

to Pd(0) during a negative reduction pulse; the electrocatalytic properties of the composite electrode
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were investigated towards oxygen reduction, hydrogen evolution and hydrazine oxidation all of which
revealed strong electrocatalytic activities at room temperature.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Palladium nanostructures have received significant interest in
the recent years [1-3] due to their superior catalytic performance
towards various chemical and electrochemical reactions such as
catalysis [4,5], hydrogen storage [6,7], and sensors [8,9].

While platinum is the most extensively used noble metal for
catalysis at different areas, its high price is a major restriction factor
on its utility as an electrocatalyst. Much effort has been devoted to
minimize the Pt loading and to achieve optimum performance [10].
Therefore, Pd-based catalysts might be a promising substitute for Pt
because of lower costs and more abundance in nature which could
be used without compromising on catalytic activity.

The size and shape of the nanostructures strongly affect their
catalytic and electrocatalytic performance [11,12]. Thus, itis impor-
tant to prepare Pd nanostructures on a suitable matrix to exploit the
high surface-area-to-volume ratio and enhanced catalytic activity.

Most of the methods for the preparation of Pd nanostruc-
tures are either solution based or coated on suitable substrates
[13-15]. Carbon-based supports are generally used for dispers-
ing the nanoparticles and to achieve very high catalytic activity
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[16]. Moreover, conducting polymers can be extensively used due
to their lower ohmic drop across the electrode. Also, their easy
functionalization with biomolecules make them as an effective sub-
stitute for carbon-based supports and applicable as sensors [16,17].

On the other hand, one-dimensional (1D) organic-inorganic
hybrid nanomaterials based on the combination of organic and
inorganic species exhibit the advantages over organic (such as light
weight, flexibility and good moldability) and inorganic (such as
high strength, heat stability and chemical resistance) materials
[18,19]. Hybrid materials range from simple mixtures of bulk mate-
rials to combine properties of inorganic and organic components
down to the mixture of materials on the nanometer scale or even
at molecular/ionic levels [20]. These, in fact represent one of the
most promising classes of materials which have potential applica-
tions in chemical or biochemical sensors, catalysis, and nanodevices
[21-23].

Variety of methods are developed to fabricate the
organic-inorganic hybrid 1D nanostructures, such as electro-
spinning, template-directed growth, and sol-gel. These are
usually complicated processes with limited practical applica-
tions [24-26]. Recently, a facile and efficient method based on a
wet-chemical route [27] has been developed for the synthesis of
organic-inorganic hybrid 1D nanostructures.

3,3',5,5'-tetramethylbenzidine (TMB) with much less haz-
ards than benzidine has an excellent coordination ability with
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transition metal ions [28]. Doping of TMB through the reaction
between TMB and these ions could be used as an attractive route
to fabricate inorganic-organic hybrid nanomaterials.

Incorporation of TMB and H,PtClg at room temperature has
been recently reported to produce an organic-inorganic hybrid
nanofiber by a wet-chemical route which displays a strong flu-
orescence emission at room temperature that may be promising
for applications in the fabrication of photoelectric materials [27].
Moreover, bimetallic Au-Pt nanoparticles/organic nanofibers with
a three-dimensional (3D) structure has been developed in which
the bimetallic Au-Pt nanoparticles are homogenously distributed
in the matrix of interlaced organic nanofibers used for the electro-
chemical assay of Hg(II) [29].

Recently, we proposed carbon ionic liquid electrode (CILE) as a
high performance electrode [30-32]. We also introduced a sim-
ple method for fabrication of arrays of palladium nanoparticles
on this electrode and demonstrated its electrocatalytic behaviour
towards oxygen reduction, hydrogen peroxide and hydrazine oxi-
dation [33,34]. In these studies, palladium nanoparticles have been
deposited on the CILE surface by electrodeposition method. How-
ever, the general drawback with electrodeposited nanostructures
is their relatively low stability, especially when they are used
in hydrodynamic methods where detachment of nanoparticles is
most probable.

To the best of our knowledge there has been no report on
the reaction of palladium ions with TMB as an organic matrix.
Therefore, in this paper we describe a wet-chemical synthesis of
organic-inorganic hybrid nanomaterial by incorporating TMB with
PdCl, followed by mixing a known amount of the obtained product
with ionic liquid and graphite in order to prepare a nanocompos-
ite electrode based on organic-inorganic hybrid nanostructures.
Here, Pd(II) ions in TMB-based organic network were reduced to
metallic Pd during a sufficiently negative reduction pulse before
each experiment. Furthermore, we investigated the excellent elec-
trocatalytic activity of the resulting nanocomposite electrode for
hydrogen evolution, oxygen reduction and hydrazine oxidation.

