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Electrochemical Reduction of Oxygen on Gold
Nanoparticle-Electrodeposited Glassy Carbon Electrodes
Mohamed S. El-Deab,a Takeyoshi Okajima, and Takeo Ohsaka* ,z

Department of Electronic Chemistry, Interdisciplinary Graduate School of Science and Engineering,
Tokyo Institute of Technology, Midori-ku, Yokohama 226-8502, Japan

The electrochemical reduction of oxygen (O2) on Au nanoparticle-electrodeposited glassy carbon electrodes~GCEs!has been
performed in 0.1 M phosphate buffer solution~pH 7.2!. Two well-separated electrochemical reduction peaks for O2 on GCE were
observed at about2750 and22000 mVvs.Ag/AgCl/KCl ~sat.! i.e., a peak separation ofca. 1250 mV. Those two peaks were
attributed to the two-step four-electron reduction of O2 to H2O through H2O2 . A remarkable decrease of the separation of the two
peaks~down to 550 mV! along with a significant positive shift of the two reduction peaks of O2 to 2350 and29880 mV,
respectively, were observed upon loading of a very minute amount of Au nanoparticles onto the GCE~typically 2.783 1027 g
cm22!. Further positive potential shift of the two peaks along with a concurrent decrease of the peaks separation could be achieved
by controlling the extent of Au loading on the GCE. Au-electrodeposited GCE with an equivalent Au film thickness of 10 nm
showed almost the same behavior toward the O2 reduction as the bulk Au electrode. These observations were interpreted in view
of the increase of the effective~real!surface area of the Au film by the increase of its thickness, as indicated by scanning electron
micrographs in addition to the characteristic cyclic voltammogram for Au nanoparticle-electrodeposited GCEs in N2-saturated
0.05 M H2SO4 .
© 2003 The Electrochemical Society.@DOI: 10.1149/1.1574806# All rights reserved.
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The electrocatalytic reduction of molecular oxygen (O2) to either
hydrogen peroxide (H2O2) or to water (H2O) is a reaction of prime
importance in many industrial, environmental,1-3 and electrochemi-
cal applications like fuel cells.4-7 This reaction has been extensively
studied at various electrode materials in different media.8-12 The
reaction pathway depends markedly on the electrode material
well as the electrolyte pH. A desirable cathode for such applicatio
should satisfy several advantages,e.g., low overpotential, high cur-
rent density~i.e., high reaction rate!, long lifetime of operation, as
well as low cost.

Glassy carbon electrodes~GCEs!are characterized by their high
chemical inertness as well as low oxidation rate in addition to sm
gas and liquid permeability.13 These properties render GCEs a suit
able base for the loading of various metals and polymer thin film
aiming to improve its electrocatalytic activity toward several elec
trochemical applications14-16 rather than use as a bulk electrode. Fo
instance, Au thin-film-coated GCEs have been used as cathodes
O2 reduction in acidic and in alkaline media.16,17 The electrocata-
lytic activity of such electrodes toward the O2 reduction in acidic
medium was independent of film thickness and was similar to that
the bulk Au electrode, which supports mainly the two-electron re
duction mechanism of O2 to H2O2 .16 While in alkaline medium17

the Au thin-film-coated GCE produces HO2
2 as a major reduction

product at relatively positive overpotentials, and at higher cathod
overpotentials the formation of OH2 predominates~i.e., two-step
four-electron pathway!. This behavior is also similar to that of bulk
Au in alkaline medium.12 In both cases the Au films were deposited
onto the GCE via the evaporation technique.

Recently, the use of nanoparticle-based electrodes have sho
superior advantageous electrocatalytic properties over bulk el
trodes for many vital electrochemical reactions,e.g., CO oxidation,
O2 reduction, and for catalytic hydrogenation of unsaturated alc
hols and aldehydes.8,18,19

In this study, the electrochemical deposition of Au nanoparticle
onto GCE has been performed under different conditions of elect
lyte concentration and deposition time. These Au nanoparticl
electrodeposited GCEs are used as cathodes for the electrochem
reduction of O2 in 0.1 M phosphate buffer~pH 7.2!. A significant
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and regular positive shift in the overpotential of O2 reduction was
achieved upon loading the Au nanoparticles onto the GCE. The e
trocatalytic activity of such electrodes was compared with that of
bare GCE and bulk Au electrode in the same electrolyte.

