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Abstract A highly active electrocatalyst has been developed
based on poly(p-aminophenol) polymer film modified with
Pt-Au bimetallic particles on a glassy carbon electrode (Pt-
Au/PPAP/GCE) for electrocatalytic reduction of oxygen.
The surface morphology and chemical analyses of the modi-
fied electrodes have been revealed by scanning electron mi-
croscopy (SEM), transmission electron microscopy (TEM),
energy-dispersive X-ray spectroscopy (EDX), and
electrochemical impedance spectroscopy (EIS). The Pt-Au/
PPAP/GCE has shown the best electrocatalytic activity
towards O2 reduction in comparison to the other used
electrodes. The rotating disk electrode (RDE) studies have
indicated that the oxygen reduction reaction takes place via
almost four electrons on the Pt-Au/PPAP/GCE.
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Introduction

Higher catalytic active surfaces for both cathodic and anodic
compartments have been extensively studied in order to de-
velop an effective energy converter system in fuel cells. The
electrochemical reduction of oxygen is an important reaction

not only for electrochemical energy systems but also for in-
dustrial process, e.g., hydrogen peroxide synthesis, metal-air
batteries, and gas sensors [1–4]. The pathway of oxygen re-
duction reaction is greatly influenced by the supporting elec-
trolyte and the electrode material composition [5–7]. The most
efficient pathway is direct four-electron reduction of molecu-
lar oxygen to water. Two-electron reduction process at two
different potentials on bare electrode surface is reported to
be a less efficient pathway [8–10]. The sluggish kinetics and
thereby the high overpotentials for oxygen reduction reaction
(ORR) have enabled the current uses of noble metals such as
platinum, palladium, and bimetallic/intermetallic composi-
tions as the electrocatalysts to accelerate the reduction kinetics
[11–13]. Generally, platinum and other precious metals have
been widely used to accelerate the kinetics of the ORR in fuel
cell applications as electrocatalysts [14–18]. These materials
show high electrocatalytic activity with a high cost. Therefore,
researchers have been focused to find out alternative catalyst
materials in order to solve high cost disadvantages. Recently,
precious metal-free materials have been studied for the reduc-
tion of oxygen, but only a few materials (copper, cobalt, man-
ganese, etc.) showed electrocatalytic activity towards this re-
action with an unstable surface [4, 9, 19–21]. The second
option to minimize high cost problems is to use a small
amount of metal particles of precious metals. The bimetallic
formation of Au and Pt particle-modified electrodes have
shown higher electrocatalytic activity for both reduction of
oxygen molecule and oxidation of many organic and inorgan-
ic compounds by keeping their own properties in the presence
of electroactive compounds and supporting electrolytes. In
addition to this, oxygen reduction can be observed by trans-
ferring four electrons on bulk Pt catalysts. The positive elec-
trocatalytic effect towards oxygen reduction reaction can be
obtained with Au-Pt metallic surface due to synergetic effect
between Au and Pt [22–26].
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Metal particles on the surface of the bare electrode are
fragile and can easily be agglomerated. To overcome this
problem, the bare electrode surface is covered with some sta-
bilizing porous substances such as carbon nanotubes and con-
ductive polymers and then the metal particles are deposited on
the modified electrode surfaces. At this point, the porous
structure of the conducting polymer, nanotubes, or other con-
ductive materials provide a homogeneous dispersion of the
metal particles on the surface and constitute adjunct electro-
catalytic sites [14, 27]. Metal particle-modified conducting
polymer film electrodes have been studied for electrocatalytic
applications in oxygen reduction reaction. The performance of
the electrocatalytic activity of the modified metal-polymer
composite structures such as carbon supported Co-
polypyrrole film electrode [28], platinum deposited poly(4-
amino-3-hydroxynaphthalene sulfonic acid) GCE [14], gold
nanoparticles dispersed into poly(aminothiophenol) film elec-
trode [29], Pt dispersed on chemically prepared poly(3,4-
ethylenedioxythiophene)/poly(styrene-4-sulfonate) film elec-
trode [30], poly(p-aminobenzene sulfonic acid)-modified
glassy carbon electrode [31], CuxMn3 − x O4 particles modi-
fied polypyrrole composite electrode [32] were enhanced. To
our knowledge, the electrochemical reduction of oxygen on
Au-Pt bimetallic particle-modified poly(p-aminophenol) com-
posite electrode has not been reported yet.