2. Experimental
2.1. Materials

All chemicals used were of analytical grade or of the highest
purity available. 1-iodooctane, pyridine, absolute ethanol, TMB,
hydrazine hydrochloride, palladium(Il) chloride were obtained
from Merck and used as received. Sulfuric acid (98%, AR) was
obtained from Aldrich.

Ammonium hexafluorophosphate, and graphite powder (mesh
size <100 wm) were supplied by Fluka. All other chemicals were
analytical grade from Merck. Distilled deionized water was used to
prepare all solutions.

The ionic liquid, octylpyridinium iodide was synthesized as
described elsewhere [35]. Octylpyridinum hexafluorophosphate
(OPy*PFs~) was obtained by anion exchange of octylpyridinium
iodide with ammonium hexafluorophosphate.

2.2. Apparatus

Voltammetric measurements were performed using an Autolab
electrochemical system (Eco-Chemie, Utrecht, The Netherlands)
equipped with Autolab type II and GPES software (Eco-Chemie).
The electrochemical cell was assembled with a conventional
three-electrode system: an Ag/AgCl/KCl (3M) reference electrode
(Metrohm) and a platinum disk as a counter electrode. Different
working electrodes used in this study were a CILE and Pd(II)-
TMB/CILE nanocomposite electrode (1.8-mm diameter). The cell

was a one-compartment cell with an internal volume of 10 mL. All
experiments were typically conducted at room temperature.

A model CM10 transmission electron microscope (TEM, Philips)
was used to characterize the product. X-ray diffraction (XRD) mea-
surements were performed on a Thermoelectron instrument (VG
multilab 2000).

2.3. Synthesis of Pd-TMB nanostructures

According to a synthesis method for Pt-TMB nanostructure
reported previously [27]; in a typical experiment 1.25 mL of 4 mM
PdCl, aqueous solution was added into 2 mL of 2.5mM ethano-
lic TMB solution at room temperature. Several minutes later, the
formation of a large amount of yellow-orange precipitate was
observed with the naked eye. The precipitate was collected by cen-
trifugation, washed several times with water and then dried at
50°C.

2.4. Electrode preparation

Carbon ionic liquid electrode (CILE), 1.8 mm diameter, was pre-
pared using graphite powder and OPy*PFg~ with a ratio of 50/50
(w/w) as described previously [30].

The nanocomposite electrode was prepared by hand-mixing
of weighed amounts of graphite powder, ionic liquid and the as-
prepared Pd-TMB powder (50:45:5 wt%). A portion of the resulting
paste was packed firmly into the cavity (1.8 mm i.d.) of a Teflon
holder. The electric contact was obtained by smoothing the elec-
trode onto a smooth paper.

Doped Pd(II)ions were reduced to Pd(0) during a negative reduc-
tion pulse; thus leading to a metallic Pd-TMB inorganic-organic
hybrid nanocomposite.

3. Results and discussion
3.1. Characterization

It has been reported that TMB serves as an electron donor [27].
A color change occurred rather rapidly when PdCl, aqueous solu-
tion was added into ethanolic TMB solution. Similar to Pt [27,29],
the general process for the formation of the organic-inorganic
hybrid might involves the redox reaction between TMB and Pd(II)
ions through partial oxidation of TMB and the simultaneous partial
reduction (not all) of the metal ions to Pd(0) which can coordinate
by nitrogen ligands of TMB [36,37].

The representative TEM image of the as-synthesized Pd/TMB
based inorganic-ogranic hybrid nanocomposite is shown in Fig. 1,
which exhibits the spherical shape of palladium distributed sep-
arately in TMB network matrix, each having a diameter of
approximately 8 nm. X-ray diffraction (XRD) was used for investi-
gation of the structure of the product (Fig. 2). XRD pattern shows the
two broad peaks (Fig. 2a) observed at 20 angles of 30° and 40° which
can be ascribed to the formation of amorphous organic-inorganic
hybrid structure. Although TEM image shows the spherical palla-
dium particles, but the loading density of palladium particles in
TMB network matrix in not sufficient to produce a significant peak
corresponding to palladium particles in XRD (Fig. 2). Therefore, XRD
pattern of the product mainly shows the formation of amorphous
organic-inorganic hybrid structure.

Fig. 3 shows cyclic voltammograms of the prepared Pd-
TMB/CILE in buffer (PBS pH 7.0). As it is seen only traces of Pd(0) is
formed in the as-prepared Pd-TMB/CILE nanocomposite electrode
(Fig. 3, curve b). However, after application of a reduction pulse at
—0.80V for 3 min, a significant amount of Pd(0) was formed on the
electrode surface and therefore, the cyclic voltammogram related
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Fig. 1. TEM image of the as-prepared Pd/TMB organic-inorganic hybrid nanostruc-
ture.
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Fig. 2. XRD pattern of (a) the product Pd-TMB, (b) Pd-TMB|/CILE, and (c) CILE.
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Fig. 3. Cyclic voltammograms recorded at (a) CILE, (b) Pd-TMB/CILE, and (c) Pd-
TMB|/CILE after applying a potential of —0.80V for 3 min (Conditions: phosphate
buffer (pH 7.0), scan rate of 100 mV's—1).
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Fig. 4. Cyclic voltammograms recorded at (a) CILE, (b) Pd-TMB/CILE, and (c) Pd
TMB/CILE after applying a potential of —0.8 V for 3 min (Conditions: 0.5M H;SO4,
scan rate of 100mVs-1).

to Pd(0) shows a pair of two significant peaks due to the oxidation
and reduction of Pd(0) formed during a reduction pulse (curve c).

