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bstract

This study concerns the efficient electrochemical reduction of molecular oxygen (O2), in O2-saturated 0.1 M KOH solution, to OH− through
four-electron reduction pathway by a novel binary catalyst that is comprised of two kinds of catalysts, i.e., Au nanoparticles (nano-Au) and
anganese oxide nanoparticles (nano-MnOx) electrodeposited onto a relatively inert substrate, e.g., glassy carbon (GC) electrode. The nano-Au

atalyst is efficiently used for the electro-reduction of O2 to hydrogen peroxide through a two-electron reduction pathway at a reasonably low
verpotential. While the latter (i.e., nano-MnOx) is effectively used for the subsequent catalytic decomposition of the electrogenerated hydrogen

eroxide to water and molecular oxygen. The dependence of the electrocatalytic activity of the proposed binary catalysts towards the oxygen
eduction on the loading level of both species has been investigated in this paper. This is done aiming at the preparation of a binary catalyst
omposed of the optimum amounts of both species which supports an apparent four-electron reduction of O2 at sufficiently low overpotential in
eplacement of the costly Pt-based electrocatalysts.

2006 Elsevier Ltd. All rights reserved.
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. Introduction

The large overpotential associated with the oxygen reduction
eaction (ORR) is one of the major challenges which call for
he development of a high performance cathode catalyst [1–3].
he ORR is a reaction of indispensable importance in metal air
atteries, fuel cells as well as in oxygen sensor [1,4–10]. So far,
t and Pt-base alloys are superior to many other electrocatalysts
nd are still the most widely used electrocatalysts in low temper-
ture polymer electrolyte membrane fuel cells (PEMFC) [11].

ut a major drawback is the high cost of such electrocatalysts.
hus, extensive efforts have been paid to reduce the amount of

he Pt electrocatalysts by increasing the utilization of Pt or via
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lloying with other metals [12–19]. Another rapidly emerging
lternative is the development of new inexpensive non-Pt-based
lectrocatalysts with a comparable or even better electrocat-
lytic activity to that of Pt [2,3,20–28]. These include the use of
u nanoparticles-based cathodes [20,23–27], a combined use
f Co-based complex together with manganese oxide [29–31],

2C–Ag nanocrystalline composites [21] as well as bifunc-
ional Ag–MnO2 catalysts supported onto single-walled carbon
anotubes (SWNT) [22]. Au nanoparticles-based cathodes with
ontrollable size and crystallographic orientation stand as more
conomically and cheap electrocatalysts for the ORR [25,27].
owever, the contribution of the two-electron reduction path-
ay of O2 to hydrogen peroxide is unavoidable. The produced
ydrogen peroxide has a detrimental effect on the matrix of the
olymer electrolyte membrane which separates the two parts of
he fuel cell (i.e., the cathodic and the anodic sides) as well as

n the overall performance of the fuel cell. A combined use of
second catalyst (i.e., manganese oxide nanoparticles) together
ith Au nanoparticles has been recently suggested as a novel

trategy in the fabrication of efficient electrocatalysts towards
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he ORR [28]. This is based on the fact that manganese oxide has
n excellent catalytic activity towards the chemical dispropor-
ionation of hydrogen peroxide into water and molecular oxygen
31]. This study aims at the investigation of the dependence of
he electrocatalytic activity of the proposed binary catalyst on
he loading level and the sequence of electrodeposition of both
pecies. This was done to fabricate a cheap binary catalyst com-
osed of the optimal amounts of both species quite sufficient
o support effectively an apparent four-electron reduction of O2
t reasonably low cathodic overpotential in replacement of the
ostly Pt-based electrocatalysts. Cyclic voltammetry (CV) as
ell as hydrodynamic voltammetry are employed to study the
RR in O2-saturated 0.1 M KOH solution.