In the present study, the electrocatalytic activity of Pt-Au
bimetallic particles modified poly(p-aminophenol) composite
electrode (Pt-Au/PPAP/GCE) was used for oxygen reduction
in alkaline solutions. Au and Pt metal particles were generated
ex situ on poly(p-aminophenol) film-modified GCE with cy-
clic voltammetry (CV). The characterization of these elec-
trodes was performed by using SEM, TEM, EDX, and EIS.
The electrocatalytic activity of bimetallic particle-modified Pt-
Au/PPAP/GCE towards oxygen reduction reaction (in 0.1 M
NaOH solution) was also compared with bare GC, PPAP/GC,
monometallic Au, and Pt particle-modified PPAP/GC
electrodes.

Experimental

Reagents

The p-aminophenol and sodium dodecyl sulfate (SDS) were
purchased from Sigma. NaOH used as an electrolyte was ob-
tained from Raidel De Haen. HNO3, HCl, and HClO4 were all
in ultra-pure grade, purchased from Merck. Chloroauric acid
solution was prepared by dissolving Au wire (99.999 % in
purity, Tanaka Kikinzoku Kogyo Co., Ltd.) in a mixture of
concentrated HNO3/HCl (volume ratio of 1:3). K2PtCl6 was
purchased from Sigma and used to prepare solutions for the Pt
particle formation on PPAP/GCE. All solutions were prepared
using ultra-pure water (Milli-Q 18.2 MΩ cm, Millipore

System Inc.). All experiments were performed in an oxygen-
free solution under high-purity N2 gas atmosphere.

Apparatus

Voltammetric measurements were carried out using a BAS
100B/W voltammetric analyzer (Bioanalytical Systems, Inc.)
including three-electrode system. Depending on the specific
test, various stationary or rotating disk electrodes were used as
working electrodes, such as bare GCE, PPAP/GCE, Au/PPAP/
GCE, Pt/PPAP/GCE, and Pt-Au/PPAP/GCE. In the present
study, a platinum wire was used as the auxiliary electrode
and Ag/AgCl sat.KCl were preferred as the reference elec-
trode. Electrochemical impedance measurements were real-
ized by Autolab 302N. The SEM/EDX measurements were
performed using the Phillips XL-30S for the characterization
of polymer film and metal particles on the electrode surfaces.
Transmission electron microscopic (TEM) images were ob-
tained using a JEOL JEM-2100 microscope. X-ray photoelec-
tron spectroscopy (XPS) spectra of the bimetallic Pt-Au par-
ticles deposited on PPAP/GC electrodes were collected via a
Thermo Scientific spectrometer with K-Alpha surface
analysis.

Preparation of poly(p-aminophenol)-modified glassy
carbon electrode

The GCE was polished with Al2O3 slurry and then sonicated
subsequently in a 1:1 ultra-pure water and ethanol for 5 min,
respectively. The poly(p-aminophenol) film on the GCE sur-
face has been formed using cyclic voltammetry by changing
current-potential cycling number in the presence of
0.5 mol L−1 aqueous HClO4 solution containing
5.0 mmol L−1 PAP in the presence of 5.0 mmol L−1 SDS.
The obtained PPAP/GCE was rinsed with distilled water sev-
eral times to remove the remaining PAP adsorbed on the sur-
face of the electrode [33, 34].

