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bstract

Gold nanoparticles were embedded into an electroactive polymer layer to modify the glassy carbon (GC) electrode and to fabricate a novel catalyst
lectrode. Cyclic voltammetry was performed to form the electroactive polymer, poly(aminothiophenol), PATP and deposit the Au0 nanoparticles,
imultaneously. 4-Aminothiophenol (ATP) was converted into an inclusion complex with �-cyclodextrin and used to form the electroactive layer
n the surface of GC electrode. Au0 nanoparticles were incorporated into film of PATP simultaneously by the electrolysis of a solution of HAuCl4.
hus, newer catalyst electrode, PATP-Aunano, was fabricated. The scanning probe microscopic image of PATP-Aunano indicates the presence of
niformly distributed Au0 nanoparticles of the sizes ∼10 nm. Electroactivity of PATP-Aunano for reduction of dioxygen (O2) was evaluated in O2

aturated solution. Cyclic voltammetry was used to demonstrate the enhanced electrocatalytic activity of the PATP-Aunano. A reduction peak at
430 mV with an enhanced peak current was observed for the oxygen reduction reaction (ORR) in O2 saturated 0.5 M sulfuric acid solution. A more

ositive onset potential and higher catalytic current for ORR are the striking features of PATP-Au catalyst. Double potential chronoamperometry,
nano

otating disc (RDE) and rotating ring–disk electrode (RRDE) experiments were carried out to investigate the kinetic parameters of ORR on this
lectrode. Results from RDE and RRDE voltammetry experiments demonstrate that ORR on the PATP-Aunano is a four electron and diffusion
ontrolled process with a catalytic rate constant of 3.65 × 103 M−1 s−1 and a diffusion coefficient of 7.82 × 10−5 cm2 s−1.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Materials generated from the incorporation of metal
Au/Pt/Pd) nanoparticles into polymer matrix receive substan-
ial research interest directed to the development of hybrid

aterials of new catalytic [1–3], electronic and optoelectronic

4,5] functionalities. Specifically, loading of metallic particles
nto the matrix of a conducting polymer such as polyaniline
4,6] receives interest due to the electronic interactions between
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anoparticles and groups in the conducting polymer. As a
esult of molecular interactions, the electrocatalytic properties
f nanoparticles are significantly improved [7].

Gold nanoparticles anchored into certain substrates show
atalytic activity for many reactions [8,9]. In particular, Au
anoparticles protected via self-assembly in two- or three-
imensional lattices are showing promise for the construction of
anodevices and nanocircuits [10,11]. Since the report by Brust
t al. [12], Au nanoclusters covered by self-assembled monolay-
rs of alkanethiols have attracted the attention of many research

roups. Au nanoparticles were also found to have enhanced elec-
rocatalytic activities toward the electrochemical reduction of
ioxygen (O2) in acidic media [13,14], catalytic hydrogenation
f unsaturated alcohols and aldehydes [15] and low-temperature

mailto:algopal_99@yahoo.com
mailto:kplee@knu.ac.kr
dx.doi.org/10.1016/j.molcata.2006.05.027
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xidation of carbon monoxide [16]. While hydrophilic sub-
trates are ideally suited to anchor Au particles, carbon based
ubstrates require sufficient modifications prior to loading of
u nanoparticles. However, the process is tedious and involves
ultiple steps.
Glassy carbon (GC) electrodes are characterized by their high

hemical inertness as well as low oxidation rate in addition to
ow gas and liquid permeability [17]. These properties render
C electrode a suitable base for the loading of various metal

articles or polymer thin films. Such modified catalyst elec-
rodes are expected to have improved electrocatalytic activity
oward several electrochemical applications [18,19] in compar-
son to the bulk electrode. However, it is difficult to deposit

s
[

a

cheme 1. Fabrication of PATP-Aunano catalyst through a cyclic electrochemica
minothiophenol and (b) electrochemical steps for the sequential formation of Au0 n
alysis A: Chemical 256 (2006) 335–345

etal nanoparticles directly onto the GC electrode due to its
ydrophobic nature. Hence, an additional procedure is required
o immobilize nanocatalysts into these type of substrates to form
ne-dimensional (1D) or two-dimensional (2D) nanostructures
20]. Au nanoparticles deposited onto the solid supports exhibit
seful catalytic and electrocatalytic properties. Moreover, the
atalytic activity of Au nanoparticles significantly depends on
he sizes [21]. Recently, many studies related to size control of
u nanoparticles, their composition, and their self-assembly or
elf-organization into 2D and 3D structures have been reported
22,23].