. Experimental

Glassy carbon (GC) electrode and highly oriented pyrolytic
raphite (HOPG) were used as the working electrodes. The
C electrodes were in the form of disks (φ = 3.0 mm) sealed

n a Teflon jacket having an exposed geometric surface area
f 0.07 cm2. Whereas, the HOPG electrodes were fabricated
y freshly cleaving HOPG plates (supplied by NT-MDT Co.,
ussia) and then supporting them on a plastic substrate (the
xposed geometric surface area is 0.15 cm2). Cyclic voltammet-
ic (CV) measurements were performed in a conventional two-
ompartment three-electrode Pyrex glass cell using a computer-
ontrolled BAS 100 B/W electrochemical analyzer. A spiral Pt
ire and an Ag/AgCl/KCl(sat.) (having an equilibrium poten-

ial of +197 mV versus standard hydrogen electrode (SHE))
ere the counter and the reference electrodes, respectively. All
otentials in this paper are reported against SHE. GC elec-
rodes were mechanically polished first with no. 2000 emery
aper, then with aqueous slurries of successively finer alu-
ina powder (down to 0.06 �m) with the help of a polishing
icrocloth, and then sonicated for 10 min in Milli-Q water. Au

anoparticles were electrodeposited on the thus-prepared GC
lectrodes (nano-Au/GC) from 0.5 M Na2SO4 solution contain-
ng 1.0 mM Na[AuCl4]. The Na2SO4 solution is used as the
upporting electrolyte to avoid the possible chemical dissolu-
ion of the manganese oxide nanoparticles pre-deposited onto the
C (or HOPG) electrodes, although the electrodeposition of Au
anoparticles is usually carried out in strong acidic media (e.g.,
2SO4) [32]. Fig. 1 shows a linear sweep voltammetry (LSV)

or the electrodeposition of Au nanoparticles onto GC electrode
d = 3.0 mm) from neutral 0.5 M Na2SO4 solution containing
.0 mM Na[AuCl4] at a potential scan rate of 100 mV s−1. This
gure shows that the reduction peak of Au ions to elemental
u is centered at ca. + 0.7 V versus SHE. Thus, a potential

tep electrolysis from 1.1 to 0 V versus Ag/AgCl/KCl(sat.) was
tilized to perform the electrodeposition of the Au nanoparti-
les from this neutral solution for different electrolysis time.
hereas, manganese oxide (MnOx) nanoparticles were elec-

rodeposited onto the GC (or HOPG) electrodes with/without

re/post-electrodeposition of Au nanoparticles from a solution
ontaining 0.1 M Na2SO4 + 0.1 M Mn(CH3COO)2 via cycling
he potential between 0.0 and 0.4 V versus Ag/AgCl/KCl(sat.) at
0 mV s−1 for different number of potential cycles. Steady-state

G

l

ig. 1. LSV of Au nanoparticles electrodeposition at GC electrode (f = 3.0 mm)
rom 0.5 M Na2SO4 solution containing 1.0 mM Na[AuCl4]. Potential scan rate:
00 mV s−1.

oltammograms were obtained at a GC disk (φ = 3.0 mm)-Pt ring
lectrode (RRDE) using a rotary system from Nikko Keisoku
Japan) coupled with an ALS/chi 832A electrochemical analyzer
i-potentiostat (USA). The same procedure of the electrodepo-
ition of the Au and/or MnOx nanoparticles has been performed
or the GC disk of the RRDE as that employed for the GC elec-
rode used for the CV measurements. The working electrode
ompartment was 200 cm3 to eliminate any possible change of
he O2 concentration during the measurements. Prior to each
xperiment, O2 gas was bubbled directly into the cell for 30 min
o obtain an O2-saturated 0.1 M KOH solution; during every
easurement O2 gas was flushed over the cell solution. The col-

ection efficiency, N, of the RRDE was measured using 1.0 mM
3[Fe(CN)6] in 0.5 M KCl, and a value of 0.38 ± 0.02 was
btained for the GC disk-Pt ring RRDE. All current densities
ere calculated on the basis of the geometric surface area of

he electrodes (i.e., 0.07 cm2). All the measurements were per-
ormed at room temperature (25 ± 1 ◦C). All chemicals used in
his investigation were of analytical grade and were used with-
ut further purification. X-ray diffraction (XRD) measurements
ere performed on a Philips PW 1700 powder X-ray diffrac-

ometer, using Cu K�1 radiation (� = 1.54056 Å) with a Ni filter
orking at 40 kV and 30 mA. Scanning electron microscopy