Preparation of Pt-Au-doped poly(p-aminophenol)
-modified glassy carbon electrode

The electrochemical deposition of Au and Pt metal particles
were performed by using cyclic voltammetry in 1.0 mmol L−1

HAuCl4 and K2PtCl6 on the PPAP/GCE in 0.10 mol L−1 HCl
solution. The electrodeposition of Au and Pt particles was
carried out by increasing current-potential cycling number.
The potential scan was started from 0.10 to −0.90 V for ca-
thodic scan and from −0.90 to 0.10 V for anodic scan for Au
deposition, whereas the scan was made from 0.80 to −0.90 V
for cathodic scan and from −0.90 to 0.80 V for anodic scan for
Pt deposition.
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Results and discussion

Preparation of the modified electrodes

The consecutive cyclic voltammograms of p-aminophenol
(PAP) for electropolymerization on GCE have shown a good
agreement with previous works [33, 34]. An anionic dopant,
SDS, was used to increase the conductivity of polymer.
Figure 1a shows the consecutive CVs for the preparation of
Au particles in 1.0 mmol L−1 HAuCl4 + 0.1 mol L−1 HCl on
the PPAP/GCE in the potential range of 0.1 to −0.9 V at
50 mV s−1 for 10 cycles. In the first cycle, a reduction peak
has appeared at −0.5 V corresponding to the reduction of Au3+

ions to Au0. The peak currents increased depending on the
current-potential cycle number. Pt particle-modified Au/
PPAP/GC electrode was prepared in 1.0 mmol L−1

K2PtCl6 + 0.1 mol L−1 HCl by the same method in the poten-
tial range of 0.8 to −0.9 V (Fig. 1b). Two reduction peaks of

Pt4+ ions have appeared at −0.2 and −0.8 V corresponding to
the reduction of Pt4+ ions to Pt0 via a two-step reduction reac-
tion. The peak currents of reduction peaks have not changed
as cycle number increased. Finally, Pt-Au/PPAP/GC elec-
trodes were obtained using the procedure mentioned above.

Evaluation of electroactive surface area

The electroactive surface areas of the working electrodes
(GCE, PPAP/GCE, Au/PPAP/GCE, Pt/PPAP/GCE, Au-Pt/
PPAP/GCE, and Au-Pt/GCE) were obtained by the measure-
ment of the peak current at a different scan rate using the
Randles-Sevcik equation using cyclic voltammetry in
1.0 mmol L−1 K4Fe(CN)6 + 0.1 mol L−1 KCl solution [35,
36]. The dependence of peak current Ip on the scan rate ν

1/2 is
described by the Randles-Sevcik equation:

Ip ¼ 2:69� 105
� �

n3=2AD1=2C*v1=2 ð1Þ

where n represents the number of electrons participating in the
redox reaction, v is the scan rate of the potential perturbation
(V/s), A is the area of the electrode (cm2), D is the diffusion
coefficient of the molecules in the solution (cm2/s), C* is the
concentration of the probe molecule in the bulk solution
(mol cm−3), and Ip is the peak current of the redox couple.
In the equation, the effective surface area (A) can be calculated
from the value of Ip/v

1/2 since D, n (n = 1), and C*
(1.0 mmol L−1) are constant values. The diffusion constant
value at 25 °C (D = 6.7 × 10−5 cm2 s−1) was obtained from
the literature data [37]. At all electrodes, the Ip increases line-
arly with the increasing of the square root of the potential scan
rate (v1/2), which suggests that the reactions occurring on the
modified electrode were nearly reversible. From the slope of
the linear graph, the electroactive areas of the GCE, PPAP/
GCE, Au/PPAP/GCE, Pt/PPAP/GCE, Pt-Au/PPAP/GCE, and
Au-Pt/GCE were calculated to be 0.056, 0.075, 0.101, 0.062,
0.230, and 0.077 cm2, respectively. Obviously, when the
glassy carbon electrode surface was modified with polymer
and metal nanoparticles, the electroactive surface area in-
creases and hence the electron transfer was promoted for ox-
ygen reduction which proved increasing of peak current and
positively shifting of oxygen reduction potential.