Conducting polymers are known to have wide variety of
pplications like sensors [24], cathode material of a lithium

l process. (a) Formation of inclusion complex of �-cyclodextrin with 4-
anoparticles and poly(4-aminothiophenol) by cyclic voltammetry.
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econdary battery [25], electrocatalysts [26], microelectronic
evices [27], etc., due to their interesting electrochemical prop-
rties. The porous structure of the conducting polymer allows to
isperse the catalyst particles into the polymer matrix and gener-
te new catalytic and electrocatalytic sites [28,29]. Conducting
olymers with dispersed metal nanoparticles have shown prop-
rties of the individual components with a synergistic effect.

Various approaches have been developed for the fabrication
f electrocatalysts in the form of films [30]. Layer-by-layer
ethods are adopted extensively, which involve covalent bond-

ng [31], electrostatics [32,33] and ligand–metal ion–ligand
ridges [34]. However, these procedures of fabricating modified
atalyst electrodes require several steps. The method of fabrica-
ion of modified electrocatalysts in a single step through simulta-
eous deposition of the supporting layer and metal nanoparticles
n the solid surface is not yet reported.

In the present investigation, a novel electrocatalyst was pre-
ared by uniformly dispersing Au0 nanoparticles into in situ
enerated poly(aminothiophenol), PATP film via thiol interac-
ions. Cyclic voltammetry was used to deposit simultaneously
he film of PATP and Au0 nanoparticles in a sequential process
Scheme 1). Surface of GC was modified with this electrocata-
yst to fabricate a modified electrode, PATP-Aunano and the elec-
rocatalytic activity of the modified electrode toward ORR was
nvestigated. The PATP-Aunano possesses excellent electroactiv-
ty for ORR. Other electrochemical techniques such as double
otential chronoamperometry and rotating ring–disk electrode
ere employed to investigate the kinetic parameters of ORR on

he PATP-Aunano catalyst.

. Experimental

.1. Materials

�-Cyclodextrin (CD), 4-aminothiophenol (ATP), auric acid
nd sulfuric acid of analytical grades were used as received.
ouble-distilled water was used throughout the experiments.

.2. Formation of inclusion complex

The inclusion complex of CD with ATP was prepared by
dopting the procedure detailed in the literature [35]. In a typ-
cal synthesis of the inclusion complex, about 0.0626 g of ATP
as dissolved in 10 mL of ethanol and added to an aqueous solu-

ion containing 0.5676 g of CD in 40 mL of water. A homoge-
ous solution was obtained after stirring. After distilling off
he solvents under reduced pressure, a white powder, inclusion
omplex of �-cyclodextrin with 4-aminothiophenol (CD-ATP-
C) (Scheme 1a) was collected. The powder was washed with
cetone to remove the excess of ATP and dried to produce the
owder of CD-ATP-IC. The formation of inclusion complex was
scertained by FT-IR and 1H NMR spectroscopic measurements.
.3. Fabrication of PATP-Aunano catalyst

A suspension was prepared by dissolving 50 mg of the inclu-
ion complex (CD-ATP-IC) in 10 mL DMF. Five microliter of

t
s
e
a
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he suspension was dropped on the surface of the glassy carbon
GC) electrode and kept at 60 ◦C for 12 h to evaporate the solvent.
he electrode was washed with water and stored under nitrogen
tmosphere. Gold particles were electrochemically deposited
nto the GC/CD-ATP-IC electrode surface from 0.5 M H2SO4
olution containing 2.0 × 10−4 M HAuCl4 by applying a repet-
tive potential scan between 1.0 and −0.1 V (versus SCE) at a
can rate of 50 mV s−1 for ‘n’ cycles, (n was varied to deposit dif-
erent amount of Au0 particles). Poly(aminothiophenol) (PATP)
nd Au0 particles were simultaneously formed on the GC elec-
rode. Thus, the modified electrode (PATP-Aunano) was fabri-
ated. Formation of PATP-Aunano is illustrated in Scheme 1b.
ATP-Aunano with different Au0 loading were also fabricated.

