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ABSTRACT: Palladium nanoparticles (Pd-NPs)/polyani-
line (PAni)/titanium (Ti) catalysts were prepared using
electroless deposition of Pd-NPs on PAni matrixes coated
on Ti substrate. PAni/Ti electrodes were synthesized by
electro-polymerization of aniline on Ti. The morphology of
Pd-NPs on PAni/Ti electrodes were characterized by scan-
ning electron microscopy technique and results indicated
that Pd-NPs were uniformly dispersed on the surface of
PAni film. The electro-catalytic properties of Pd-NPs/
PAni/Ti catalysts toward oxidation of hydrazine were

investigated by different electrochemical methods and
results showed that Pd-NPs/PAni/Ti catalysts have high
electrochemical activity. In addition, the mechanism of hy-
drazine electrochemical oxidation catalyzed by Pd-NPs/
PAni/Ti was investigated. VC 2011 Wiley Periodicals, Inc.
J Appl Polym Sci 124: 4671–4677, 2012
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INTRODUCTION

The development of inorganic/organic composites
has recently received increasing attention due to
their wide range of potential uses. Composites of
conducting polymers and inorganic nanoparticles
have received a lot of attention because of their
usefulness in several applications.1–4 Various
approaches have been used to prepare conducting
polymer/metal composites. Many studies have been
devoted to the dispersion of metal particles in thin
films of electro-inactive polymers,5,6 redox poly-
mers,7–9 and conducting polymers.10,11 Among these
polymers, polyaniline (PAni) is one of the most
important conducting polymers because of its high
conductivity, ease of preparation, good environmen-
tal stability, and large variety of applications such as
electro-chromic devices, secondary batteries, cataly-
sis, and corrosion protection coatings.12–14

Direct methanol fuel cell is expected as a hopeful
candidate for direct fuel cell application systems.
However, the efficiency and power output of direct
methanol fuel cells are low because of severe poison-

ing of the anode catalyst by reaction intermediates
such as CO.15 Hydrazine is an important high-
performance fuel in aerospace propulsion applica-
tions, which also impresses promising potential
applications in fuel cells. Hydrazine is an ideal fuel
for a direct fuel cell system because it does not
exhaust environmentally loading materials such as
CO2. Hydrazine is a compound with high hydrogen
content (12.5 wt %). Its hydrogen storage capability
is higher than that of sodium borohydride (10.6 wt
%) and equivalent to that of methanol. The direct
hydrazine fuel cell demonstrates a higher electromo-
tive force of 1.61 V which is close to that of the
direct borohydride fuel cell (1.64 V) and higher than
that of the direct methanol fuel cell (1.21 V). When
hydrazine is used as a fuel to power the direct
hydrazine fuel cell, only nitrogen and water will be
formed. However, specific precautions should be
observed when using hydrazine solution as a fuel
for the direct hydrazine fuel cell because hydrazine
is toxic and carcinogenic compound.16 The direct
hydrazine fuel cell concept was first suggested in
the 1960s.17 Very few researches on the direct hydra-
zine fuel cell development have been done.18–21 It is
considered that more attentions should be paid to
develop the direct hydrazine fuel cell technology
due to the merits mentioned above. Noble metals
such as platinum,22 palladium,23,24 silver,25 and
gold26,27 are very active in the anodic oxidation of
hydrazine. However, they tend to lose reactivity as
they precipitate or form a surface film. Immobilization
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of the noble metal nanoparticles in an active matrix
may enhance the overall reactivity of the catalytic
metal centers. For example, our recent studies have
shown that the immobilization of the metal nanopar-
ticles in an active matrix improves the electro-cata-
lytic activity to a great extent.28–33 The aim of this
study was to investigate the electro-oxidation of
hydrazine on Pd-NPs dispersed in PAni matrices
and analyze the effect of their morphologies on the
electro-catalytic characteristics of this modified elec-
trode. The PAni films were obtained by electro-poly-
merization of aniline on titanium (Ti) substrates.
Pd-NPs dispersed on the PAni films by electroless
deposition. The electro-oxidation of hydrazine on
Pd-NPs/PAni/Ti electrodes was carried out using
cyclic voltammetry methods.

EXPERIMENTAL

Solutions, chemicals, and electrochemical
measurement

Hydrazine (Merck, >99%) and H2SO4 (Merck,
>99%) were used as received. All other chemicals
were of analytical grade and used without further
purification. Aniline was distilled under reduced
pressure and then stored at low temperature before
use. All electrochemical experiments were carried
out at room temperature. Distilled water was used
throughout. The electrochemical experiments were
performed in a three-electrode cell assembly. A
platinum sheet of the geometric area of about
20 cm2 was used as counter electrode, while all
potentials were measured with respect to a commer-
cial saturated calomel electrode (SCE). Electro-
chemical experiments were carried out using a
Princeton Applied Research, EG&G PARSTAT 2263
Advanced Electrochemical System run by Power-
Suite Software.

