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Abstract

This study concerns the efficient electrochemical reduction of molecular oxygen (O,), in O,-saturated 0.1 M KOH solution, to OH™ through
a four-electron reduction pathway by a novel binary catalyst that is comprised of two kinds of catalysts, i.e., Au nanoparticles (nano-Au) and
manganese oxide nanoparticles (nano-MnOx) electrodeposited onto a relatively inert substrate, e.g., glassy carbon (GC) electrode. The nano-Au
catalyst is efficiently used for the electro-reduction of O, to hydrogen peroxide through a two-electron reduction pathway at a reasonably low
overpotential. While the latter (i.e., nano-MnOx) is effectively used for the subsequent catalytic decomposition of the electrogenerated hydrogen
peroxide to water and molecular oxygen. The dependence of the electrocatalytic activity of the proposed binary catalysts towards the oxygen
reduction on the loading level of both species has been investigated in this paper. This is done aiming at the preparation of a binary catalyst
composed of the optimum amounts of both species which supports an apparent four-electron reduction of O, at sufficiently low overpotential in

replacement of the costly Pt-based electrocatalysts.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The large overpotential associated with the oxygen reduction
reaction (ORR) is one of the major challenges which call for
the development of a high performance cathode catalyst [1-3].
The ORR is a reaction of indispensable importance in metal air
batteries, fuel cells as well as in oxygen sensor [1,4—10]. So far,
Pt and Pt-base alloys are superior to many other electrocatalysts
and are still the most widely used electrocatalysts in low temper-
ature polymer electrolyte membrane fuel cells (PEMFC) [11].
But a major drawback is the high cost of such electrocatalysts.
Thus, extensive efforts have been paid to reduce the amount of
the Pt electrocatalysts by increasing the utilization of Pt or via
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alloying with other metals [12-19]. Another rapidly emerging
alternative is the development of new inexpensive non-Pt-based
electrocatalysts with a comparable or even better electrocat-
alytic activity to that of Pt [2,3,20-28]. These include the use of
Au nanoparticles-based cathodes [20,23-27], a combined use
of Co-based complex together with manganese oxide [29-31],
W,C-Ag nanocrystalline composites [21] as well as bifunc-
tional Ag—-MnO> catalysts supported onto single-walled carbon
nanotubes (SWNT) [22]. Au nanoparticles-based cathodes with
controllable size and crystallographic orientation stand as more
economically and cheap electrocatalysts for the ORR [25,27].
However, the contribution of the two-electron reduction path-
way of O to hydrogen peroxide is unavoidable. The produced
hydrogen peroxide has a detrimental effect on the matrix of the
polymer electrolyte membrane which separates the two parts of
the fuel cell (i.e., the cathodic and the anodic sides) as well as
on the overall performance of the fuel cell. A combined use of
a second catalyst (i.e., manganese oxide nanoparticles) together
with Au nanoparticles has been recently suggested as a novel
strategy in the fabrication of efficient electrocatalysts towards
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the ORR [28]. This is based on the fact that manganese oxide has
an excellent catalytic activity towards the chemical dispropor-
tionation of hydrogen peroxide into water and molecular oxygen
[31]. This study aims at the investigation of the dependence of
the electrocatalytic activity of the proposed binary catalyst on
the loading level and the sequence of electrodeposition of both
species. This was done to fabricate a cheap binary catalyst com-
posed of the optimal amounts of both species quite sufficient
to support effectively an apparent four-electron reduction of Oy
at reasonably low cathodic overpotential in replacement of the
costly Pt-based electrocatalysts. Cyclic voltammetry (CV) as
well as hydrodynamic voltammetry are employed to study the
ORR in O;-saturated 0.1 M KOH solution.