.4. Characterization

The surface topography of the PATP-Aunano was examined
sing scanning probe microscopy, SPM (Digital Instruments;
anoscope Multimode) in the tapping mode with standard sil-

con nitride tips. X-ray photoelectron spectroscopy, XPS was
ecorded on VG Microtech and MT 500/L with a Mo K� X-
ay radiation as the X-ray source for excitation. The data were
btained at room temperature and the operating pressure in the
nalysis chamber was below 10−9 Torr with an analyzer pass
nergy of 50 eV. The resolution was 0.2 eV.

.5. Electrochemical measurements

The electrochemical experiments were carried out using
EG&G PAR electrochemical analyzer. The electrochemical

xperiments were performed in a standard single-compartment
lectrochemical cell that contained the PATP-Aunano as working
lectrode, SCE and platinum wire were used as reference and
uxiliary electrodes, respectively.

Cyclic voltammograms (CVs) were recorded between +1.0
nd 0 V versus SCE at a scan rate of 50 mV s−1 in O2 or Ar
aturated 0.5 M H2SO4 solution. Double potential chronoam-
erograms were obtained by setting the first and second working
lectrode potential at 800 and 0 mV (versus SCE), respectively.
n the case of rotating ring–disc electrode (RRDE) measure-
ents, a platinum ring and PATP-Aunano modified GC as disc

lectrode were used.

. Results and discussion

.1. Fabrication of PATP-Aunano catalyst electrode

Electrocatalytic Au0 nanoparticles loaded GC modified elec-
rode assembly, PATP-Aunano catalyst (designated as PATP-
unano), was fabricated by the methodology represented in
cheme 1. Generally, it is difficult to deposit Au0 particles onto
bare GC electrode. A supporting matrix is required to anchor
u0 particles on the surface of GC. Toward this, an electroac-
ive polymer film can be deposited onto the surface of GC and
ubsequently Au0 particles can be deposited over the film of
lectroactive polymer in a separate step. Otherwise, to fabricate
Au0 modified catalytic GC electrode, two independent elec-
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rochemical processes are needed. The modified electrode thus
ormed would have two layers; a supporting layer for anchor-
ng Au0 particles and a layer of Au0 particles. Unless a strong
lectrostatic binding exists between Au0 particles and the sup-
orting layer, the bilayer modified Au0 electrocatalyst may not
e compatible under electrochemical operations. Hence, it is
ssential to have a supporting matrix on GC that would disperse
nd anchor Au0 particles.

In the present study, we have used an electrochemical tech-
ique, cyclic voltammetry, for the simultaneous formation of
lm of an electroactive polymer and deposition of Au0 nanopar-

icles onto the surface of GC. The electroactive film PATP was
ormed by the oxidation of ATP present in the layer of CD-ATP-
C on the surface of GC and Au0 particles were deposited by the
eduction of HAuCl4 from the electrolyte solution (Scheme 1).
urther, Au0 particles in the electroactive films are stabilized

hrough interactions with –SH groups (Scheme 1). Importantly,
he electroactive polymer film, PATP was in situ formed as a
lm on the surface of GC electrode and Au0 nanoparticles are
tabilized and anchored into the film to obtain the novel elec-
rocatalyst, PATP-Aunano. The electrochemistry involved in the
ormation of PATP-Aunano is described below.

CD-ATP-IC coated GC electrode was kept in a solution con-
aining 2.0 × 10−4 M HAuCl4 (in 0.5 M H2SO4) and cyclic
oltammograms were recorded by scanning the potential from
100 to 1000 mV at a scan rate of 50 mV s−1 (Fig. 1). Interest-

ngly, during the anodic potential scan, two peaks were observed,
t 0.67 and 0.90 V, with the increase in peak current with number
f potential cycles. The two peaks signify the formation of a layer
f PATP on the surface of the GC electrode. During the cathodic
otential, two peaks were observed at ∼0.87 and ∼0.40 V. The
nitial broad peak at 0.87 V is attributed to the reduction of
dsorbed AuCl4− ions to Au0 [36]. These observations clearly
uggest the successive formation of film of conducting polymer
nd incorporation of Au0 particles. As a result, the PATP-Aunano
atalyst was fabricated.

It must be noted that electropolymerization of a solution of

TP did not give any electroactive film. Hence, we propose the
echanism of modification of GC electrode with simultaneous

ormation of electroactive polymer film, PATP and Au0 particles
s follows. ATP may have adequate configuration to convert

e
a
r
A

Fig. 2. SPM images of GC/CD-ATP-IC
ig. 1. Cyclic voltammograms of CD-ATP-IC coated GC electrode in the 0.5 M

2SO4 solution containing 2.0 × 10−4 M HAuCl4 (inset shows the first cycle);
can rate: 50 mV s−1.

nto PATP when it is present as a self-assembled layer on the
at surface or Au0 atoms [37]. Hence, in the present study, the
elf-assembly of ATP was hastened by anchoring the inclusion
omplex, CD-ATP-IC over Au atoms (Scheme 1).