SEM) and electron diffraction spectroscopy (EDS) analysis of
he Au (and/or MnOx) nanoparticles electrodeposited onto the
C electrodes was carried out using an JSM-T220 scanning

lectron microscope (JEOL Optical Laboratory, Japan) at an
cceleration voltage of 20 kV and a working distance of 4–5 mm.

. Results and discussion

.1. SEM, EDS and XRD characterization of the
ano-MnOx and nano-Au electrodeposited onto HOPG and

C electrodes

Fig. 2a–d shows typical SEM images for HOPG electrodes
oaded with (a) nano-Au, (b) nano-MnOx, (c) nano-Au/nano-
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Fig. 2. SEM images (at magnification factor of 80,000×) for the (a) nano-Au/HOPG, (b) nano-MnOx/HOPG, (c) nano-Au/nano-MnOx/HOPG and (d) nano-
MnOx/nano-Au/HOPG electrodes. Au nanoparticles were electrodeposited for 300 s potential step from 1.1 to 0 V vs. Ag/AgCl/KCl(sat.) from 0.5 M Na2SO4

containing 1.0 mM Na[AuCl ]. The electrodeposition of nano-MnOx was performed from 0.1 M Na SO solution containing 0.1 M Mn(CH COO) by applying 25
p
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otential cycles between 0 and 0.4 V at 20 mV s−1.

nOx and (d) nano-MnOx/nano-Au. Electrodeposition of nano-
nOx and nano-Au was performed, respectively, by applying

5 potential cycles between 0 and 0.4 V vs. Ag/AgCl/KCl(sat.)
n 0.1 M Na2SO4 + 0.1 M Mn(Ac)2, and a potential step of 300 s
rom 1.1 to 0 V vs. Ag/AgCl/KCl(sat.) from the neutral bath
f 0.5 M Na2SO4 solution containing 1.0 mM Na[AuCl4]. Note
hat image c corresponds to the electrodeposition of nano-MnOx,
rstly, onto the HOPG electrode followed by the electrodeposi-

ion of the Au nanoparticles, and vice versa for image d. Fig. 3a–g
hows typical SEM images for GC electrodes loaded with (a)
ano-Au, (b) nano-MnOx, (c and d) nano-Au/nano-MnOx and
e–g) nano-MnOx/nano-Au. Electrodeposition of nano-MnOx
nd nano-Au was performed, respectively, by applying (b–e) 25

nd (f and g) 10 potential cycles between 0 and 0.4 V in 0.1 M
a2SO4 + 0.1 M Mn(Ac)2, and (a, e and f) 300 s, (c) 60 s and

d and g) 180 s potential step from 1.1 to 0 V from the neutral
ath of 0.5 M Na2SO4 solution containing 1.0 mM Na[AuCl4].
2 4 3 2

nspection of both figures (Figs. 2 and 3) shows some significant
oints:

. The MnOx was electrodeposited in a porous nanorods texture
onto the HOPG electrode (image b, Fig. 2) as well as onto the
GC electrode (image b, Fig. 3) irrespective of the nature of
the underlying substrate. This texture covers homogeneously
the entire surface of the HOPG (and the GC) electrodes in a
rather porous texture morphology, which enables the acces-
sibility of the solution species to the underlying HOPG (or
the GC) substrate through nano-channels across the MnOx
nanotexture.