2. Experimental

Glassy carbon (GC) electrode and highly oriented pyrolytic
graphite (HOPG) were used as the working electrodes. The
GC electrodes were in the form of disks (¢ =3.0 mm) sealed
in a Teflon jacket having an exposed geometric surface area
of 0.07 cm?. Whereas, the HOPG electrodes were fabricated
by freshly cleaving HOPG plates (supplied by NT-MDT Co.,
Russia) and then supporting them on a plastic substrate (the
exposed geometric surface area is 0.15 cm?). Cyclic voltammet-
ric (CV) measurements were performed in a conventional two-
compartment three-electrode Pyrex glass cell using a computer-
controlled BAS 100 B/W electrochemical analyzer. A spiral Pt
wire and an Ag/AgCI/KCl(sat.) (having an equilibrium poten-
tial of +197mV versus standard hydrogen electrode (SHE))
were the counter and the reference electrodes, respectively. All
potentials in this paper are reported against SHE. GC elec-
trodes were mechanically polished first with no. 2000 emery
paper, then with aqueous slurries of successively finer alu-
mina powder (down to 0.06 wm) with the help of a polishing
microcloth, and then sonicated for 10 min in Milli-Q water. Au
nanoparticles were electrodeposited on the thus-prepared GC
electrodes (nano-Au/GC) from 0.5 M Na; SOy solution contain-
ing 1.0mM Na[AuCly]. The NaySOy4 solution is used as the
supporting electrolyte to avoid the possible chemical dissolu-
tion of the manganese oxide nanoparticles pre-deposited onto the
GC (or HOPG) electrodes, although the electrodeposition of Au
nanoparticles is usually carried out in strong acidic media (e.g.,
H>S04) [32]. Fig. 1 shows a linear sweep voltammetry (LSV)
for the electrodeposition of Au nanoparticles onto GC electrode
(d=3.0mm) from neutral 0.5M Na;SO4 solution containing
1.0 mM Na[AuCl4] at a potential scan rate of 100 mV s~L. This
figure shows that the reduction peak of Au ions to elemental
Au is centered at ca. + 0.7V versus SHE. Thus, a potential
step electrolysis from 1.1 to OV versus Ag/AgCIl/KCl(sat.) was
utilized to perform the electrodeposition of the Au nanoparti-
cles from this neutral solution for different electrolysis time.
Whereas, manganese oxide (MnOx) nanoparticles were elec-
trodeposited onto the GC (or HOPG) electrodes with/without
pre/post-electrodeposition of Au nanoparticles from a solution
containing 0.1 M Na»SO4 + 0.1 M Mn(CH3COO), via cycling
the potential between 0.0 and 0.4 V versus Ag/AgCI/KCl(sat.) at
20mV s~! for different number of potential cycles. Steady-state
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Fig. 1. LSV of Au nanoparticles electrodeposition at GC electrode (f=3.0 mm)
from 0.5 M NaySOj solution containing 1.0 mM Na[AuCly]. Potential scan rate:
100mVs~'.

voltammograms were obtained at a GC disk (¢ = 3.0 mm)-Ptring
electrode (RRDE) using a rotary system from Nikko Keisoku
(Japan) coupled with an ALS/chi 832A electrochemical analyzer
bi-potentiostat (USA). The same procedure of the electrodepo-
sition of the Au and/or MnOx nanoparticles has been performed
for the GC disk of the RRDE as that employed for the GC elec-
trode used for the CV measurements. The working electrode
compartment was 200 cm? to eliminate any possible change of
the O, concentration during the measurements. Prior to each
experiment, O, gas was bubbled directly into the cell for 30 min
to obtain an O;-saturated 0.1 M KOH solution; during every
measurement O; gas was flushed over the cell solution. The col-
lection efficiency, N, of the RRDE was measured using 1.0 mM
K3[Fe(CN)g] in 0.5M KClI, and a value of 0.38 £0.02 was
obtained for the GC disk-Pt ring RRDE. All current densities
were calculated on the basis of the geometric surface area of
the electrodes (i.e., 0.07 cm?). All the measurements were per-
formed at room temperature (25 & 1 °C). All chemicals used in
this investigation were of analytical grade and were used with-
out further purification. X-ray diffraction (XRD) measurements
were performed on a Philips PW 1700 powder X-ray diffrac-
tometer, using Cu Ko radiation (A =1.54056 A) with a Ni filter
working at 40kV and 30 mA. Scanning electron microscopy
(SEM) and electron diffraction spectroscopy (EDS) analysis of
the Au (and/or MnOx) nanoparticles electrodeposited onto the
GC electrodes was carried out using an JSM-T220 scanning
electron microscope (JEOL Optical Laboratory, Japan) at an
acceleration voltage of 20 kV and a working distance of 4-5 mm.