The peaks observed at 0.67 and 0.90 V in CVs (Fig. 1) cor-
esponding to the fabrication of PATP-Aunano are assigned to
he formation of polaronic and bipolaronic structures of PATP.
hus, we have fabricated a modified catalyst electrode in which
u0 particles are dispersed without any agglomeration through
rotection by –SH groups in PATP. Interestingly, we have used
yclic voltammetry to deposit simultaneously the PATP having
SH groups (during anodic potential scans) and Au0 particles
during cathodic potential scan) on the surface of GC electrode.

Scanning probe microscopic (SPM) measurement reveals the

xistence of Au nanoparticles in the PATP-Aunano. Fig. 2a
nd b show the SPM images of CD-ATP-IC and PATP-Aunano,
espectively. A relatively high-coverage of ordered monolayer of
u0 nanoparticles without agglomeration was found on PATP-

(a) and PATP-Aunano catalyst (b).
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Fig. 3. XPS spectra of PATP-Aunano catalyst showing (a) the Au(4f

unano with an average size of Au0 as ∼10–15 nm (Fig. 2b).
PS spectrum of PATP-Aunano (Fig. 3) confirms the presence
f Au0 nanoparticles. The XPS spectrum of PATP-Aunano shows
he presence of sulfur (S 2p) and nitrogen (N 1s) peaks at 187.2
nd 392.1 eV, respectively. The peaks centered at 83.1 (4f 7/2)
nd 87.5 eV (4f 5/2) are the signature of Au0 nanoparticles that
xist on PATP-Aunano [38].

Further, catalyst electrodes were fabricated by loading dif-
erent amounts of Au0 nanoparticles (15–93 �g cm−2) into the
ATP-IC matrix. True surface area, rugosity factor, specific
urface area and the size of the Au0 nanoparticles on the PATP-
unano catalyst with different loadings of Au0 particles were
etermined (Table 1). The specific surface area (cm2 �g−1) of

he catalyst particles was calculated by using the relation,

= 100Arsa

WAgsa

t

i
h

able 1
hysical characteristics of PATP-Aunano catalyst with different Au0 loadings

u loading (�g cm−2) aReal surface area of
Au loading (cm−2)

Rugos

5 0.63 8.91
2 0.82 11.59
5 0.98 13.86
8 1.32 18.67
3 1.54 21.78

a As estimated from the charge consumed for the reduction peak of the surface o
eported value of 400 �C cm−2 [39–41].
nd Au(4f 5/2) double peaks and (b) S(2p) peak and (c) N(1s) peak.

here Arsa is the real surface area (as estimated from the charge
onsumed for the reduction process of the surface oxide mono-
ayer (the peak at ∼920 mV in Fig. 4 and using a reported
alue of 400 �C cm−2 [39–41]), Agsa the geometric surface area
Agsa = 0.0707 cm2) and W (in �g cm−2) is the amount of Au0

oading. The rugosity factor is the ratio of Arsa to Agsa. Assum-
ng spherical particles of similar radius, the mean particle size
f Au0 particles, d (in nm) was calculated from the following
quation:

= 6000

ρS

here ρ is the density of Au0 particle (ρ = 19.3 g cm−3) and S is

he specific surface area (in cm2 �g−1).

The PATP-Aunano has shown excellent electrocatalytic activ-
ty for the reduction of dioxygen and the details are presented
ere.

ity factor Specific surface
area (cm2 �g−1)

Particle size (nm)

59.40 5
36.21 9
25.20 12
23.93 13
23.41 13

xide monolayer of Au0 nanoparticles, the peak at ∼920 mV in Fig. 4 using a
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Fig. 5. Cyclic voltammograms of (A) PATP-Aunano and (B) bare GC electrodes
in (i) O2 and (ii) Ar saturated 0.5 M H2SO4 electrolyte, respectively; (C) CVs of
P
e

–
g
A
–
P
f

e
C
t
s
from the current values noticed in O saturated electrolyte. The
ig. 4. CV response of PATP-Aunano in N2 saturated 0.5 M H2SO4 electrolyte
ith different Au0 loadings (a) 32, (b) 55, and (c) 93 �g cm−2.