. The morphology of the Au nanoparticles electrodeposited

onto the bare HOPG and the GC electrodes from the neutral
sodium sulfate solution is quite similar to those electrode-
posited from the acidic H2SO4 solution [24,33]. See images
marked ‘a’ in Figs. 2 and 3.
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. On the other hand, image d (Fig. 2) as well as images e–g
(Fig. 3) shows the electrodeposition of MnOx nanorods onto
the Au nanoparticles previously electrodeposited onto the
HOPG and the GC electrodes, respectively. Consequently,
the Au nanoparticles are partially covered with the MnOx.

. The Au nanoparticles have been electrodeposited from the
neutral Na2SO4 aqueous solution onto the nanotexture of the
previously electrodeposited nano-MnOx without causing any
damage of its nano-porous texture morphology (see images
c and d of Fig. 3).

Fig. 4 shows the EDS spectra of GC electrodes loaded
ith different amounts of Au and MnOx nanoparticles. The
eak intensities of both species vary with the extent and the

equence of their electrodeposition. Table 1 summarizes the
elative atomic percent ratio of the Au and Mn versus the elec-
rodeposition conditions. Inspection of this table reveals two
oints, i.e.: (i) the increase of the electrodeposition time of

1

ig. 3. SEM images (at magnification factor of 80,000×) for the (a) nano-Au/GC
nOx/nano-Au/GC electrodes. Au nanoparticles were electrodeposited for (a, e, a
g/AgCl/KCl(sat.) from 0.5 M Na2SO4 containing 1.0 mM Na[AuCl4]. The electrode
.1 M Mn(CH3COO)2 by applying (b–e) 25 and (f and g) 10 potential cycles betwee
ica Acta 52 (2007) 2166–2174 2169

u or the number of potential cycles employed for the MnOx
lectrodeposition increases each atomic percent and (ii) the elec-
rodeposition of Au nanoparticles from the neutral bath does not
ash up the pre-electrodeposited MnOx.
The highly crystalline nature of the HOPG substrate could,

dvantageously, enable the monitoring of the XRD pattern of
ach species (i.e., nano-Au and nano-MnOx). Fig. 5 shows
he XRD patterns obtained at HOPG electrode loaded with

b) nano-Au, (c) nano-MnOx, (d) nano-Au/nano-MnOx and (e)
ano-MnOx/nano-Au as compared with the bare HOPG elec-
rode (curve a). The same electrodeposition conditions as in
ig. 2 are used. Inspection of this figure reflects some interesting
eatures, i.e.:
. The two peaks located at 2θ of about 26.4◦ and 54.8◦ corre-
spond to the C(0 0 2) and C(0 0 4) basal planes of the HOPG
substrate (see curves a–e).

, (b) nano-MnOx/GC, (c and d) nano-Au/nano-MnOx/GC and (e–g) nano-
nd f) 300 s, (c) 60 s and (d and g) 180 s potential step from 1.1 to 0 V vs.

position of nano-MnOx was performed from 0.1 M Na2SO4 solution containing
n 0 and 0.4 V at 20 mV s−1.
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Fig. 3. (Cont

Table 1
Variation of the atomic percent ratio of the nano-Au and nano-MnOx species
as a function of the sequence and conditions of the electrodeposition of Au and
MnOx nanoparticles onto the GC electrodes

Case tnano-Au
a/s NPCnano-MnOx

b Au:MnOxc

a 60 (2) 25 (1) 9.45:7.75
b 300 (1) 25 (2) 19.75:11.95
c 300 (1) 10 (2) 18.85:6.10
d 180 (1) 10 (2) 11.90:7.85

The data were extracted from Fig. 4. The numbers within parentheses refer to the
sequence of the electrodeposition. Thus, case a represents the electrodeposition
of nano-MnOx, firstly, onto the bare GC electrode by applying 25 potential
cycles followed by the electrodeposition of nano-Au (as a second step) for 60 s
(corresponding to image c of Fig. 3).

a The width of the potential step employed for the electrodeposition of the Au
nanoparticles onto the GC electrode (see Section 2).

b NPC is the number of potential cycles employed for the electrodeposition
of the MnOx nanoparticles onto the GC electrode (see Section 2).

c The atomic percent as extracted from the EDS spectra (see Fig. 4).

