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Abstract A novel nanocomposite of palladium nanocl-
usters/poly(N-acetylaniline) nanorods was electrodeposited
on to a glassy carbon electrode by cyclic voltammetry (CV).
This electrode, PA/PAANI/GCE, was characterized by X-
ray photoelectron spectroscopy (XPS), field emission
scanning electron microscopy (FE-SEM), X-ray diffraction
(XRD), CV and chromoamperometry. It was demonstrated
that the ball-shaped Pd nanoclusters were mainly growing
on the ends of the nanorods, forming a novel nanocom-
posite. The preliminary study also demonstrated that the
electrode modified with this nanocomposite matrix had high
electrocatalytic activity toward 4-e~ oxygen reduction.

Keywords Nanocomposite - Poly(N-acetylaniline) -
Palladium nanocluster - Oxygen reduction -
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1 Introduction

Electrochemical reduction of oxygen has been the subject
of extensive studies in view of its importance in the
detection of oxygen levels for fish culture, biochemistry,
neuroscience and physiology [1-7]. It is especially
important for realization of highly efficient fuel cells,
batteries and other electrode applications. Many different
electrode materials have been utilized as efficient
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electrocatalysts towards the oxygen reduction reaction
(ORR). Several metal nanoparticles and metal-based alloys
have been used for fabrication of modified electrodes for
this purpose [1, 8—13]. In addition, the dispersion of metal
particles on to a matrix has been demonstrated to be a
convenient way to reduce the particle size for enhanced
electrocatalytic activity. The matrix of carbon nanotubes
(CNTs) adsorbed on to the electrode surface has advanta-
ges for the electrodeposition of metal nanoparticles for
electrocatalytic ORR [14-18].

Besides CNTs, organic conducting polymers can also be
exploited as conducting matrices and provide large surface
area for the deposition of particulate catalysts. The most
commonly studied conducting polymers such as polyani-
line, polypyrrole and polythiophene have been investigated
as conductive matrices for electrocatalysis of the reduction
of protons and oxygen [19-23] and the oxidation of small
organic molecules such as methanol and formic acid
[24-26].

Poly(N-acetylaniline) (PAANI) is a substituted polyan-
iline conducting polymer, which has been previously
investigated in the fields of biosensor fabrication by our
group [27-29]. Recently, we have successfully prepared a
Pt nanocluster embedded with a three-dimensional (3D)
matrix of PAANI nanorods on the electrode surface [30].
This composite modified glassy carbon electrode (nc-Pt/nr-
PAANI/GCE) shows significantly enhanced electrocata-
lytic activity towards methanol oxidation. The strategy of
depositing nanoparticles on to a matrix of an organic
conducting polymer may find wide application in electro-
catalysis. In this work we report a novel nanocomposite
matrix of palladium nanoclusters deposited on to poly
(N-acetylaniline) nanorods. The nanocomposite modified
electrode has strong electrocatalytic activity towards the
4-e” reduction of oxygen.
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2 Experimental
2.1 Reagents and instruments

N-acetylaniline was purchased from the Changping-
Kuangying Chemical Reagent of Beijing (Beijing, China)
and used after recrystallization from ethanol. Highly pure
oxygen was obtained from the Nanjing-Shangyuan Indus-
trial Gas Company (Nanjing, China). PdCl,, H,0,, H,SO,
and HCIO4 were obtained from the Chemical Reagent
Company of Shanghai (Shanghai, China). These chemicals
were analytical grade and used as received without further
purification. H,O, solution was freshly prepared before
each experiment. Doubly distilled water was used.

Electrochemical experiments were conducted using a
CHIS832 electrochemistry workstation (Chen-Hua, Shanghai,
China) with a three-electrode system consisting of a test
electrode, a platinum wire auxiliary electrode and a saturated
calomel reference electrode (SCE). A glassy carbon electrode
(GCE, ® 4.0 mm) (Lan-Like HCET Company, Tianjin,
China) was used as the basal electrode for fabrication. All
potentials are reported versus SCE. O, gas was bubbled
directly into the solution for 30 min to obtain O,-saturated
solutions and was flushed over the solution during measure-
ments. [f necessary, the electrolyte solution was deoxygenated
by bubbling N, gas for 30 min to obtain a N,-saturated solu-
tion. Experiments were carried out at room temperature
(20 £ 1 °C). Under these experimental conditions, the con-
centration of the dissolved oxygen in 0.5 M H,SO, solution is
1.1 x 107 M, according to the literature [31, 32].

X-ray photoelectron spectroscopy (XPS) measurements
were carried out using an ESCALAB MK?2 photoelectron
spectrometer (VG, UK) equipped with MgK-Alpha X-ray
radiation as the excitation source, with the pressure in the
chamber below 10~° Torr.

X-ray diffraction patterns (XRD) were recorded on a
MXPAHF rotating anode X-ray diffractometer (Japan)
with Cu radiation source (4 = 1.54056 A).