3. Results and discussion
3.1. SEM, EDS and XRD characterization of the
nano-MnOx and nano-Au electrodeposited onto HOPG and

GC electrodes

Fig. 2a—d shows typical SEM images for HOPG electrodes
loaded with (a) nano-Au, (b) nano-MnOXx, (c) nano-Au/nano-
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Fig. 2. SEM images (at magnification factor of 80,000x) 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 0V vs. Ag/AgCI/KCl(sat.) from 0.5M NaySO4
containing 1.0 mM Na[AuCly]. The electrodeposition of nano-MnOx was performed from 0.1 M Na; SOy solution containing 0.1 M Mn(CH3COO); by applying 25

potential cycles between 0 and 0.4V at 20mVs~!,

MnOx and (d) nano-MnOx/nano-Au. Electrodeposition of nano-
MnOx and nano-Au was performed, respectively, by applying
25 potential cycles between 0 and 0.4 V vs. Ag/AgCl/KCl(sat.)
in 0.1 M NaySO4 + 0.1 M Mn(Ac),, and a potential step of 300 s
from 1.1 to OV vs. Ag/AgCl/KCl(sat.) from the neutral bath
of 0.5 M NaySOy solution containing 1.0 mM Na[AuCly]. Note
thatimage c corresponds to the electrodeposition of nano-MnOx,
firstly, onto the HOPG electrode followed by the electrodeposi-
tion of the Au nanoparticles, and vice versa forimage d. Fig. 3a—g
shows typical SEM images for GC electrodes loaded with (a)
nano-Au, (b) nano-MnOx, (¢ and d) nano-Au/nano-MnOx and
(e—g) nano-MnOx/nano-Au. Electrodeposition of nano-MnOx
and nano-Au was performed, respectively, by applying (b—e) 25
and (f and g) 10 potential cycles between 0 and 0.4V in 0.1 M
NapS04+0.1 M Mn(Ac),, and (a, e and f) 300s, (c) 60s and
(d and g) 180 s potential step from 1.1 to OV from the neutral
bath of 0.5 M Na;SOy solution containing 1.0 mM Na[AuCly].

Inspection of both figures (Figs. 2 and 3) shows some significant
points:

1. 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.

2. 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 H>SO4 solution [24,33]. See images
marked ‘a’ in Figs. 2 and 3.
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3. 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.

4. The Au nanoparticles have been electrodeposited from the
neutral NaySO4 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
with different amounts of Au and MnOx nanoparticles. The
peak intensities of both species vary with the extent and the
sequence of their electrodeposition. Table 1 summarizes the
relative atomic percent ratio of the Au and Mn versus the elec-
trodeposition conditions. Inspection of this table reveals two
points, i.e.: (i) the increase of the electrodeposition time of
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Au or the number of potential cycles employed for the MnOx
electrodeposition increases each atomic percent and (ii) the elec-
trodeposition of Au nanoparticles from the neutral bath does not
wash up the pre-electrodeposited MnOx.

The highly crystalline nature of the HOPG substrate could,
advantageously, enable the monitoring of the XRD pattern of
each species (i.e., nano-Au and nano-MnOx). Fig. 5 shows
The XRD patterns obtained at HOPG electrode loaded with
(b) nano-Au, (c) nano-MnOx, (d) nano-Au/nano-MnOx and (e)
nano-MnOx/nano-Au as compared with the bare HOPG elec-
trode (curve a). The same electrodeposition conditions as in
Fig. 2 are used. Inspection of this figure reflects some interesting
features, i.e.:

1. The two peaks located at 26 of about 26.4° and 54.8° corre-
spond to the C(002) and C(004) basal planes of the HOPG
substrate (see curves a—e).

Fig. 3. SEM images (at magnification factor of 80,000x) for the (a) nano-Au/GC, (b) nano-MnOx/GC, (c and d) nano-Au/nano-MnOx/GC and (e-g) nano-
MnOx/nano-Au/GC electrodes. Au nanoparticles were electrodeposited for (a, e, and f) 300s, (c) 60s and (d and g) 180s potential step from 1.1 to OV vs.
Ag/AgCl/KCl(sat.) from 0.5 M Na;SO4 containing 1.0 mM Na[AuCly]. The electrodeposition of nano-MnOx was performed from 0.1 M Na; SOy solution containing
0.1 M Mn(CH3COO), by applying (b—e) 25 and (f and g) 10 potential cycles between 0 and 0.4 V at 20mV s~
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Fig. 3. (Continued ).