.2. Electrocatalytic reduction of dioxygen on the
ATP-Aunano

Electrocatalytic activity of the PATP-Aunano for oxygen
eduction reaction (ORR) was ascertained by recording cyclic
oltammograms for the O2 saturated 0.5 M H2SO4 solution.
oltammetric results clearly demonstrated the excellent elec-

roactivity of PATP-Aunano for ORR in comparison to the
nmodified GC electrode. Fig. 5A (i and ii) shows the CVs of the
ATP-Aunano in O2 saturated and Ar saturated solutions, respec-
ively. A peak at ∼430 mV was observed for the PATP-Aunano
or ORR during the cathodic scan of potential (Fig. 5A; line
i)). Comparatively, a reduction wave at ∼300 mV was noticed
or ORR on the unmodified GC electrode (Fig. 5B; line (i)). An
ncreased current was also observed at ∼430 mV for the O2 sat-
rated solution. Thus, an enhanced electrocatalytic activity was
oticed for PATP-Aunano over the unmodified GC electrode with
positive shift of the O2 reduction potential from 300 to 430 mV
nd an increase in the current for ORR (Fig. 5A). It is to be noted
hat a more positive potential for the reduction of O2 and a higher

2 reduction current are the two essential requirements for the
atalysts to find utilities in fuel cell applications. The PATP-
unano also exhibited a lower onset potential for ORR than that

eported (0 mV) for (Aunano/CoTMPyp)6 multilayer films [42].
The enhanced catalytic activity of the PATP-Aunano for ORR

s expected to arise from the small (∼10 nm) crystallite sizes
f Au0 nanoparticles and fine distribution of Au0 nanoparticles
n the surface of PATP film via the formation of Au0 parti-
les through self-assembly configuration (Scheme 1). Small size
∼10 nm) and uniform distribution of Au0 nanoparticles are evi-
ent from SPM topography (Fig. 2b).
A high surface area is therefore expected due to the uni-
orm distribution of Au0 nanoparticles. During electrolysis of
AuCl4, Au0 nanoparticles are preferentially anchored on the

v
d
f

ATP-Aunano catalyst with different Au0 loadings in O2 saturated 0.5 M H2SO4

lectrolyte; (a) 15, (b) 32, (c) 55, (d) 78 and (e) 93 �g cm−2.

SH sites (Scheme 1). As a result, the interaction between –SH
roups in PATP and Au0 nanoparticles prevents aggregation of
u0 nanoparticles. Attachment of Au0 nanoparticles on to the
SH groups is well known [43–46]. We have also fabricated
ATP-Aunano catalysts with different loadings of Au0 and tested
or their electrocatalytic activity towards ORR.

Fig. 5C shows the CVs of the PATP-Aunano with differ-
nt Au0 loadings (15–93 �g cm−2) in O2 saturated solution.
urrent–potential profiles were generated after making correc-

ions for the background current. The correction was executed by
ubtracting the peak current values recorded in Ar atmosphere
2
oltammograms recorded for ORR on the PATP-Aunano with
ifferent Au0 loadings illustrate a shift in reduction potential
or ORR with an increase of Au0 loading. This infers that over-
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otential for ORR decreases and the catalytic activity increases
ith the increase of Au0 loading [47].
The kinetics and reaction mechanism of ORR on the PATP-

unano were investigated through chronoamperometry and
ydrodynamic voltammetric experiments and the details of
nvestigation are presented below.

.3. Chronoamperometry

To get an insight into the dynamics of charge transport on the
atalyst electrodes, we have performed a series of chronoam-

erometry (double potential step) experiments. Fig. 6a shows
he chronoamperograms obtained for the PATP-Aunano catalyst
ith different Au0 loadings in the presence of O2. In these

ases, first and second working electrode potentials were set

ig. 6. (a) Chronoamperograms obtained at PATP-Aunano for O2 saturated 0.5 M

2SO4 electrolyte by the double potential-step technique with different amount
f Au0 (i) 15, (ii) 32, (iii) 55, (iv) 78 and (v) 93 �g cm−2 and (b) dependence of net
urrent (I) on t1/2 derived from the data of double potential chronoamperometry
n the presence of O2.
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s 800 and 0 mV (versus SCE), respectively. The effective
apparent) diffusion coefficient was estimated from the slopes
f dependencies of net electrolysis current (I) versus square root
f time (t1/2) and using the integrated Cottrell equation [48,49];