Experimental

The working electrodes were bare glassy carbon~GC! and Au
nanoparticle-electrodeposited GC electrodes (f 5 3 mm!, and bulk
Au electrodes (f 5 1.6 and 2.0 mm!were used for the cyclic
voltammetric~CV! and the rotating disc electrode~RDE! voltam-
metric experiments. A spiral Pt wire and an Ag/AgCl/KCl~sat.!were
the counter and the reference electrodes, respectively. Prior to
electrodeposition of Au nanoparticles, the GCEs were polished fi
with no. 2000 emery paper, then with aqueous slurries of succ
sively finer alumina powder~particle size down to 0.06mm! with
the help of a polishing microcloth. The bare GCEs were then so
cated for 10 min in Milli-Q water. Au nanoparticles were electrod
posited from acidic bath of 0.5 M H2SO4 solution containing either
0.11 or 1.0 mM Na@AuCl4] by applying a potential step from 1.1 to
0.0 V vs. Ag/AgCl/KCl ~sat!.20 The duration time of the potentia
step was varied from 5 to 600 s to obtain Au deposits with differe
characteristics~cf. Table I!. The Au electrodes were first polished
a similar manner to the GCE and then electrochemically pretrea
in N2-saturated 0.05 M H2SO4 solution by repeating the potentia
scan in the range20.2 to 1.5 Vvs.Ag/AgCl/KCl ~sat.!at 100 mV/s
for 10 min or until the CV characteristic for a clean Au electrod
was obtained. Scanning electron microscopy~SEM! analysis of the
Au particles deposited on GCE was carried out using a JSM-T2
scanning electron microscope~JEOL Optical Laboratory, Japan! at
an acceleration voltage of 15 kV and a working distance of 4-5 m

Oxygen reduction was studied in 0.1 M phosphate buffer so
tion ~PBS!of pH 7.2 using a conventional two-compartment Pyre
glass container. Milli-Q water~Millipore, Japan!was used to pre-
pare all solutions. Prior to each experiment, O2 gas was bubbled
directly into the cell for 30 min to obtain an O2-saturated solution,
and during the measurements O2 gas was flushed over the cel
solution. For the RDE experiments, the working electro
compartment was 200 cm3 to eliminate possible change of the O2
concentration during the measurements. All the measurements w
performed at room temperature (256 1°C!. Electrochemical
measurements were performed using a BAS 100 B/W elec
chemical analyzer. Steady-state voltammograms were obtained
bare GC and at a Au nanoparticle-electrodeposited GC d
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Table I. Characterization of the Au loadings on GCE under different conditions of electrodeposition.

Electrode
no.

Deposition
time ~s! Bath composition

Au loadinga

~g cm22!

Average surface
area of Au

loadingb ~cm2!

Equivalent film
thicknessc

~nm!

1 5 0.11 mM Na@AuCl4]
in 0.5 M H2SO4

2.78 3 1027 5.40 3 1023 0.14

2 5 1.0 mM Na@AuCl4] in
0.5 M H2SO4

1.50 3 1026 1.68 3 1022 0.77

3 300 As above 1.98 3 1025 1.07 3 1021 10.3
4 600 As above 4.16 3 1025 1.46 3 1021 21.6

a As calculated from thei -t curve during the potential-step electrodeposition.
b As estimated from the charge consumed for the reduction peak of the surface oxide monolayer of Au~the peak at 900 mV in Fig. 2! using a reported value of 400mC cm22.21-23

c It is the thickness of a homogeneous Au film that covers the entire surface area of the GCE and has the same Au loading as that of nanoparticles.
-

E
N

n-
r

on
~f 5 3.0 mm!-Pt ring electrode~RRDE! using a rotary system
from Nikko Keisoku, Japan. The Pt ring was potentiostated at 0.8
vs.Ag/AgCl/KCl ~sat!, where oxidation of hydrogen peroxide arriv
ing to the ring is under diffusion control. The current density wa
calculated on the basis of the geometric surface area of the GC
Electrolyte solutions were, if necessary, deaerated by bubbling2
gas for at least 30 min prior to electrochemical measurements.
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Results and Discussion