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 thano-Au’/S NPCpano-MnOx? Au:MnOx®
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 ¢ of Fig. 3).

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

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

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

2. The peaks located at 26 values of about 38.5°, 44.4° and 64.6°
correspond to the Au(111), Au(200) and Au(220) facets
of the Au nanoparticles, respectively.

3. Interestingly, this figure shows that manganese oxide is elec-
trodeposited in a crystalline phase as a sharp peak located at
26 of ca. 26° emerged upon its electrodeposition (which is
overlapped with the C(002) peak of the HOPG substrate.
This peak can be clearly observed in curve e of this fig-
ure. This peak corresponds to the (11 1) 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].

3.2. Evaluation of the electrocatalytic activity of the
nano-MnOx/nano-Au/GC electrodes with different loadings
towards the ORR

3.2.1. 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-
ferent Au loadings, in O;-saturated 0.1 M KOH. Curve g shows
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Fig. 4. (A) EDS spectra for the GC electrodes (analyzed area=300nm x
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.
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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.
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Fig. 6. CVs for the ORR in O;-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 =100mV s~!. Electrodeposition of nano-MnOx was performed by applying
25 potential cycles between 0 and 0.4 V at 20mV s~! in an aqueous solution of
0.1 M NapSOy4 containing 0.1 M Mn(CH3COOQ),. Au nanoparticles were elec-
trodeposited onto the nano-MnOx/GC electrode by applying a potential step
electrolysis from 1.1 to 0V for (c) 60, (d) 120s, (e) 180, and (f) 240's from
0.5M Na, SOy solution containing 1.0 mM Na[AuCly].

the CV for the ORR at the bare Pt electrode for comparison at
which a direct four-electron reduction of oxygen to OH™ takes
place exclusively. This figure shows that the electrodeposition
of MnOx caused a significant increase of the peak current of
the ORR without any significant shift of the peak potential. The
increase of the peak current associated with the electrodeposi-
tion of the MnOx nanoparticles (curve b) is due to the catalytic
disproportionation activity of nano-MnOx towards the electro-
generated hydrogen peroxide (HO, ™) at the GC electrode in
alkaline medium, which can be represented as

O, +H;O + 2¢ — HO,” +OH™ N
HO, "1 0, + OH- 2

While the different loading of Au caused a pronounced shift
of the oxygen reduction peak potential to the positive direction of
potential. In fact, this shift in the peak potential indicates the pre-
dominance of the ORR at the electrodeposited Au nanoparticles
rather than at the bare portion of the GC electrode. Electrodes
marked e and f showed the highest peak current among the
examined electrodes being comparable to that of the Pt elec-
trode (curve g).

Fig. 7 shows the RRDE voltammograms for the ORR
obtained at the (a) bare GC, (b) nano-MnOx/GC and (c—f) nano-
Au/nano-MnOx/GC disk electrodes (f= 3.0 mm) in O;-saturated
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Fig. 7. RRDE voltammograms for the ORR, in O;-saturated 0.1 M KOH, at (a)
bare GC, (b) nano-MnOx/GC, (c—f) nano-Au/nano-MnOx/GC disk electrodes
(f=3.0mm). Rotation rate: 400 rpm. Potential scan rate of the disk electrode:
10mV s~!. Curves (a”’—f") represent the corresponding Pt-ring current (polar-
ized at+0.5 V). Electrodeposition of MnOx and Au nanoparticles was performed
as described in Fig. 6.

0.1 M KOH. Note that the nano-MnOx was, firstly, electrode-
posited onto the GC electrode via 25 potential cycles between O
and 0.4 V at 20mV s~ !, then followed by the electrodeposition
of nano-Au onto the nano-MnOx/GC electrode via (c) 60 s, (d)
120, (e) 180 s and (f) 240 s potential step from 1.1 to O V. The
Pt ring electrode was potentiostated at +0.5 V and the measured
ring currents (which represent the oxidation of the hydrogen per-
oxide electrogenerated at the relevant disk electrode) are shown
in the upper side of the graph (a”—f"). This figure shows that the
electrodeposition of minute amount of Au nanoparticles (curve
c) causes a significant positive shift of the onset of the ORR
along with an increase of the disk current compared to the bare
GC diskelectrode (curve a). Further prolonged electrodeposition
of Au nanoparticles leads to more pronounced positive shift of
the onset potential of the ORR along with a noticeable increase
of the disk current. Note that curve f (corresponding to 240
deposition time of Au) does not show any pronounced improve-
ment in disk current or in the onset potential of the ORR current
flow as compared to curve e (180 s). But a slight increase of the
corresponding ring current is observed (curve f”).