= nFAD1/2 co

π1/2t1/2

he slope of the plot is nFAD1/2co/π1/2 where n is the number of
lectrons transferred, F the Faraday constant (96484 C mol−1), A
he electrode surface area, co the bulk concentration, and D is the
iffusion coefficient (cm2 s−1). Based on Cottrell’s equation, the
lots of net current, I versus t1/2 for different Au0 loadings were
rawn (Fig. 6b). The plot of I versus t1/2 is a straight line (Fig. 6b)
assing through the origin. The slope of the line gives D as
.82 × 10−5 cm2 s−1. The D value obtained for the PATP-Aunano
atalyst is comparable with the reported values [50,51]. A value
f 1.64 × 10−5 cm2 s−1 for D was reported for ORR on a GC
lectrode modified by anthraquinone substituted podands [50].

value of D in the order of 10−5 cm2 s−1 was reported for pal-
adium particles dispersed in conducting polymer matrix [51].

The catalytic rate constant (k) for the ORR on the PATP-
unano was calculated using the method proposed by Galus [52]

nd using

Icat

Il
= γ1/2

[
π1/2erf(γ1/2) + exp(−γ)

γ1/2

]

here Icat is the catalytic current of ORR on the PATP-Aunano, Il
he limiting current in the absence of O2, and γ = kcot (co is the
ulk concentration of O2) is the argument of the error function.
hen γ exceeds 2, the error function is almost equal to 1 and

herefore the above equation can be reduced to;

Icat

Il
= γ1/2π1/2 = π1/2(kcot)

1/2

here t is the time elapsed. The slope of Icat/Il versus t1/2 plot
ives k as 3.65 × 103 M−1 s−1. The rate constant for ORR on
he PATP-Aunano catalyst is higher than the one obtained at
1 1–1 0 0 nanofaceted platinum surface (2.3 × 102 M−1 s−1)

53].

.4. RDE and RRDE experiments

Kinetics of ORR was followed by using RDE assembly in
hich the saturation level of O2 supply to the surface of the elec-

rode was varied by altering the rotation speed of the electrode.
he solubility of O2 (2.293 × 10−5 mol fraction [54] at room

emperature in aqueous electrolytes) is quite low for studying
he kinetics of ORR in a stationary hanging-meniscus assem-
ly. Hence, we have employed RDE experiments to follow the
inetics of ORR. Fig. 7 shows the hydrodynamic voltammo-
rams recorded at 800 rpm for the ORR on the PATP-Aunano
ith various Au0 loadings (15–93 �g cm−2). The current for
RR on the disk electrode commences at ∼0.9 V and reaches a
imiting value around 0.6 V. The limiting current increases with
ncreasing Au0 loadings from 15 to 93 �g cm−2. The increase
n current for ORR is attributed to arise from the increase active
urface area of the catalyst (Table 1).
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Fig. 7. j(E) polarization curves for PATP-Aunano in O2 saturated 0.5 M H2SO4
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Table 2
Kinetic parameters for the ORR on the PATP-Aunano electrode with different
Au0 loadings

Au loading
(�g cm−2)

Limiting current
density (mA/cm−2)

Tafel slope
(mV/decade)

Exchange current
density (�A/cm−2)

15 1.9 120 2.86
32 2.1 112 3.45
55 3.8 116 4.89
7
9

q
1
T
t

A
i
f
l
T
r
parameters, jl, jo and b obtained for the PATP-Aunano with dif-
ferent Au0 loadings are presented in Table 2.

The Levich plot (Fig. 9a, current density versus ω1/2) for ORR
on the PATP-Aunano is linear and suggests that ORR is a diffusion
lectrolyte for different Au0 loadings in the presence of O2 (a) 15, (b) 32,
c) 55, (d) 78 and (e) 93 �g cm−2 (ω: 800 rpm; temperature = 25 ◦C; scan
ate = 1 mV s−1).