2

3

3
n
t

3

(
f

inued ).

. The peaks located at 2θ values of about 38.5◦, 44.4◦ and 64.6◦
correspond to the Au(1 1 1), Au(2 0 0) and Au(2 2 0) facets
of the Au nanoparticles, respectively.

. Interestingly, this figure shows that manganese oxide is elec-
trodeposited in a crystalline phase as a sharp peak located at
2θ of ca. 26◦ emerged upon its electrodeposition (which is
overlapped with the C(0 0 2) peak of the HOPG substrate.
This peak can be clearly observed in curve e of this fig-
ure. This peak corresponds to the (1 1 1̄) crystallographic
plane of the manganite phase (manganese oxide hydroxide,
MnOOH). The same phase of manganese oxide has been
obtained upon the electrodeposition at Pt substrate [34].

.2. Evaluation of the electrocatalytic activity of the
ano-MnOx/nano-Au/GC electrodes with different loadings
owards the ORR
.2.1. Variation of the nano-Au loading
Fig. 6 shows CVs for the ORR obtained at (a) bare GC,

b) nano-MnOx/GC, (c–f) nano-Au/nano-MnOx/GC with dif-
erent Au loadings, in O2-saturated 0.1 M KOH. Curve g shows
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Fig. 4. (A) EDS spectra for the GC electrodes (analyzed area = 300 nm ×
300 nm) loaded with different amounts of nano-Au and nano-MnOx. The EDS
spectra shown as curves (a–d) of this figure correspond, respectively, to images
(c, e–g) of Fig. 3.

Fig. 5. XRD patterns for (a) bare HOPG, (b) nano-Au/HOPG, (c) nano-
MnOx/HOPG, (d) nano-Au/nano-MnOx/HOPG and (e) nano-MnOx/nano-
Au/HOPG electrodes. The electrodeposition conditions used for MnOx and Au
nanoparticles were the same as in Fig. 2.

Fig. 6. CVs for the ORR in O2-saturated 0.1 M KOH at (a) bare GC, (b)
nano-MnOx/GC and (c–f) nano-Au/nano-MnOx/GC electrodes (f = 3.0 mm).
SR = 100 mV s−1. Electrodeposition of nano-MnOx was performed by applying
25 potential cycles between 0 and 0.4 V at 20 mV s−1 in an aqueous solution of
0.1 M Na2SO4 containing 0.1 M Mn(CH3COO)2. Au nanoparticles were elec-
t
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rodeposited onto the nano-MnOx/GC electrode by applying a potential step
lectrolysis from 1.1 to 0 V for (c) 60 s, (d) 120 s, (e) 180 s, and (f) 240 s from
.5 M Na2SO4 solution containing 1.0 mM Na[AuCl4].

he CV for the ORR at the bare Pt electrode for comparison at
hich a direct four-electron reduction of oxygen to OH− takes
lace exclusively. This figure shows that the electrodeposition
f MnOx caused a significant increase of the peak current of
he ORR without any significant shift of the peak potential. The
ncrease of the peak current associated with the electrodeposi-
ion of the MnOx nanoparticles (curve b) is due to the catalytic
isproportionation activity of nano-MnOx towards the electro-
enerated hydrogen peroxide (HO2

−) at the GC electrode in
lkaline medium, which can be represented as

2 + H2O + 2e− → HO2
− + OH− (1)

O2
−nano-MnOx−→ 1

2 O2 + OH− (2)

While the different loading of Au caused a pronounced shift
f the oxygen reduction peak potential to the positive direction of
otential. In fact, this shift in the peak potential indicates the pre-
ominance of the ORR at the electrodeposited Au nanoparticles
ather than at the bare portion of the GC electrode. Electrodes
arked e and f showed the highest peak current among the

xamined electrodes being comparable to that of the Pt elec-

rode (curve g).