3.2.2. Variation of the nano-MnOx loading

Fig. 8 shows the CVs for the ORR obtained at (a) bare
GC, (b) nano-Au/GC and (c—e) nano-MnOx/nano-Au/GC elec-
trodes with different loadings of nano-MnOx in O-saturated
0.1 M KOH. MnOx loading was carried out for (c) 2, (d) 10
and (e) 25 potential cycles. This figure shows an observable
enhancement of the ORR in terms of peak potential and cur-
rent upon the loading of Au nanoparticles (curve b). While a

1mAcm™

-0.4 0 0.4
E/Vvs. SHE

Fig. 8. CVs for the ORR in Oj-saturated 0.1M KOH at (a) bare GC,
(b) nano-Au/GC and (c—e) nano-MnOx/nano-Au/GC electrodes (f=3.0 mm).
SR=100mVs~'. Au nanoparticles were electrodeposited onto the GC elec-
trode by applying a 300 s potential step electrolysis from 1.1 to 0V from 0.5 M
NazSOy4 solution containing 1.0 mM Na[AuCly]. 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~! in an aqueous solu-
tion of 0.1 M Na;SOy4 containing 0.1 M Mn(CH3COO),. Curve d” represents
the blank CV response of the same electrode of curve d in Np-saturated 0.1 M
KOH solution at a potential scan rate of 100mVs~'.

rather broad peak for the ORR was observed in the more neg-
ative potential region upon the loading of nano-MnOx onto the
nano-Au/GC electrodes (curves c—e). This might be due to the
partial deactivation of the pre-deposited Au nanoparticles by
the nano-MnOx (see images e-g in Fig. 3). In comparison to
the bare GC electrode (curve a), the peak potential of the ORR
at those electrodes (curves c—e) is more positive and also its
peak current intensity is higher. The corresponding steady-state
hydrodynamic voltammograms for the ORR are shown in Fig. 9
in 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
O;-saturated 0.1 M KOH. Note that the nano-MnOx was elec-
trodeposited onto the nano-Au/GC electrode via (c) 2, (d) 10
and (e) 25 potential cycles. The corresponding Pt ring currents
are shown in the upper side of the graph (curves a”’—¢’). This
figure shows that the nano-Au/GC disk electrode (curve b) sup-
ports the highest current for the ORR associated with low value
of the corresponding ring current (see curve b”) at fairly low
cathodic polarization (at about 0 V versus SHE). This disk cur-
rent maximum diminishes at higher cathodic potentials and a
significant increase of the ring current starts to emerge. This
behaviour is similar to that obtained at the Au(100)-rich Au
nanoparticles-electrodeposited GC disk electrode [27], indicat-
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Fig. 9. RRDE voltammograms for the ORR, in O;-saturated 0.1 M KOH, at (a)
bare GC, (b) nano-Au/GC and (c—e) nano-MnOx/nano-Au/GC disk electrodes
(f=3.0mm). Rotation rate: 400 rpm. Potential scan rate of the disk electrode:
10mV s~!. Curves (a”—e") represent the corresponding Pt-ring current (polar-
ized at+0.5 V). Electrodeposition of MnOx and Au nanoparticles was performed
as described in Fig. 8.

ing that this nano-Au/GC electrode (curve b) is enriched in the
Au(100) orientation. However, the electrodeposition of nano-
MnOx (albeit at low loadings, case c) was found to weaken such a
unique characteristic of the nano-Au/GC itself. This might origi-
nate from the fact that the electrodeposition of MnOx takes place
at the previously deposited Au nanoparticles (see, for example,
image d of Fig. 2 and images e—g of Fig. 3).