Characterization of the modified electrodes

Figure 2 shows the SEM images of bare GCE, PPAP/GCE,
and PPAP/GCEs modified with Au and Pt metal particles. A
smoother electrode surface obtained at bare GCE is observed
(Fig. 2a). The formation of PPAPwas noticed on the electrode
surface (Fig. 2b). As seen in Fig. 2c, d, bright Au particles and
Pt particles were formed, were dispersed homogeneously, and
were decorated to the polymer film electrode surface.
Figure 2e shows the SEM image of PPAP/GCE after Pt-Au

Fig. 1 The PPAP/GC electrode modified with a Au particles in N2-sat-
urated 1.0 mmol L−1 HAuCl4 and b Au/PPAP/GC electrode modified
with Pt particles in 1.0 mmol L−1 K2PtCl6 by repeating the potential scan
at 0.05 V s−1 for ten cycles
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electrodeposition. A typical EDX spectrum obtained from the
surface of Pt-Au/PPAP/GC electrode was presented in Fig. 3f
which confirmed the presence of Au and Pt particles decorated
on PPAP/GCE.

Figure 3 shows the TEM image of the Pt-Au/PPAP com-
posite, which clearly demonstrates that the formed Pt-Au par-
ticles were dispersed as roughly in a spherical and triangular
shape in diameters ranging from 15 to 25 nm as shown in
Fig. 3. On the other hand, comparison of SEM and TEM
images indicated that the metal particles’ diameter was not
the same due to the dissimilar preparation of SEM and TEM
sample procedures. In the SEM measurements, the electro-
chemically prepared modified surface can be directly

monitored by the SEM system without any additional opera-
tion, so the original electrode surface was protected. But in the
case of TEM measurements, after the electrochemically pre-
pared modified surface with in both polymers and metal par-
ticles, the content had to be scraped from the electrode surface
with a sharp knife and transferred to ethanol solution and then
TEM grids. During the TEM sample preparation steps, the
metal particles could be released to the small particles com-
pared to SEM conditions. Therefore, the metal particles’ size
in SEM images was higher than that in the TEM images.

Figure 4a–c shows the XPS spectra of Pt4f of Pt/PPAP/
GCE, Au4f of Au/PPAP/GCE, and Pt4f and Au4f of Au-Pt/
PPAP/GCE that prepared consequently deposition of Au and

Fig. 2 SEM images of the a bare
GCE, b PPAP/GCE, c Au/PPAP/
GCE, d Pt/PPAP/GCE, e Pt-Au/
PPAP/GCE, and f EDX image of
Pt-Au/PPAP/GCE
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Pt, respectively. The Pt4f signal of both Pt/PPAP and Pt-Au/
PPAP electrodes shows two doublet peaks due to spine orbital
splitting of the 4f7/2 and 4f5/2 states, as displayed in Fig. 4a, c.
The two relative intense doublet peaks with binding energies
of 71.18 and 71.08 eVon Pt/PPAP and Pt-Au/PPAP (Pt4f7/2)
and 74.58 and 74.78 eV on Pt/PPAP and Pt-Au/PPAP
(Pt4f5/2), respectively, should be attributed to the metallic Pt
[25].Therefore, it is suggested that the Pt particles have been
obtained in metallic forms. Figure 4b, c shows the Au4f spec-
trum resolved into two spin-orbit components (Au4f7/2 and
4f5/2) on Au/PPAP and Pt-Au/PPAP electrodes. The doublet
peaks occurred at 84.33 and 84.08 eVon Au/PPAP and Pt-Au/
PPAP electrodes (Au4f7/2); 87.78 and 87.88 eVon Au/PPAP
and Pt-Au/PPAP electrodes (Au4f5/2) were assigned to metal-
lic Au [29] and Pt [25].

The binding energy of Au and Pt in the bimetallic condi-
tions was shifted compared with Au and Pt metal particle-
modified PPAP/GCE values alone. The energy separation of
species in all electrodes were proved as their metallic forms.
But the shifts of binding energy values were observed due to
the alloy formation with atomic level mixing of Pt and Au
deposition.