Electro-polymerization of polyaniline on titanium
(PAni/Ti electrodes)

Electro-polymerization of PAni from an acidic solu-
tion was conducted on Ti electrode. Ti discs were
cut from a Ti sheet (purity 99.99%, 1 mm thickness)
and mounted using polyester resin. The deposition
of conducting polymers on spontaneously passivat-
ing metals such as Ti and aluminum usually
requires a pre-treatment of the substrate to remove
natural oxides, which cover the metal surface. Prior
to electro-polymerization of aniline, the Ti electrodes
were first mechanically polished with different
grades of abrasive papers, rinsed in a run of distilled
water, then chemically etched by immersing in a
mixture of volumetric 1 : 4 : 5 of HF : HNO3 : H2O.
The last step of pretreatment was rinsing with

deionized water. After the pretreatment, electro-
polymerization of aniline was conducted in a solution
containing of 0.1M aniline þ 0.5M H2SO4 under gal-
vanostatic conditions with a current density of
10 mA cm�2 for 10 min. The temperature is main-
tained at 25�C.

Preparation of Pd-NPs/PAni/Ti catalysts

After rinsing with water, the PAni/Ti electrodes were
immerged into the bath for deposition of palladium
on result PAni. Pd-NPs were deposited on PAni/Ti
electrodes by electroless method. The sensitizing-acti-
vating treatment was carried out by soaking them first
in 0.0045 mol L�1 SnCl2 solution for 2 min and then in
0.00059 mol L�1 PdCl2 solution for 4 min at room tem-
perature. The samples were then rinsed with distilled
water and soaked in the electroless-plating bath con-
taining 0.01 mol PdCl2, 4.8 g L�1 of ethylene-diamine
as a complexing agent, and 11 g L�1 of N2H4.H2O as a
reducing agent, while pH value was adjusted to
8 with HCl and NaOH. The reaction temperature was
323 K. All mentioned processing performed in an
ultrasonic bath. Electroless deposition of palladium on
PAni/Ti supports was performed in various times and
finally it was observed that 5 min is the optimum
time, resulting in highest current values. After the elec-
troless plating, the samples were rinsed, dried, and
subjected to the characterization.

Determination of electrode surface area

The area of the Pd-NPs/PAni/Ti electrode was
determined using 1 mM K4Fe(CN)6 in 0.1M KNO3

electrolyte by recording the cyclic voltamograms.
From the cyclic voltammetric peak current and the
diffusion coefficient of hexacyanoferrate, the area of
the electrode was calculated by using the equation34:

ipa ¼ ð2:69 � 105Þn3=2AD1=2
o m1=2C�

o (1)

where n is the number of electrons transferred, that
is, in this Case 1; A is surface area of the electrode;
Do is the diffusion coefficient (9.382 � 10�6 cm2 s�1);
m is the scan rate (0.1 V s�1), C�

o is the concentration
of electro-active species (1 mM). The surface area of
Pd-NPs/PAni/Ti electrode was estimated to be
about eight times of flat palladium electrode.

Characterization of morphology

For characterizing morphology and composition of
PAni coating on Ti electrode and Pd-NPs on the
PAni films, a scanning electron microscope (Model
XL30, Philips, Netherlands) was employed with an
accelerating voltage 30 kV. To identify the element
composition, an energy dispersive X-ray (EDX
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Genesis fitted to the Philips SEM XL30) analysis was
carried out.

RESULTS AND DISCUSSION

Morphology of PAni/Ti and Pd-NPs/PAni/Ti
electrodes

Figure 1 shows SEM micrograph of the surface of Ti
substrate before deposition of PAni film on it. It can
be seen that Ti substrate was smooth and planar
before depositing the film on it. SEM images of the
pure PAni film (without deposited palladium)
obtained by electro-polymerization with different
magnifications are shown in Figure 2(a,b). PAni
films synthesized by galvanic polymerization are
distributed uniformly on the surface of the Ti elec-
trode and have a high surface area, thus making
them ideal for use as a good support.

Figure 3 shows the SEM micrographs of Pd-NPs
deposited on the PAni film. It can be seen that the Pd-
NPs are distributed at the surface of the PAni film.
Figure 4 shows the energy dispersive X-ray (EDX)
spectrum of Pd-NPs/PAni/Ti electrodes. EDX results
confirm the presence of palladium particle in the
surface.