Fig. 7 shows the RRDE voltammograms for the ORR
btained at the (a) bare GC, (b) nano-MnOx/GC and (c–f) nano-
u/nano-MnOx/GC disk electrodes (f = 3.0 mm) in O2-saturated
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Fig. 7. RRDE voltammograms for the ORR, in O2-saturated 0.1 M KOH, at (a)
bare GC, (b) nano-MnOx/GC, (c–f) nano-Au/nano-MnOx/GC disk electrodes
(f = 3.0 mm). Rotation rate: 400 rpm. Potential scan rate of the disk electrode:
1
i
a

0
p
a
o
1
P
r
o
i
e
c
a
G
o
t
o
d
m
fl
c

3

G
t
0
a
e
r

Fig. 8. CVs for the ORR in O2-saturated 0.1 M KOH at (a) bare GC,
(b) nano-Au/GC and (c–e) nano-MnOx/nano-Au/GC electrodes (f = 3.0 mm).
SR = 100 mV s−1. Au nanoparticles were electrodeposited onto the GC elec-
trode by applying a 300 s potential step electrolysis from 1.1 to 0 V from 0.5 M
Na2SO4 solution containing 1.0 mM Na[AuCl4]. Electrodeposition of nano-
MnOx onto the nano-Au/GC electrode was performed by applying (c) 2, (d) 10
and (e) 25 potential cycles between 0 and 0.4 V at 20 mV s−1 in an aqueous solu-
t ′′
t
K

r
a
n
p
t
t
a
p
h
i
(
O
t
a
a
fi
p
o
c

0 mV s−1. Curves (a′′–f′′) represent the corresponding Pt-ring current (polar-
zed at +0.5 V). Electrodeposition of MnOx and Au nanoparticles was performed
s described in Fig. 6.

.1 M KOH. Note that the nano-MnOx was, firstly, electrode-
osited onto the GC electrode via 25 potential cycles between 0
nd 0.4 V at 20 mV s−1, then followed by the electrodeposition
f nano-Au onto the nano-MnOx/GC electrode via (c) 60 s, (d)
20 s, (e) 180 s and (f) 240 s potential step from 1.1 to 0 V. The
t ring electrode was potentiostated at +0.5 V and the measured
ing currents (which represent the oxidation of the hydrogen per-
xide electrogenerated at the relevant disk electrode) are shown
n the upper side of the graph (a′′–f′′). This figure shows that the
lectrodeposition of minute amount of Au nanoparticles (curve
) causes a significant positive shift of the onset of the ORR
long with an increase of the disk current compared to the bare
C disk electrode (curve a). Further prolonged electrodeposition
f Au nanoparticles leads to more pronounced positive shift of
he onset potential of the ORR along with a noticeable increase
f the disk current. Note that curve f (corresponding to 240 s
eposition time of Au) does not show any pronounced improve-
ent in disk current or in the onset potential of the ORR current
ow as compared to curve e (180 s). But a slight increase of the
orresponding ring current is observed (curve f′′).

.2.2. Variation of the nano-MnOx loading
Fig. 8 shows the CVs for the ORR obtained at (a) bare

C, (b) nano-Au/GC and (c–e) nano-MnOx/nano-Au/GC elec-
rodes with different loadings of nano-MnOx in O2-saturated

.1 M KOH. MnOx loading was carried out for (c) 2, (d) 10
nd (e) 25 potential cycles. This figure shows an observable
nhancement of the ORR in terms of peak potential and cur-
ent upon the loading of Au nanoparticles (curve b). While a

r
s
b
n

ion of 0.1 M Na2SO4 containing 0.1 M Mn(CH3COO)2. Curve d represents
he blank CV response of the same electrode of curve d in N2-saturated 0.1 M
OH solution at a potential scan rate of 100 mV s−1.