Figure 5 illustrates the results of electrochemical imped-
ance spectroscopy (EIS) on bare GCE, PPAP/GCE, Au/
PPAP/GC, and Pt/PPAP/GC and Pt-Au/PPAP/GC in the pres-
ence of 5.0 mmol L−1 K3[Fe(CN)6]/K4[Fe(CN)6] containing
0.1 mol L−1 KNO3 solution at varying frequencies from 0.15
to 75,000 Hz. It can be seen that all electrodes represent a
semi-circular and linear portion. The semi-circle corresponds
to the charge transfer process through the GCE and polymer
films at high frequencies, whereas the second one was due to
the diffusion process in the low frequencies. The diameter of
the semi-circle represents the magnitude of electron-transfer
resistance at the electrode surface. The obtained EIS data were
fitted with an equivalent circuit as given in Fig. 5 inset. This
equivalent circuit consists of the ohmic resistance (Rs) of the
electrolyte solution, the double layer capacitance (Cdl), and the
electron-transfer resistance (Rct) resulting from the diffusion
of ions from the bulk of the electrolyte to the interface. This
equivalent circuit was used to fit the impedance spectra and
extract the values of Rct (Fig. 5 inset). The Rct for the bare
GCE is 559 Ω, which was higher than the Rct values obtained
for PPAP/GCE (360 Ω). The Rct values of Au/PPAP/GC and
Pt/PPAP/GC electrodes are 287 and 280 Ω, respectively. The

Fig. 3 TEM images of Pt-Au/
PPAP in various magnifications
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Rct values of Pt-Au bimetallic surface were obviously de-
creased (187 Ω). This phenomenon indicated the excellent
electroconductibility of Pt-Au bimetallic surface. Moreover,

the Pt-Au/PPAP film was successfully formed on the GCE
surface [38–40]. These results obtained from EIS were in
agreement with standard Randles equivalent-model circuit in
the high-frequency range (inset of Fig. 5). This low Rct value
for Pt-Au/PPAP/GCE implies that the charge transfer process
is relatively fast when compared to all other electrodes.

Electrocatalytic reduction of oxygen

The linear voltammograms of oxygen reduction (0.1 mol L−1

NaOH with O2 saturated solution) on bare GCE and modified
electrodes were given in Fig. 6. The peak potential of oxygen
reduction was observed at −0.56 and −0.45 Von bare GC and
PPAP/GC electrodes, respectively. Moreover, the peak current
of oxygen reduction on PPAP/GCE was 2.5 times higher than
bare GCE due to the increase of active surface area. A broad
peak for oxygen reduction has appeared at bare GCE due to
the slow electron transfer at the electrode surface in alkaline
media. On the contrary, a prominent peak appearing at the
PPAP/GCE indicates a fast electron transfer. In order to in-
crease the electrocatalytic activity of polymer film electrode
towards oxygen reduction, Pt-Au bimetallic particle-modified
PPAP/GCE was prepared and used for oxygen reduction re-
action in 0.1 mol L−1 NaOH solution. The performance of Pt-

Fig. 4 Pt4f XPS spectra (a) and
Au4f XPS spectra (b) of Au-Pt/
PPAP/GCE

Fig. 5 The Nyquist plots of AFM images of the (black circle) bare GCE,
(black inverted triangle) PPAP/GCE, (black square) Au/PPAP/GCE,
(black diamond) Pt/PPAP/GCE, and (black triangle) Pt-Au/PPAP/
GCEin 5.0 mmol L−1 Fe(CN)6