The existence of the Pd is also confirmed by two cathodic current
peaks located between 0.60 and 0.20V during the negative scan,
which are probably attributed to the reduction of palladium oxides
formed [38] at higher potentials during the positive scan (Fig. 3,
curve c).

In order to clarify the presence of Pd nanoparticles, the catalytic
activity of the as-prepared Pd-TMB/CILE nanocomposite was stud-
ied towards hydrogen evolution, oxygen reduction and hydrazine
oxidation as test reactions.

3.2. Catalytic activity towards hydrogen evolution reaction

Palladium has a high potential to adsorb large quantities of
hydrogen in bulk to form hydrides and therefore is well known
as a hydrogen storage material [39].

Voltammograms (a-c) of Fig. 4 show respectively the voltam-
metric behaviour of the CILE, Pd-TMB/CILE and Pd-TMB/CILE (after
treatment at —0.80V for 3 min) in 0.5M H,SO4 at a scan rate of
100mVs~1. Although, there is only traces of Pd(0) which is formed
in the as-prepared Pd-TMB/CILE nanocomposite electrode; but a
clear hydrogen evolution current was observed for Pd-TMB/CILE
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Fig. 5. The Nyquist plots for Pd-TMB/CILE in 0.5 M H,SO4 at —0.55V (a) before and
(b) after applying a reduction pulse (—0.80V, 3 min).
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Fig. 6. Cyclic voltammograms for oxygen reduction reaction (A) in O,-saturated phosphate buffer (pH 7.0) recorded at (a) CILE, (b) Pd(II)-TMB/CILE, (c) Pd-TMB/CILE after
applying a reduction pulse (—0.80V, 3 min) and (B) in 0.1 M NaOH at (a) Pd(II)-TMB/CILE, (b) Pd-TMB/CILE after applying a reduction pulse (—0.80V, 3 min).

nanocomposite compared to CILE without any modification (Fig. 4).
Although, more pronounced signal for hydrogen evolution was
observed after reduction treatment of Pd-TMB/CILE at —0.80V for
3 min. The measured onset potential (—0.40V) is also significantly
lower than —0.70V observed for Pd-TMB/CILE before reduction at
—0.80V which indicates that Pd(II) in the TMB network matrix is
reduced to Pd(0) during a reduction treatment.

In order to investigate the effect of reduction treatment, we car-
ried out electrochemical impedance spectroscopy (EIS) in 0.5M
H,SO4 for the Pd-TMB/CILE nanocomposite. Fig. 5 shows the
Nyquist plot of the nanocomposite electrode before and after
electrochemical reduction treatment. The corresponding values
of Nyquist plot measured at the lowest frequency show (semi-
circle diameter) that the impedance decreases dramatically after
reduction step, thereby confirming the facile nature of the electron-
transfer process.

3.3. Catalytic activity towards oxygen reduction reaction

According to the previous studies, Pd presents a high activ-
ity towards oxygen reduction reaction (ORR) [40,41]. Therefore,
the ORR tests were conducted in O,-saturated aqueous solutions
(PBS, pH 7.0) on CILE, Pd(II)-TMB/CILE and Pd(0)-TMB/CILE. These
results exhibit a well positive shift and high eletrocatalytic effect for
ORR on the surface of Pd(0)-TMB/CILE nanocomposite. Moreover,
a dramatic increase in the peak current (Fig. 6), along with a great
improvement in the peak shape after reduction of Pd(II) to Pd(0) is
observed which shows improved electrocatalytic properties.

Catalytic response for oxygen reduction reaction was also
observed in alkaline solution (Fig. 6B). However, in acidic
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solution catalytic signal was overlapped with two cathodic peaks
corresponding to palladium which is present as a catalyst in the
electrode.

3.4. Catalytic activity towards hydrazine oxidation

Hydrazine and its derivatives have been recognized as envi-
ronmental pollutants by Environmental Protection Agency (EPA)
[42] and also as a neurotoxin and human carcinogen compound
that can be absorbed through skin which could affect the liver,
kidney and the brain [43]. Although electrocatalytic oxidation of
hydrazine has been studied on different electrodes modified using
catalysts such as ZnO nanostructures [44,45], gold nanoparticles
[46,47], nickel hexacyanoferrate [48] and silver nanoparticles [49];
palladium nanoparticles show higher electrocatalytic behaviour for
electrooxidation of hydrazine. In most previous reports, palladium
has been deposited on a variety of substrates [1,50], but the general
drawback with electrodeposited nanostructures is their relatively
low stability due to detachment of nanoparticles.