ather broad peak for the ORR was observed in the more neg-
tive potential region upon the loading of nano-MnOx onto the
ano-Au/GC electrodes (curves c–e). This might be due to the
artial deactivation of the pre-deposited Au nanoparticles by
he nano-MnOx (see images e-g in Fig. 3). In comparison to
he bare GC electrode (curve a), the peak potential of the ORR
t those electrodes (curves c–e) is more positive and also its
eak current intensity is higher. The corresponding steady-state
ydrodynamic voltammograms for the ORR are shown in Fig. 9
n which they were obtained at (a) bare GC, (b) nano-Au/GC and
c–e) nano-MnOx/nano-Au/GC disk electrodes (f = 3.0 mm) in

2-saturated 0.1 M KOH. Note that the nano-MnOx was elec-
rodeposited onto the nano-Au/GC electrode via (c) 2, (d) 10
nd (e) 25 potential cycles. The corresponding Pt ring currents
re shown in the upper side of the graph (curves a′′–e′′). This
gure shows that the nano-Au/GC disk electrode (curve b) sup-
orts the highest current for the ORR associated with low value
f the corresponding ring current (see curve b′′) at fairly low
athodic polarization (at about 0 V versus SHE). This disk cur-

ent maximum diminishes at higher cathodic potentials and a
ignificant increase of the ring current starts to emerge. This
ehaviour is similar to that obtained at the Au(1 0 0)-rich Au
anoparticles-electrodeposited GC disk electrode [27], indicat-
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Fig. 9. RRDE voltammograms for the ORR, in O2-saturated 0.1 M KOH, at (a)
bare GC, (b) nano-Au/GC and (c–e) nano-MnOx/nano-Au/GC disk electrodes
(f = 3.0 mm). Rotation rate: 400 rpm. Potential scan rate of the disk electrode:
1
i
a

i
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M
u
n
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3
H
d

(
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w
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w
t
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G

Fig. 10. (A) Variation of the percent of the electrogenerated H2O2 (XH2O2 )
as a function of the extent of the Au nanoparticles loadings onto the nano-
MnOx/GC electrode. Same notation as in Fig. 7 is used. (B) Variation of the
percent of the electrogenerated H O (X ) as a function of the extent of the
M
a

v
p
a
A
X

t
d
b

0 mV s−1. Curves (a′′–e′′) represent the corresponding Pt-ring current (polar-
zed at +0.5 V). Electrodeposition of MnOx and Au nanoparticles was performed
s described in Fig. 8.

ng that this nano-Au/GC electrode (curve b) is enriched in the
u(1 0 0) orientation. However, the electrodeposition of nano-
nOx (albeit at low loadings, case c) was found to weaken such a

nique characteristic of the nano-Au/GC itself. This might origi-
ate from the fact that the electrodeposition of MnOx takes place
t the previously deposited Au nanoparticles (see, for example,
mage d of Fig. 2 and images e–g of Fig. 3).

.3. Estimation of the fraction of the electrogenerated
2O2 at the nano-MnOx/nano-Au/GC electrodes with
ifferent loadings

The percentage of the electrogenerated hydrogen peroxide
XH2O2 ) during the ORR can be estimated using the following
quation [12]:

H2O2 = 2IR/N

ID + (IR/N)
× 100 (3)

here IR is the ring current, ID the disk current and N is the
ollection efficiency of the RRDE electrode. Thus, XH2O2 = 0
f IR = 0, i.e., exclusive four-electron reduction of O2 to water,
hile this value is 100% if ID equals (IR/N). Fig. 10A shows

he variation of XH2O2 as a function of the amount of the elec-
rodeposited Au nanoparticles onto the nano-MnOx/GC disk
lectrode (the data were extracted from Fig. 7). This figure shows

hat the GC electrode supports an exclusive two-electron reduc-
ion of O2 to H2O2 as the value of XH2O2 is very close to 100%.
n the other hand, electrodeposition of nano-MnOx onto the
C disk electrode caused a noticeable lowering of the XH2O2

c
e
e
p

2 2 H2O2

nOx nanoparticles loadings onto the nano-Au/GC electrode. Same notation
s in Fig. 9 is used.