3−/Fe(CN)6
4− (1:1) solution containing

0.1 mol L−1 KCl. The frequency range was from 0.15 to 75,000 Hz at
the formal potential about 0.22 V
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Au bimetallic particle-modified PPAP/GCE to oxygen reduc-
tion was found to be very effective when compared to the bare
GCE and other modified electrodes. The peak current of oxy-
gen reduction on Pt-Au/PPAP/GCE is higher 6.2 and 3.1 times
than bare GCE and PPAP/GCE, respectively. Moreover, the
peak potential of oxygen reduction on Pt-Au/PPAP/GCE has
shifted about 0.22 and 0.10 V in positive directions, for GCE
and PPAP/GCE, respectively. As can be seen from these re-
sults, the presence of the Au-Pt bimetallic surface plays a great
role, providing an advantageous and high-performance elec-
trode for the reduction of oxygen with a faster electron trans-
fer. It can be concluded that the synergistic effect of these
bimetallic particles takes place towards the electrocatalytic
activity of O2 reduction. Regarding the performance of Pt-
Au/PPAP/GCE compared with the Pt-Au/GCE electrode, the
reduction current increases in the presence of a polymer film.
On the other hand, a higher stability was obtained for Pt-Au/
PPAP/GCE compared with Pt-Au/GCE.

In our previous work [41], oxygen electrocatalytic reduc-
tion reaction has been investigated on Cu-Au particles on
multiwall carbon nanotube-modified GC electrode (Cu-Au/
MWCNT/GCE). The electrocatalytic activities of Cu-Au/
MWCNT and Au-Pt/PPPAP-modified glassy carbon elec-
trodes are almost the same. The oxygen reduction peaks at
both electrodes is located at close potentials. On the other
hand, preparation of polymer film surface is more easy than
carbon nanotube-modified surface. When the stabilities of
both electrodes are compared, the Pt-Au/PPAP/GC electrode
is more stable for oxygen reduction reaction due to polymer
film which is deposited by electrochemical procedure; carbon
nanotubes are connected by the dropping method on electrode
surface. The other disadvantage of carbon nanotubes is that
the MWCTcontent on the rotating disc electrode can be easily
ruptured from the surface during the electrochemical studies

by rotation of the modified electrodes. The present study re-
sults were compared with published data as summarized in
Table 1. As can be seen from Table 1, the catalytic activity
of Pt-Au/PPAP/GCE is competing with other catalytic
surfaces.

Several parameters including monomer concentration, po-
lymerization cycle number, gold, and platinum different cov-
erage cycle number were investigated to obtain the best cata-
lytic activity towards oxygen reduction with bimetallic Pt-Au/
PPAP/GCE. The optimum parameters obtained were
5.0 mmol L−1 p-aminophenol monomer concentration and
20 cycles number for polymerization. A comparison of oxy-
gen reduction reaction using different ratios of (Au/Pt)-modi-
fied PPAP/GCE was also made (Fig. 7). The Pt deposition
with 3 cycles on the Au10 cyc/PPAP/GCE has shown higher
electrocatalytic activity towards oxygen reduction than the
other modified materials. Overall results have proven that bi-
metallic particle-modified PPAP/GC electrodes have provided
a satisfactory enhancement in peak characteristics related to
oxygen reduction.

In order to investigate the effect of sodium hydroxide con-
centration on the reduction of oxygen, linear voltammograms
were also recorded in alkaline solutions in the concentration
range from 0.05 to 4.00 mol L−1 sodium hydroxide (Fig. 8).
The peak current was decreased while the peak potential
slightly shifts to positive values by the increasing of sodium
hydroxide concentration. The reduction in the peak current
should be mostly reasoned by the decrease in molecular oxy-
gen solubility and diffusion coefficient besides an increase in
sodium hydroxide viscosity, when sodium hydroxide concen-
tration was changed from low concentrations to higher con-
centrations. The slightly positive shifting of oxygen reduction
peak potential could be observed due to a strong interaction
between specifically adsorbed OH− anions at higher sodium
hydroxide concentrations on the Pt3 cyc-Au10 cyc/PPAP(20 cyc)/
GCE surface and dissolved oxygen in alkaline solution [50,
51]. The highest peak current was proved in the presence of
0.1 M sodium hydroxide solution. Therefore, 0.1 mol L−1 so-
dium hydroxide solution was chosen as optimum electrolyte
for future studies.