Field emission scanning electron microscopy (FE-SEM)
images were obtained on a Sirion-200 instrument (FEI,
Japan).

2.2 Electrode preparation

The basal GCE was first polished to a mirror finish using
sand paper. After thorough cleaning, the GCE was dipped
in 1.0 M HCIO, solution + 0.1 M N-acetylaniline and
subjected to cyclic voltammetry (CV) scanning between
—0.2 and 1.0 V for 15 cycles at 50 mV s~ ' for electrop-
olymerization of N-acetylaniline [30]. The electrode
obtained was labeled PAANI/GCE.

The PAANI/GCE was immersed in 0.5 M H,SO, +
2.0 mM PdCl, solution, and was subjected to several

@ Springer

voltage cycles between —0.3 and 0.5V at 50 mV s~ !,

during which the palladium nanoparticles were electrode-
posited on to the polymer matrix. The electrode prepared in
this way was labeled Pd/PAANI/GCE.

3 Results and discussion
3.1 Electrochemical deposition of Pd and PAANI

Figurela shows the cyclic voltammograms (CVs) for the
electrodeposition of palladium nanoparticles on PAANI/
GCE. A pair of redox peaks appeared at E,, (Ep, = Ep./
2 + Ep/2) of 0.13 V (couple ), attributable to the redox
reactions of PAANI. Another pair of small but well-
developed peaks appeared at E;,, = —0.22 V (couple II).
Since the PAANI film was in a non-conducting state in
the potential range from —0.3 to —0.1 V, couple II may be
attributed to the reversible adsorption/desorption reaction
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Fig. 1 Multi-cycle CVs of the PAANI/GCE (a) in the presence of

and (b) in the absence of 2.0 mM PdCl, in 0.5 M H,SO, solution.
Scan rate: 50 mV s~
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Fig. 2 The XPS of Pd/PAANI/GCE

of hydrogen on the deposited Pd nanoparticles. Certainly,
the peak currents of couple II increased with increasing
cycle number.

3.2 Electrode characterization

An XPS spectrum of the Pd/PAANI/GCE was obtained and
is shown in Fig. 2. The two characteristic peaks of Pd 3ds,
and Pd 3d;,, appeared at 335.7 and 340.8 eV, respectively,
indicating the presence of the Pd (0) state [33].

FE-SEM images of the electrode surface layers on the
electrodes were obtained, as shown in Fig. 3. In Fig. 3a,
the electrodeposited PAANI shows a nano-porous matrix
consisting of a stack of nanorods. The nanorods formed are

Fig. 3 FE-SEM image of (a)
PAANI/GCE, (b) Pd/PAANI/
GCE, (c) the enlarged part of
(b). (d) XRD patterns of the Pd/
PAANI composite

100-200 nm in diameter and about 1 um in length. The
vertical holes in the matrix are 300-500 nm average
diameter. After deposition of Pd nanoparticles on the
PAANI matrix, Fig. 3b shows ball-shaped Pd nanoparticles
of 50-500 nm diameter in the PAANI matrix. Some of the
ball-shaped Pd nanoparticles have grown on the ends of
nanorods, forming a novel nano-ball and nano-rod network,
as shown in Fig. 3c. This case is quite different from
that found with a previously prepared nc-Pt/nr-PAANI
composite, in which the metal clusters grew so that they
were embedded in the nanorods [30]. Obviously, pd>*
cations had not been extracted from the solution into
the PAANI nano-rod before the electrodeposition because
the positively charged PAANI nano-rod can repel cations,
preventing their approach. The preferred deposition on the
ends of the nanorods may indicate a higher electronic con-
ductivity along the nano-rod axis. The spherical Pd particles
are expected to be clusters of much finer nanoparticles,
since the Pd crystals have a face-centered cubic lattice.

To demonstrate the cluster structure, XRD patterns of
the Pd/PAANI composite were obtained as shown in
Fig. 3d. All XRD peaks can be indexed based on the
JCPDS file [34]. Three major peaks at 40.1°, 46.4° and
67.9° can be assigned to diffraction from the (1 1 1), (20 0)
and (2 2 0) planes, respectively, of the face-centered cubic
lattice of Pd (0). The Pd particle size was calculated from
the Scherrer equation [35], § = kA/Dcosf, where 1 is the
X-ray wavelength, x is the shape factor (0.89), f§ is the
average diameter of the particles, 0 is the Bragg angle in
degrees, and D the full-width at half-maximum of the
respective diffraction peak. An average diameter was
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Fig. 4 CVs of the Pd/PAANI/GCE in 0.5M H,SO, solution
saturated with (a) N, and (b) O,. Scan rate: 50 mV s~L. Inset: plot
of i, versus the square root of the scan rate

calculated as 9.5 nm for the Pd crystallites. Hence, it can
be concluded that the Pd nanoparticle deposits of 50—
500 nm in diameter were clusters constructed from nano-
Pd crystallites of 9.5 nm average size. This result is similar
to that found for electrodeposited Pt nanoclusters [15,
36, 37].