Characterization of the Au deposits.—The typical SEM micro-
graphs of the Au nanoparticles electrodeposited onto the GCEs u
der different operating conditions are shown in Fig. 1a-h. It is clea
from these figures that the increase of either the time of depositi
or the concentration of the AuCl4

2 resulted in an increase in the
Figure 1. SEM micrographs of~a! bare GCE and Au nanoparticle-electrodeposited GCEs prepared from 0.5 M H2SO4 solution containing~b and c! 0.11 mM
Na@AuCl4] or ~d-h! 1.0 mM Na@AuCl4] via ~b-d! 5, ~e,g!300, and~f,h! 600 s potential steps from 1.1 to 0.0 Vvs.Ag/AgCl/KCl ~sat!.
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average particle size of the Au nanoparticles. Furthermore, the
particles deposited from the 0.11 mM Na@AuCl4] solution are in the
nanoscale size~typically ;20 nm! and homogeneously distributed
throughout the GC surface~Fig. 1b and c!, while in the case of the
electrodeposition from the 1.0 mM Na@AuCl4] solution, in addition
to the 20 nm scale particles, bigger particles of about 80-100
~clusters!are formed~Fig. 1d!.

In order to estimate the real surface area of the Au nanopartic
electrodeposited on the GCEs, the characteristic CV response
each electrode is measured in N2-saturated 0.05 M H2SO4 . Figure 2
shows such CV response. The increase of the reduction peak cu
at ca. 1900 mV reflects the increase of the Au loading on the GC
The real surface area of the Au loading was estimated by calcula
the amount of charge consumed during the reduction of the
surface oxide monolayer using a reported value of 400mC
cm22.21-23 Table I summarizes the loading characteristics of the A
nanoparticles electrodeposited on GCE under different conditions
electrodeposition.

Electrochemical reduction of O2 at Au nanoparticle-
electrodeposited GCEs.—Figure 3 shows the CVs for the oxygen
reduction at bare~curve a! and Au nanoparticle-electrodeposite
~electrode no. 1, curve b! GCEs in O2-saturated 0.1 M phosphate
buffer solution of pH 7.2~0.1 M PBS pH 7.2!. In curve a, the first
reduction peak of O2 is observed atca. 2750 mV and the second
one is obtained as a shoulder at around22000 mV. The first peak is
due to the two-electron reduction of O2 to H2O2 , while the second
one is due to the further reduction of H2O2 formed to H2O ~cf. Fig.
4!. Interestingly, a considerable positive shift of these two reducti
peaks of O2 from ca. 2750 andca. 22000 mV~on the bare GCE!
to 2350 and2880 mV, respectively, was observed at the GC
loaded with a very minute amount of Au (2.783 1027 g cm22,
curve b!. The Au nanoparticle-electrodeposited GCE is considere
microdisk array-type electrode~see Fig. 1b and c!at which the
diffusion layers at individual Au nanoparticles overlap each other

Figure 2. CV response, in N2-saturated 0.05 M H2SO4 , for Au
nanoparticle-electrodeposited GCEs prepared from 0.5 M H2SO4 solution
containing~a! 0.11 mM Na@AuCl4] or ~b-d! 1.0 mM Na@AuCl4] via ~a and b!
5, ~c! 300, and~d! 600 s potential steps from 1.1 to 0.0 Vvs.Ag/AgCl/KCl
~sat!. Potential scan rate 100 mV s21. Curve~e! represents the CV response
of the bulk Au electrode.
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form a linearly expanding diffusion region, as can be expected
comparison of the average distance between the Au nanoparti
~;0.02 mm, see Fig. 1b!and the diffusion layer thickness (;2.1
3 1022 cm, under the experimental conditions of Fig. 3b!. Conse-
quently, the CV response~i.e., the voltammetric shape of the O2
reduction wave!of this electrode is similar to that observed at th
GCE with the same apparent geometric surface area. Figure 4 c
pares the CVs obtained with the bare and Au-deposited~electrode
no. 1! GCEs in 0.1 M PBS saturated with N2 or O2 in the absence
and presence of 1.8 mM H2O2 . It is clear from this figure that the
addition of H2O2 to the O2-saturated 0.1 PBS resulted in an increa
in the reduction peak current at2880 mV, while the peak current at
2350 mV was not affected~compare curves d and e for electrode 1!.
The addition of H2O2 to the N2-saturated solution caused the ap
pearance of a reduction peak at2880 mV, and no peak was ob-
served at2350 mV ~compare curves a and f!. As expected, the first
reduction peak of O2 on GCE was not affected by the addition o
H2O2 ~curves b and c!.