In order to determine the kinetic parameters of ORR on the
ATP-Aunano catalyst, polarization curves were recorded for dif-
erent electrode rotation rates (ω) between 50 and 1000 rpm.

ig. 8 shows the polarization curves of ORR on the PATP-
unano (Au0 loading: 78 �g cm−2) recorded for different rota-

ion rates. The current–potential profiles were recorded under

ig. 8. j(E) polarization curves at different rotation rates ω recorded for PATP-
unano in O2 saturated 0.5 M H2SO4 electrolyte; (a) in the absence of O2 and

b–l) at different rotating rates in presence of O2; (b) 50, (c) 100, (d) 200, (e)
00, (f) 400, (g) 500, (h) 600, (i) 700, (j) 800, (k) 900, and (l) 1000 rpm; (Au0:
8 �g cm−2; temperature = 25 ◦C; scan rate = 1 mV s−1) (inset shows the Tafel
lot).

F
c
a
O

8 4.5 128 6.87
3 7.2 135 9.24

uasi-stationary conditions by scanning the potential between
.1 and 0.0 V versus SCE with a slow scan rate of 1 mV s−1.
he limiting current for ORR increases with the rotation rate in

he range from 50 to 1000 rpm.
Further insight into the kinetics of the ORR on the PATP-

unano was deduced from the analysis of Tafel plots (Fig. 8;
nset) derived from RDE. The plot of current density, jk as a
unction of the electrode potential E was used to determine the
imiting current density, jl. The slope, ‘b’, was obtained from the
afel plot (E versus ln[jk/(jl − jk)]). The intercept at the equilib-
ium potential gives the exchange current density, jo. The kinetic
ig. 9. (a) Levich plot and (b) Koutecky–Levich plot of the kinetic limiting
urrents of the voltammograms. The solid lines is from the experimental data
nd the dashed lines are from the calculated data considering the reduction of

2 by four and two electrons, respectively.
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at the RRDE with the PATP-Aunano modified GC disk elec-
trode. The disk potential was scanned from 1.1 to 0 V, while
the ring potential was kept at 1.0 V to oxidize the H2O2 gener-
ated by O2 reduction on the disk electrode. A large disk current
A.I. Gopalan et al. / Journal of Molecula

ontrolled process on the PATP-Aunano catalyst. Fig. 9a also
eveals that ORR on the PATP-Aunano catalyst is a four electron
rocess and this observation coincides with the theoretical line
xpected for the four-electron reduction of O2.

Koutecky–Levich (KL) law is valid for a first-order process
ith respect to the diffusing species [55], and the current density,
is related to the rotation rate (ω) according to [56,57],

1

j
= 1

jk
+ 1

Bω1/2

here B is the Levich slope and are given by:

k = nFAkCO2

= 0.62nF (DO2 )2/3ν−1/6CO2

here DO2 is the diffusion coefficient of dioxygen (7.82 ×
0−5 cm2 s−1), CO2 the solubility of dioxygen (1.03 ×
0−3 mol dm−3), ν the kinematic viscosity (1.07 ×
0−2 cm2 s−1) for sulfuric acid, A the area of the elec-
rode, F the Faraday constant, and n is the number of electrons
ransferred per molecule of O2.

Information on the reaction paths of ORR was also obtained
rom the KL plot. In general, the electrode potential that was
elected to perform KL analysis, (jk)−1 was obtained from the
ntercept of the KL plot by extrapolating the ordinate to infinite
requency.

The KL plots for the electrocatalytic ORR on the modified
otating-disk electrodes are presented in Fig. 9b. The linearity
nd parallel nature of the plot is usually taken as an indica-
ion of the first order reaction with respect to dissolved O2. At
igh polarizations, slopes over a wide frequency interval is fit-
ed with the calculated behavior of n = 4. Through this process,
t was identified that the number of electrons involved in ORR
s four that is consistent with the Levich analysis (Fig. 9a). For
olutions saturated with oxygen, B depends exclusively on the
umber of electrons (n) consumed per oxygen molecule. In gen-
ral, the mixed reaction paths are often observed for the reaction
nvolving non-integer number for number of electrons. We have
oticed a value close to four for number of electrons that indi-
ates a single step process for ORR. These results therefore
onfirm that overall ORR is a four electron process and is given
y,

2 + 4H+ + 4e− → 2H2O

t is known [58] that the direct 4e− path for ORR is favored
n surfaces that enable the dissociation of adsorbed O2, i.e.
n the cases when adsorption forces are equally distributed to
oth oxygen atoms. If one atom of a molecule is more strongly
onded than the other, the dissociation is aggravated and the
ndirect, 2e− reduction path is favored. A 2e− reduction path
or ORR was reported for a Au-CoTMPyP modified GC elec-
rode [42]. Earlier reports indicated that differences in the surface
tructure of the nanoparticles may influence the electrocatalytic

ehavior of the nanoparticles. Surface structure of the nanopar-
icles is decided by the modifier used during the preparation of
he nanoparticles and the electrochemical ORR occurs accord-
ngly on the catalyst surface [60]. Hernandez et al. [60] used