3.3 Catalytic reduction of oxygen

The CV of oxygen reduction at PA/PAANI/GCE is shown
in Fig. 4. In the presence of O,-saturated 0.5 M H,SO,
solution, the reduction peak current /,.(I) increased (curve
a) by comparison with the background current (curve b),
and the peak potential shifted slightly in the negative
direction. This indicates that Pd/PAANI/GCE has catalytic
ability towards the ORR, which is mediated by the
reduction reaction of couple (I).

The ORR in aqueous solution generally proceeds
through two possible pathways [38]. One is the four-elec-
tron pathway through which molecular oxygen is directly
reduced to H,O. The other is the peroxide pathway through
which molecular oxygen is first reduced to H,O,, followed
by further reduction to H,O. To determine the number of
electrons transferred (n) during the catalytic reduction,
a scan rate dependence experiment was carried out. By
increasing the scan rate, the E,. was shifted negatively,
however, the half-peak potentials (E,.») was maintained at
77 &= 8 mV. The ORR peak current iy, the difference of
reduction current of the couple in 0.5 M H,SO,4 solution
saturated with N, or O,, was a linear function of the square
root of the scan rate (v” 2) in the range 5-200 mV s~ ! with
a value —4.01 x 107° +3.24 x 107 [y—V s~ '—]"2
(R = 0.9986), as shown in Fig. 4 (inset). This relationship
indicates a diffusion-controlled process with no significant
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adsorption accumulation. Taking the slope of this function
and Cp*(0y) = 1.1 x 100°M and Dy =14 x 107
cm? s™! [31, 32], n was evaluated as 4.16, based on the
equation i, = (2.99 x 1075)n(ocna)l/zAD(l)/zv]/zCO*; oan, =
0.37 was evaluated from the shift of peak potential following
a 10-fold increase in the scan rate. Thus the ORR on the Pd/
PAANI/GCE was demonstrated to be a 1-step 4-electron
reduction process.

Although the application of conducting polymers for
ORR has recently been reported [39, 40], no investigation
of the behavior of PAANI has been carried out. To dif-
ferentiate the catalytic activity of PAANI and Pd/PAANI,
chromoamperometry was used, with the results shown in
Fig. 5. The current density (i), which is defined as the ratio
of the peak current (/) divided by the formal electrode
surface area, 0.126 cm?, increases slowly with O, purging
to a steady state value (~0.032 mA cm_z) after about
200 s at the PAANI/GCE. By comparison, it takes only
10 s to reach the steady state (~0.635 mA cm_z) at Pd/
PAANI/GCE. The current density of the latter is larger than
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Fig. 5 Amperometric detection of O, reduction at 0.07 V on (a) the
PAANI/GCE and (b) Pd/PAANI/GCE in 0.5 M H,SO, solution
purged with N, and O, alternately. A = 0.126 cm?
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Fig. 6 The effect of cycle number (N) of the Pd electrodeposition on
the oxygen reduction current. The other experimental conditions are
the same as Fig. 1

that reported for the Pt-modified multiwalled carbon
nanotube electrode [18]. The enhanced catalytic activity
can be attributed to the existence of the Pd nanoclusters.
We compared the behavior of Pd/GCE and Pd/PAANI/
GCE similarly prepared and found that the Pd/GCE had
lower catalytic activity toward ORR since it gave an ORR
peak at 0.02, 50 mV less positive than that for PA/PAANI/
GCE at 0.07 V. Thus, the synergistic effect between Pd and
PAANI is significant for both the reduction of overpoten-
tials and the increase in ORR current density.

The effect of the cycle number () on the Pd electro-
deposition was investigated. By altering N, the amount of
deposition and the size of the deposited Pd nanoclusters
can be controlled, and thus the catalytic activity can be
altered. The catalytic reduction current of ORR was plotted
against cycle number as shown in Fig. 6. The catalytic
current increases significantly as N increases from O to 10,
but slows down from 40 to 70, and finally tends to decrease
for N > 70. The optimum value of N = 70 was selected.

Finally, the stability of PdA/PAANI/GCE was examined
as an oxygen cathode at 0.07 V in 0.5 M H,SO, solution.
An 8% loss in the reduction current was observed after 2 h
continuous electrolysis (during the test, O, was bubbled
into the solution), which is approximately the same as for
the palladium-modified carbon nanotube electrode [17].

4 Conclusions

A novel nanocomposite of Pd nanoclusters/PAANI
nanorods was prepared on an electrode surface by two
electrodeposition steps. The composite modified electrode
(PA/PAANI/GCE) has higher electrocatalytic activity
towards the oxygen reduction reaction than the Pt-modified

multiwalled carbon nanotube electrode [18]. The mecha-
nism of oxygen reduction at the Pd/PAANI/GCE was
demonstrated as a 1-step 4-electron process. The stability of
the electrode suggests that there are potential applications in
the development of high-efficiency fuel cells.
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