Figure 5 shows the CV response obtained for the O2 reduction at
the Au nanoparticle-electrodeposited GCEs in 0.1 M PBS~pH 7.2!.
This figure shows that the increase of the Au loading time~and in
turn the average film thickness! leads to a more positive shift of the
two reduction peaks~curves a-c!. The first and second reductio
peak potentials in curve c are almost the same as those obtaine
the bulk Au electrode~curve d!.

Consequently, from a practical point of view, the loading of
very minute amount of Au nanoparticles on the GCE~e.g., curve b
in Fig. 3 and curve a in Fig. 5!is most desirable for the following
reasons:~i! it utilizes a small amount of a precise metal~i.e., saving
in the cost!, and (i i) it can efficiently and selectively produce H2O2
without interference from the second reduction peak, which b
comes closer to the H2O2 production peak upon increase of the A
loading ~see Fig. 5!.

Steady-state hydrodynamic voltammetric studies.—Figures 6-8
show the steady-state hydrodynamic voltammograms for the2
reduction at a GCE, a Au nanoparticle-electrodeposited G

Figure 3. CVs obtained for the O2 reduction at~a! bare GC and~b! Au
nanoparticle-deposited GC~electrode no. 1!in O2-saturated 0.1 M PBS~pH
7.2!. Potential scan rate 100 mV s21.
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Figure 4. CV response obtained at the bare GC~a-c! and Au nanoparticle-
deposited GC~electrode no. 1 curves d-f! in 0.1 M PBS pH 7.2 solution
saturated with~a and f! N2 or ~b-e! O2 in the absence~a, b, d! and the
presence~c, e, f! of 1.8 mM H2O2 . Potential scan rate 100 mV s21.

Figure 5. CVs obtained for the O2 reduction at Au nanoparticle-deposite
GC electrodes in O2-saturated 0.1 M PBS~pH 7.2!. A potential step from 1.1
to 0.0 V was used for the electrodeposition of Au particles from 0.5
H2SO4 solution containing 1.0 mM Na@AuCl4] with deposition time of~a! 5,
~b! 300, and~c! 600 s. Curve d represents the CV response of the bulk
electrode. Potential scan rate 100 mV s21.
 address. Redistribution subject to ECS term155.198.30.43loaded on 2014-06-11 to IP 
~electrode no. 2!, and a bulk Au electrode, respectively,
O2-saturated 0.1 M PBS~pH 7.2!. The ill-defined two reduction
waves were observed for the O2 reduction on the Au-
electrodeposited GCE and the bulk Au electrode in the poten
range of10.2 to 21.1 V ~Fig. 7 and 8!, while only one reduction

Figure 6. Hydrodynamic voltammograms for the oxygen reduction at ba
GC RDE ~f 5 3.0 mm! in O2-saturated 0.1 M PBS~pH 7.2! at different
rotation rates of~a! 100,~b! 200,~c! 400,~d! 600,~e! 800,~f! 1000,~g! 1200,
~h! 1600,~i! 2000, and~j! 2400 rpm. Potential scan rate 10 mV s21.

Figure 7. Hydrodynamic voltammograms for the oxygen reduction at a A
nanoparticle-electrodeposited GC RDE~f 5 3.0 mm! ~electrode 2! in
O2-saturated 0.1 M PBS~pH 7.2! at different rotation rates of~a! 100, ~b!
200, ~c! 400, ~d! 600, ~e! 800, and~f! 1200 rpm. Potential scan rate 10 mV
s21.
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wave could be obtained on GCE in the same potential domain~Fig.
6!. The data are analyzed using the Koutecky-Levich equation giv
by24

1/i 5 1/ik 1 1/id 5 21/~nFAkCo!