Characterization of the Pd-NPs/PAni/Ti electrode

To determine whether the deposition procedure had
resulted in the removal of the surface oxide layer,
thereby ensuring good electrical contact between the
palladium and PAni coating and the underlying Ti
electrode, the Pd-NPs/PAni/Ti were tested as elec-
trodes using a one electron redox couple. Figure 5
shows the voltammetric curves for the reduction of
K3Fe(CN)6 on Pd-NPs/PAni/Ti, flat palladium and
bare Ti electrodes. The voltammogram for the
Pd-NPs/PAni/Ti electrode shows the expected

reversible behavior for the reduction on a bulk palla-
dium electrode. In comparison, the voltammogram
obtained with one Ti electrode shows increased
peak separation and peak widths. This is probably
attributable to a passivating surface film, most likely
the oxide layer present on the surface of the Ti
electrode. It has been reported in the literature that
on exposure to air, a thin Ti oxide film is formed on
the surface of a Ti layer.28 This could grow thicker,
as well as becoming an Ti oxide layer when using
Ti as an electrode, due to electrochemical (or chemi-
cal through ferricyanide) oxidation. The presence
of such a passivating layer would be expected
to produce the observed small change in the stand-
ard redox potential as well as a significant iR
drop in the resistive surface layer, which would shift
the position of the peaks for the redox reaction of the
ferri/ferrocyanide to greater overpotentials, increasing
peak separation and reducing peak heights, as
observed. The lack of such resistances and overpoten-
tials observed on repeated redox cycling of the
Pd-NPs/PAni/Ti electrode indicates that there is no
significant resistive film (either initially present or
developing with cycling) between the underlying Ti
and the palladium and PAni coating film.

Figure 1 SEM image of titanium substrate before deposi-
tion of PAni film on it.

Figure 2 SEM images of pure PAni film (without depos-
ited palladium) on the titanium electrode with different
magnifications (a,b).
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Cyclic voltammetric study of hydrazine
electro-oxidation on the electrodes

To compare Pd-NPs/PAni/Ti electrode with Ti elec-
trode, the method of cyclic voltammetry was used to
follow the electro-catalytic behavior of the electro-

des. Figure 6(a) presents cyclic voltammograms of Ti
and Pd-NPs/PAni/Ti electrodes in 0.5M H2SO4 þ 1
mM hydrazine aqueous solution, at a scan rate
of 100 mV s�1. The pure Ti electrode exhibited
no oxidation peak for hydrazine but after replacing
the pure Ti electrode with Pd-NPs/PAni/Ti
electrode, distinguished peaks were observed in the
cyclic voltammetry, therefore confirming the
Pd-NPs/PAni/Ti electrodes electro-catalytic activity.
Figure 6(b) presents cyclic voltammograms of
flat palladium and Pd-NPs/PAni/Ti electrodes in
0.5M H2SO4 þ 1 mM hydrazine aqueous solution, at
a scan rate of 100 mV s�1. The current density for
hydrazine oxidation on Pd-NPs/PAni/Ti electrode
is greater than that observed for palladium
electrode. This result may be attributed to the
larger specific surface area of the Pd-NPs/PAni/Ti
electrodes.

Effect of scan rate

The effect of different scan rates on the electro-cata-
lytic properties of Pd-NPs/PAni/Ti electrode
towards hydrazine oxidation has been studied and
results were shown in Figure 7. As can be seen from
Figure 7, the increase in potential scan rate induced
an increase in the electro-catalytic peak current and
resulted in a shift to more positive potential value
for the catalytic oxidation of hydrazine. This clear
shift of the peak potential was occurred as expected
for irreversible electrochemical reactions.35

Figure 3 SEM images of Pd-NPs deposited on the PAni
film with different magnifications (a,b).

Figure 4 Energy dispersive X-ray (EDX) of Pd-NPs/
PAni/Ti electrode.

Figure 5 Cyclic voltammograms for Pd-NPs/PAni/Ti
(1 � 1 cm2), flat palladium (1 � 1 cm2), and bare tita-
nium (1 � 1 cm2) electrodes, recorded at 100 mV s�1 in a
solution containing 10 mM K3[Fe(CN)6] in 1M KCl
at 25�C.
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To investigate the electro-catalytic reaction mecha-
nism of hydrazine oxidation on Pd-NPs/PAni/Ti
electrode, diagram of peak current ip versus square
root of sweep rate m1/2 was constructed. As known

in the precondition semi-infinite linear diffusion,
peak current ip was related to scan rate through the
following equation:

ip ¼ ð2:69 � 105ÞnðanaÞ1=2ACoD
1=2
o m1=2 (2)

where ip is the peak current, m is the scan rate, n is
the number of electrons transferred, a is the coeffi-
cient of electron transfer, Co is the bulk concentration
of substrate, Do is the diffusion coefficient, and A is
the electrode surface area.
If the concentration Co is hold constant, then the

peak current ip is linearly proportional to the square
root of sweep rate m1/2. While the sweep rate is kept
constant, the peak current ip is linearly proportional
to the concentration Co, which indicates the reaction
is controlled by diffusion. It is seen from Figure 8
that the peak current ip is linearly related to the
square root of sweep rate m1/2 and the correlation
coefficient is R2 ¼ 0.98, which ensures that the oxi-
dation process of hydrazine on the Pd-NPs/PAni/Ti
electrode is controlled by diffusion.
To get the information on the rate determining

step, Tafel slope, b, was determined using the fol-
lowing equation valid for a totally irreversible diffu-
sion controlled process36:

Ep ¼ 0:5b log mþ constant (3)

Therefore, on the basis of eq. (3), the slope of Ep

versus log m plot is:

dEp=d log m ¼ b=2 (4)

Figure 6 (a) Cyclic voltammograms for Pd-NPs/PAni/Ti
and bare titanium electrodes in 0.5M H2SO4 þ 1 mM
hydrazine aqueous solution at 25�C with a scan rate of
100 mV s�1. (b) Cyclic voltammograms for Pd-NPs/PAni/
Ti and flat palladium electrodes in 0.5M H2SO4 þ 1 mM
hydrazine aqueous solution at 25�C with a scan rate of
100 mV s�1.

Figure 7 The cyclic voltamogrames for Pd-NPs/PAni/Ti
electrode in 0.5M H2SO4 þ 1 mM hydrazine aqueous
solution at different scan rate.

Figure 8 The plot of hydrazine oxidation peak current on
the Pd-NPs/PAni/Ti electrode versus m1/2.
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where b is the Tafel slope and v is the scan rate; the
Tafel slope can also be expressed as:

b ¼ 2:3RTðaanaFÞ�1 (5)

On the basis of these equations, the slope of the
plots of Ep versus log m is b/2 which was found
equal to 0.129 in this work (Fig. 9), so, b ¼ 0.258 V.
It is known that hydrazine oxidation kinetics on
many materials37,38 occur with single electron transfer

process. Assuming this, these slope values indicate a
transfer coefficient (a) equal to 0.197.

Electro-catalytic determination of hydrazine

Effect of hydrazine concentration on electro-catalytic
response of Pd-NPs/PAni/Ti electrode was investi-
gated by the method of cyclic voltammetry. Figure
10 shows cyclic voltammograms of the Pd-NPs/
PAni/Ti electrode at the presence of various concen-
trations of hydrazine. The observed anodic peak
current increases with increasing hydrazine concen-
tration in the solution. This catalytic peak current
shown a linear relationship with the concentration of
hydrazine in the range of 2–5 mM with a correlation
coefficient of R2 ¼ 0.99 (Fig. 11). From these results,
it can be concluded that the electro-oxidation of
hydrazine on these new modified electrodes can be
used for the quantitative determination of hydrazine
in samples.

CONCLUSION

A novel synthesis route for preparing Pd-NPs
dispersed uniformly on the surfaces of PAni/Ti elec-
trode has been developed with the aim of the elec-
tro-oxidation of hydrazine. The electro-catalytic
activity of the Pd-NPs/PAni/Ti electrodes and pure
Ti toward hydrazine oxidation was evaluated
through cyclic voltammetry. The electro-chemical
evaluations showed that PAni/Ti electrodes modified
with Pd-NPs are highly active for electro-catalytic

Figure 9 The peak potential dependence on log m for the
oxidation of hydrazine at the Pd-NPs/PAni/Ti electrode.

Figure 10 The cyclic voltamogrames of Pd-NPs/PAni/Ti
electrode in 0.5M H2SO4 solution with different concentra-
tions of hydrazine.

Figure 11 The plot of hydrazine oxidation peak current
on the Pd-NPs/PAni/Ti electrode versus concentration of
hydrazine.
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oxidation of hydrazine. The oxidation kinetic of
hydrazine was also studied by varying the potential
scan rate. The results indicated that the oxidation
process is mass transfer controlled. Finally, the oxi-
dation current of hydrazine Pd-NPs/PAni/Ti elec-
trodes was used for the determination of hydrazine
in aqueous solution and a linear calibration curve
was found in the range of 1.0–4.0 mM with a corre-
lation coefficient of 0.99.
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