In this work, the electrocatalytic activity of Pd(0)-TMB/CILE
nanocomposite towards oxidation of hydrazine has been evaluated
as a model system.

Fig. 7A shows the cyclic voltammogram of hydrazine at the Pd-
TMB/CILE in phosphate buffer solution (PBS, pH 7.0) compared
to CILE without any modifications. The peak potential for the
hydrazine electro-oxidation on Pd(0)-TMB/CILE was found to be
around —0.05V, which is more negative than the values reported
in the literature for the hydrazine electro-oxidation in phosphate
buffer medium [34,50-52]. From these observations, it is obvi-
ous that the huge enhancement in hydrazine oxidation current on
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Fig. 7. Cyclic voltammograms of 1 mM hydrazine in phosphate buffer solution (pH 7.0) (A) at (a) Pd-TMB/CILE after applying a reduction pulse (—0.8 V, 3 min) and (b) CILE;
(B) Comparison of responses of (a) Pd-TMB/CILE after applying a reduction pulse (—0.80V, 3 min) and (b) the as-prepared Pd(II)-TMB/CILE.
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Pd-TMBJ/CILE is due to the electrocatalytic effect of Pd nanopar-
ticles. Such a voltammetric response was not observed at
Pd(II)-TMB/CILE without any treatment (Fig. 7B), confirming the
importance of the presence of Pd(0) in the composite during the
reduction pulse.

Catalytic oxidation signal for hydrazine was also studied by
changing pH values from 8.7 to 4. Although in more basic solutions
the catalytic oxidation peak appeared at more negative potentials,
but the catalytic oxidation current decreased at pH values above
7.5. By changing pH from 7 to more acidic values; the analytical
signal corresponding to hydrazine oxidation appeared in the same
region as stripping potential of palladium metal from the electrode
surface; consequently the analytical signal for hydrazine oxidation
decreased gradually.

A plot of electrocatalytic oxidation peak current versus square
root of scan rate (U'/2) yielded a straight line indicating a diffusion-
controlled electron transfer mechanism for the hydrazine oxidation
reaction at the Pd(0)-TMB/CILE.

In order to compare the prepared electrodes with bare CILE
and to electrochemically characterize the real surface of the Pd(0)-
TMB/CILE, 1mM hydrazine in phosphate buffer solution (pH 7.0)
was used as the probe. From the cyclic voltammetric peak cur-
rent and the diffusion coefficient of hydrazine reported in literature
[47], the surface area of the electrode was calculated by using the
following equation [53]:

ipa = (2.69 x 10°)n3/2AD}/?}/?

where n is the number of electrons transferred, i.e. 4 (assuming a
4 electrode transfer process mechanism of hydrazine oxidation on
carbon electrodes [54]), A the geometric surface area of the elec-
trode, Dy the diffusion coefficient (4.1 x 10~ cm=2s~1) [47], U the
scan rate (100mVs—1), and C¢ the concentration of electroactive
species (1 mM). The real surface area of Pd(0)-TMB/CILE electrode
was found to be 0.21 cm?, while that of the bare CILE was 0.06 cm?.
The surface area of Pd(0)-TMB|/CILE was estimated to be about 3.5
times that of the bare CILE.

3.5. Stability of the electrocatalyst

As-synthesized Pd/TMB was kept in an airtight box. Also, the as-
prepared Pd-TMB/CILE nanocomposite electrode was stored in air
at ambient and its stability was checked every 10 days. The elec-
trocatalytic responses of the proposed nanocomposite electrode
(with 5% of electrocatalyst) towards hydrazine, oxygen reduction
and hydrogen evolution were 90%, 82% and 86% of its initial values
after 45 days, respectively. Along with good stability, the prepared
nanocomposite electrode can be reused by simple polishing and
not further treatment, even after 45 days.

4. Conclusion

Pd(II)-TMB organic-inorganic hybrid nanostructures have been
successfully synthesized by incorporating TMB with PdCl, under
ambient conditions.

We have constructed a new nanocomposite electrode by incor-
porating a small amount of the as-prepared hybrid nanostructures
into the carbon ionic liquid electrode followed by the reduction of
Pd(II) to Pd(0). Regardless of the low Pd loading in the nanocom-
posite electrode, the proposed nanocomposite electrode exhibits
very good electrocatalytic activity and acts as an effective electro-
catalyst for the hydrogen evolution, oxygen reduction reaction and
hydrazine electro-oxidation.
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