Effect of the scan rate

In order to examine the effect of scan rate on the electrocata-
lytic reduction of oxygen at Pt3 cyc-Au10 cyc/PPAP(20 cyc)/GCE
in oxygen-saturated 0.1 mol L−1 NaOH solutions, linear
sweep voltammograms were recorded (Fig. 9a). As the scan
rate increases, the electrocatalytic reduction of oxygen poten-
tial shifted negatively. The plot of the square root scan rate
versus the peak current showed linear dependence in alkaline
media (Fig. 9b). This situation was related to the characteristic
of diffusion-controlled process at the electrode surface.

Fig. 6 Linear voltammetric behavior of bare GCE, PPAP/GCE, and
different metal particles modified PPAP/GC electrodes (a) and Pt-Au/
PPAP/GCE, bare GCE, and Pt disk electrode (b) in O2 saturated
0.1 mol L−1 NaOH with 50.0 mV s−1
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Rotating disc electrode voltammetric studies

The oxygen reduction kinetics were studied on Pt3 cyc-
Au10 cyc/PPAP(20 cyc)/GCE in 0.1 mol L−1 sodium hydroxide,
and a stable, well-defined current density-potential curves for
oxygen reduction was obtained (Fig. 10). The oxygen reduc-
tion current density at different potentials varied linearly with
ω−1/2 (Fig. 11). The linearity indicated the first-order kinetics
with regard to the molecular oxygen. The electron number
was estimated from the slope of Koutecký-Levich (K-L) plots
for the oxygen reaction mechanism.

The K-L plots can be expressed as follows [52, 53]:

1

j
¼ 1

jk
þ 1

Bω1=2
ð2Þ

where j is the measured current density, jk is the kinetic current
density, ω is the rotation rate of the electrode, and B is the
Levich slope. The theoretical value can be explained by
Eq. (3):

B ¼ 0:62nFC O2ð ÞD2=3
O2

γ−1=6 ð3Þ

where n is the number of electrons transferred for per oxygen

molecule, F is Faraday constant (96,500 C mol−1),
2

OC is the

concentration of oxygen (1.13 × 10−6 mol cm−3), DO2 is the
diffusion coefficient of oxygen (2.22 × 10−5 cm s−1), and γ is
the kinematic viscosity of the solution (1.1 × 10−2 cm s−1).
These coefficient values were referred to a 0.1 mol L−1 NaOH
solution [54].

Table 1 Summary of different electrode catalysts, preparation methods, and activities of oxygen reduction reaction

Catalyst Preparation method Activity of oxygen reduction reaction Reference

MHAQ/MWCNT/GCE 40 μA at −0.5 V vs. SCE in pH 7.0 [42]

Pd-modified macroporous Pt electrode Pulse deposition 300 μA/cm2 at 0.38 V vs. Ag/AgCl 0.1 M HClO4 [43]

Au nanoparticles Thermal citrate reduction 23 μA at 0.05 V vs. Ag/AgCl in 0.1 M sulfuric acid [44]

Pt wire electrode 312 μA at −0.094 V vs SHE in 0.5 M KOH [45]

NiCo2O4/N-rGO Physical adsorption and pyrolyzation −0.5 V vs. SCE for CoPc and −0.3 V vs. SCE
for FePc in 0.1 M NaOH

[46]

Pt-Ru/C Chemical reduction 0.75 V vs. Ag/AgCl in 0.1 M NaOH [47]

DIHAQ on PPy/GCE Potentiostatic method 20 μA −0.390 V vs. Ag/AgCl in pH 6.0 buffer solution [48]

Ag/B-MWCNT Chemical reduction −0.45 V vs. SCE vs. in 0.1 M KOH [49]

Pt-Au/PPAP/GCE Electrochemical deposition with
cyclic voltammetry

90 μA peak height or 1250 μA/cm2 −0.37 V vs.
Ag/AgCl in 0.1 M NaOH

Present work

MHAQ/MWCNT/GCEmonohydroxy-anthraquinone/multiwall carbon nanotube-modified glassy carbon electrode, NiCo2O4/N-rGONiCo2O4/N-doped
reduced graphene oxide, DIHAQ on PPy/GCE dihydroxy 9,10-anthraquinone incorporated in polypyrrole-modified glassy carbon electrode, Ag/B-
MWCNTAg nanoparticles supported on boron-doped multi-walled carbon nanotubes