F
H
7

alysis A: Chemical 256 (2006) 335–345 343

he adsorbates such as iodide and sulfide (surface modifiers)
uring the synthesis of Au nanoparticles. Iodide induces the
ormation of (1 1 1) or (1 0 0) facets Au, whereas sulfide induces
1 1 0) facet Au. A four electron path for ORR was predomi-
ant on the Au(1 0 0) surface, whilst, the number of electrons
or the ORR was found to be two on the Au(1 1 0) surface [60].
n the case of the Au-CoTMPyP modified GC electrode [42],

[tetrakis(N-methylpyridyl)porphyrinato] cobalt (CoTMPyP)
nion was used during the formation of Au nanoparticles and
2e− for ORR was witnessed. In the present study, it is pre-

umed that Au nanoparticles are distributed in the network of
ATP, a conducting polymer. Hence, the observed 4e− path for
RR is presumably due to the presence of PATP as a modifier

or Au nanoparticles.
In the present study, adsorption forces of both oxygen atoms

ay be considered equally distributed onto the catalytic surface
f Au0. The electrocatalyst predominantly favors the formation
f water than hydrogen peroxide through the 4e− path. A similar
e− reduction path for ORR was reported for the Au0 nanopar-
icles prepared in the presence of cysteine [59]. A 4e− reduction
ath was reported for the ORR on Au0 nanoparticles synthesized
n a water-in-oil microemulsion with potassium iodide [60].

Rotating GC electrode, modified with PATP-Aunano as disk
nd platinum ring electrode were used to carry out RRDE experi-
ents. Quantity of H2O2 that was generated during the reduction

rocess of O2 on the rotating disk electrode was determined.
his provides further supports for the effectiveness of the cata-

yst for the proposed four-electron reduction of dioxygen. Fig. 10
hows the voltammetric curves for dioxygen reduction, recorded
ig. 10. Current–potential curves for the O2 reduction in O2 saturated 0.5 M

2SO4 electrolyte at PATP-Aunano modified GC rotating disk electrode (Au0:
8 �g cm−2) and platinum ring electrode at ω = 100 rpm; ER = 1.0 V vs. SCE.
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as observed for the PATP-Aunano modified GC disk electrode
Fig. 10). The ratio of the ring to disk current, iR/iD, is found
o be 0.005 for the modified electrode. From the ratio of the
ing–disk currents, the number of electrons involved in ORR is
ound to be 4 [61], which is consistent with the values obtained
rom the Levich and KL plot.

Taking into account that the rates of formation of H2O2 and
2O are iR/N and iD − iR/N, respectively, the formation effi-

iency of H2O was estimated as follows [62];

(H2O) = N(iD/iR) − 1

N(iD/iR) + 1

From the value of iR/iD, the efficiency of H2O formation
or the PATP-Aunano catalyst was found to be 92%. This result
ndicates that the reduction of dioxygen on the PATP-Aunano
atalyst mainly supports the 4e− pathway to produce a high
ield of H2O.

.5. Stability of PATP-Aunano catalysts

We checked the stability of the PATP-Aunano electrode by
easuring the current response of the catalyst for ORR for few

ays by storing the electrode in the electrolyte solution at 25 ◦C.
here was no apparent decrease in the current response for the
rst 2 days. In the next 2 days, a decrease of 3% of its initial value

n the current response was noticed. After a week, a decrease of
% in current response was witnessed. The results demonstrate
he good stability of PATP-Aunano.

. Conclusions

New catalysts comprising of gold nanoparticles uni-
ormly distributed into conducting poly(aminothiophenol),
ATP matrix are developed by cyclic electrochemical process
nd a modified electrode was fabricated. The PATP-Aunano cat-
lyst electrode has an enhanced electrocatalytic activity for
xygen reduction reaction and proves to be promising for its
tility in fuel cells, O2 sensor, etc. Importantly, the PATP-
unano catalyst can be formed on any substrate (hydrophobic

glassy carbon), hydrophilic (indium tin oxide) or electroactive
embranes) using the methodology developed in the present

nvestigation. Further, PATP-Aunano catalysts are expected to
nd useful for other electrochemical or chemical reactions.
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