alue down to ca. 80% (curve b) due to the catalytic dispro-
ortionation activity of nano-MnOx towards H2O2 (see Eq. (2)
bove). Furthermore, the electrodeposition of minute amount of
u nanoparticles caused a further significant lowering of the
H2O2 value (curve c). More increase of the amount of the elec-

rodeposited Au nanoparticles resulted in a more pronounced
ecrease in XH2O2 until a certain loading of Au (180 s, curve e)
eyond which a slight increase of this value was observed (see
urve f). This means a partial loss of the synergistic enhancing

ffect of Au and MnOx nanoparticles on the ORR. That is, the
lectrodeposition of the excess Au nanoparticles onto the bare
ortion of the GC substrate, which is covered with insulating
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ano-MnOx fibrous texture, results in a decrease in the active
rea of the nano-MnOx available for the catalytic dispropor-
ionation of the hydrogen peroxide electrogenerated on the Au
anoparticles. Fig. 10B shows the variation of XH2O2 as a func-
ion of the amount of the electrodeposited MnOx nanoparticles
nto the nano-Au/GC disk electrode (the data were extracted
rom Fig. 9). This figure shows that the electrodeposition of
u nanoparticles onto the bare GC disk electrode support an

lmost four-electron reduction pathway of O2 to water at rela-
ively positive potential (at ca. 0 V versus SHE) as can be seen
rom the low fraction of the electrogenerated H2O2 (<10%).
his fraction increases as the disk electrode potential is swept

o more negative values and it reaches a maximum value of ca.
0% at ca. −0.3 V. The electrodeposition of nano-MnOx, even
hough at low loading (curve c), caused a significant increase of

H2O2 at relatively positive potential (ca. −0.2 V) compared to
hat obtained at the GC electrode loaded with the Au nanopar-
icles alone (curve b). But this electrode supports lower values
f XH2O2 at more negative potentials than ca. −0.3 V. The large
alues of XH2O2 obtained at the nano-MnOx/nano-Au/GC disk
lectrodes at the relatively positive potential indicate the elec-
rodeposition of the nano-MnOx onto the nano-Au. This in turn
eads to the observed de-activation of the nano-Au/GC electrode
owards an efficient four-electron reduction of O2.

. Conclusions

The electrocatalytic activity of Au and MnOx nanoparti-
les binary electrocatalysts electrodeposited onto GC substrates
as been examined towards the oxygen reduction in alkaline
edium as a function of the loading extent and sequence of

lectrodeposition of both species. This was done aiming at the
abrication of a binary catalyst electrode composed of the opti-
um amounts of both species while having the highest possible

lectrocatalytic activity towards the electrocatalytic reduction of
2 to hydrogen peroxide through two-electron reduction at the
ano-Au followed by chemical decomposition of the electrogen-
rated hydrogen peroxide to water and molecular oxygen at the
ano-MnOx. This bifunctional mechanism leads ultimately to
n apparent four-electron reduction of oxygen. The electrode
repared by the electrodeposition of nano-MnOx (25 poten-
ial cycles) followed by the Au nanoparticles electrodeposition
for 180 s) showed the best performance towards an apparent
our-electron reduction of O2. Excessive electrodeposition of
u nanoparticles (more than 180 s) is thought to decrease the

ctive area of the nano-MnOx accessible to hydrogen peroxide
nd thus, leading to a partial loss of its catalytic disproportiona-
ion activity towards hydrogen peroxide. Inversing the order of
he electrodeposition of both species resulted in a totally differ-
nt undesired behaviour of the electrode.
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