3.3. Estimation of the fraction of the electrogenerated
H>0; at the nano-MnOx/nano-Au/GC electrodes with
different loadings

The percentage of the electrogenerated hydrogen peroxide
(XH,0,) during the ORR can be estimated using the following
equation [12]:

2Ir/N
Ip + (Ir/N)

where IR is the ring current, Ip the disk current and N is the
collection efficiency of the RRDE electrode. Thus, Xy,0, = 0
if I =0, i.e., exclusive four-electron reduction of O, to water,
while this value is 100% if Ip equals (Ir/N). Fig. 10A shows
the variation of Xy,0, as a function of the amount of the elec-
trodeposited Au nanoparticles onto the nano-MnOx/GC disk
electrode (the data were extracted from Fig. 7). This figure shows
that the GC electrode supports an exclusive two-electron reduc-
tion of O; to HyO; as the value of Xp,0, is very close to 100%.
On the other hand, electrodeposition of nano-MnOx onto the
GC disk electrode caused a noticeable lowering of the Xy,0,
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Fig. 10. (A) Variation of the percent of the electrogenerated HyO; (Xh,0,)
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>O2 (Xn,0,) as a function of the extent of the
MnOx nanoparticles loadings onto the nano-Au/GC electrode. Same notation
as in Fig. 9 is used.

value down to ca. 80% (curve b) due to the catalytic dispro-
portionation activity of nano-MnOx towards H,O» (see Eq. (2)
above). Furthermore, the electrodeposition of minute amount of
Au nanoparticles caused a further significant lowering of the
XH,0, value (curve ¢). More increase of the amount of the elec-
trodeposited Au nanoparticles resulted in a more pronounced
decrease in Xy,0, until a certain loading of Au (180, curve e)
beyond which a slight increase of this value was observed (see
curve f). This means a partial loss of the synergistic enhancing
effect of Au and MnOx nanoparticles on the ORR. That is, the
electrodeposition of the excess Au nanoparticles onto the bare
portion of the GC substrate, which is covered with insulating
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nano-MnOx fibrous texture, results in a decrease in the active
area of the nano-MnOx available for the catalytic dispropor-
tionation of the hydrogen peroxide electrogenerated on the Au
nanoparticles. Fig. 10B shows the variation of Xy,0, as a func-
tion of the amount of the electrodeposited MnOx nanoparticles
onto the nano-Au/GC disk electrode (the data were extracted
from Fig. 9). This figure shows that the electrodeposition of
Au nanoparticles onto the bare GC disk electrode support an
almost four-electron reduction pathway of O, to water at rela-
tively positive potential (at ca. 0 V versus SHE) as can be seen
from the low fraction of the electrogenerated H,O, (<10%).
This fraction increases as the disk electrode potential is swept
to more negative values and it reaches a maximum value of ca.
60% at ca. —0.3 V. The electrodeposition of nano-MnOx, even
though at low loading (curve c), caused a significant increase of
Xn,0, at relatively positive potential (ca. —0.2 V) compared to
that obtained at the GC electrode loaded with the Au nanopar-
ticles alone (curve b). But this electrode supports lower values
of Xy,0, at more negative potentials than ca. —0.3 V. The large
values of XH,0, obtained at the nano-MnOx/nano-Au/GC disk
electrodes at the relatively positive potential indicate the elec-
trodeposition of the nano-MnOx onto the nano-Au. This in turn
leads to the observed de-activation of the nano-Au/GC electrode
towards an efficient four-electron reduction of O,.

4. Conclusions

The electrocatalytic activity of Au and MnOx nanoparti-
cles binary electrocatalysts electrodeposited onto GC substrates
has been examined towards the oxygen reduction in alkaline
medium as a function of the loading extent and sequence of
electrodeposition of both species. This was done aiming at the
fabrication of a binary catalyst electrode composed of the opti-
mum amounts of both species while having the highest possible
electrocatalytic activity towards the electrocatalytic reduction of
O; to hydrogen peroxide through two-electron reduction at the
nano-Au followed by chemical decomposition of the electrogen-
erated hydrogen peroxide to water and molecular oxygen at the
nano-MnOx. This bifunctional mechanism leads ultimately to
an apparent four-electron reduction of oxygen. The electrode
prepared by the electrodeposition of nano-MnOx (25 poten-
tial cycles) followed by the Au nanoparticles electrodeposition
(for 180s) showed the best performance towards an apparent
four-electron reduction of O,. Excessive electrodeposition of
Au nanoparticles (more than 180s) is thought to decrease the
active area of the nano-MnOx accessible to hydrogen peroxide
and thus, leading to a partial loss of its catalytic disproportiona-
tion activity towards hydrogen peroxide. Inversing the order of
the electrodeposition of both species resulted in a totally differ-
ent undesired behaviour of the electrode.
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