Fig. 7 Linear voltammograms for oxygen reduction at different cycle
numbers of gold and platinum particle deposition on PPAP/GCE in O2

saturated 0.1 mol L−1 NaOH with 50.0 mV s−1

Fig. 8 Linear voltammograms for oxygen reduction on Pt3 cyc-Au10 cyc/
PPAP(20 cyc)/GC electrode at different NaOH concentrations in O2

saturated with 50.0 mV s−1
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The number of electrons transferred per oxygen molecule
in oxygen reduction on the Pt3 cyc-Au10 cyc/PPAP(20 cyc)/GCE
electrode was calculated as 3.7 from the slope of the K-L plots

over the whole range of potentials. This value indicates that
molecular oxygenwas reduced directly at almost four-electron
pathway to produce water.

Stability of Pt-Au/PPAP/GCE

The long-term storage stability of the Pt-Au/PPAP/GCE was
tested by taking the response of the modified electrode to-
wards O2 reduction. The prepared Pt3 cyc-Au10 cyc/PPAP
(20 cyc)/GCE was stored in 0.1 mol L−1 NaOH at room tem-
perature when not in use.

The long-term storage stability of the Pt3 cyc-Au10 cyc/
PPAP(20 cyc)/GCE was monitored in the reduction peak of
oxygen maintained as 89.12 % of the original peak current
value after 25 days. Therefore, the electrode could be used for
almost 4 weeks without any significant error. From the results,
the Pt3 cyc-Au10 cyc/PPAP(20 cyc)/GCE is promising as a cath-
ode catalyst in fuel cell applications with fine long-term stor-
age stability.

Conclusions

A new electrocatalyst was developed as a working electrode
composed of Pt-Au bimetallic particles which were
homogenously distributed into PAP film by cyclic voltamm-
etry. XPS and EDX results revealed the presence of Pt and Au
on the PPAP surface, and TEM images showed the formation
of 15–25 nm average bimetallic particle size of Pt-Au on
PPAP. The XPS and TEM data also denoted an alloy forma-
tion on the Pt-Au-PPAP/GCE surface. The Pt-Au-modified
PPAP/GC surface showed higher electrocatalytic activity to-
wards oxygen reduction than bare GC and Au and Pt particle-
modified PPAP/GC electrodes. The rotating disk electrode
data analysis indicated that oxygen reduction takes place on

Fig. 10 Hydrodynamic voltammograms for the O2 reduction reaction at
a rotating Pt3 cyc-Au10 cyc/PPAP(20 cyc)/GCE in 0.1 mol L−1 NaOH under
an O2 atmosphere. The RDE current-potential curve was obtained at
0.01 V s−1 scan rate

Fig. 11 Koutecky-Levich plots for O2 reduction at different potentials on
Pt3 cyc-Au10 cyc/PPAP(20 cyc)/GCE in 0.1 mol L−1 NaOH
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R² = 0.9962

0.35

0.39

0.43

0.47

0 5 10 15 20

-E
p

ea
k

(V
)

vv 1/2 (mV/s)1/2

a

b

Fig. 9 a Linear voltammograms of Pt3 cyc-Au10 cyc/PPAP(20 cyc)/GCE in
an O2-saturated 0.1 mol L−1 NaOH solution at various scan rates: a 5, b
10, c 25, d 50, e 75, f 100, g 200, h 300, i 400, and j 500 mV s−1. b The
correlation of the reduction peak potential with the square root of the scan
rate
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the Pt3 cyc-Au10 cyc/PPAP(20 cyc)/GCE followed by a four-
electron pathway. As a result, it can be concluded that Pt-Au
is a suitable catalyst for oxygen reduction in metal-air batte-
ries, fuel cells, oxygen sensors, and metal corrosion
applications.
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