2 1/~0.62nFADO2

2/3n21/6C0v1/2! @1#

wherei is the measured current at a given potential,i k andi d are the
kinetic and diffusion-limited currents, respectively,k is the rate con-
stant for O2 reduction,n is the number of electrons involved in the
oxygen reduction reaction,F is Faraday constant~96,484 C
mol 2 1!, A is the geometric electrode area~cm2!, v is the rotation
rate~rad s21!, C0 is the saturated concentration of O2 in 0.1 M PBS
~pH 7.2, 8.83 1027 mol cm2 3!, DO2

is the diffusion coefficient of

O2 (2.7 3 1025 cm2 s21!, and n is the kinematic viscosity of the
solution ~0.010 cm2 s21!. The values ofCo and DO2

were deter-
mined by the hydrodynamic chronocoulometric technique25 ~the
data are not shown here!, while the value ofn was measured using
an Ubbelohde viscometer at 25°C.

Figures 9-11 show typical K-L plots for the data shown in Fig
6-8, respectively. The dotted lines represent the theoretical pred
tions from Eq. 1 using an effective value ofn 5 2 ~for Fig. 9! and
n 5 4 ~for Fig. 10 and 11!and i k → `. Good agreement is found
between the experimentally measured currents and those predic
using Eq. 1. These results confirm the conclusion of Fig. 4~i.e., the
two-step four-electron reduction pathway for O2 reduction!. In other
words, the values ofn, for example, at2800 mV, are 2 at bare GCE
and 4 at both Au nanoparticle-deposited GCE and Au bulk electrod
There is no intercept for the K-L plots~Fig. 10 and 11!at the po-
tential at which the limiting current is reached,i.e., the O2 reduction
is under diffusion control~as expected from the theory!, but at other
potentials we have intercept depending on the potential. The valu
of these intercepts refer to the kinetic current component of the to
measured current~see Eq. 1!.

Figure 12 compares the steady-state hydrodynamic voltamm
grams for the O2 reduction obtained at a bare GC disk~f 5 3.0
mm!-Pt ring ~curves a and a8! with those obtained at Au

Figure 8. Hydrodynamic voltammograms for the oxygen reduction at bar
Au RDE ~f 5 2.0 mm! in O2-saturated 0.1 M PBS~pH 7.2! at different
rotation rates of~a! 200, ~b! 400, ~c! 600, ~d! 800, ~e! 1000, ~f! 1200, ~g!
1600,~h! 2000, and~i! 2400 rpm. Potential scan rate 10 mV s21.
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nanoparticle-electrodeposited GC disk~electrode no. 2!-Pt ring
RRDE electrodes~curves b and b8! in O2-saturated 0.1 M PBS pH
7.2. The measurements were performed at a scan rate of 20 mV21

and a rotation speed of 400 rpm. The Au nanoparticles were el
trodeposited onto the GC electrode from 0.5 M H2SO4 solution
containing 1.0 mM Na@AuCl4] by applying a potential step from 1.1
to 0.0 V for 5 s. The top of this figure~i.e., curves a8 and b8! shows
the ring currents, which correspond to the oxidation of hydrog

Figure 9. K-L plots for the O2 reduction at the bulk GC RDE in
O2-saturated 0.1 M PBS~pH 7.2!. The dotted line represents the theoretica
K-L line calculated usingn 5 2. The electrode potential:~a! 2600, ~b!
2700, ~c! 2800, and~d! 2900 mV vs.Ag/AgCl/KCl ~sat.!. The data were
taken from Fig. 6.

Figure 10. K-L plots for the O2 reduction at the Au nanoparticle-
electrodeposited GC RDE~electrode 2!in O2-saturated 0.1 M PBS~pH 7.2!.
~• • • •! The theoretical K-L line calculated usingn 5 2 and 4. The elec-
trode potential:~a! 2200, ~b! 2240, ~c! 2280, ~d! 2300, ~e! 2360, ~f!
2400, ~g! 2500, ~h! 2600, ~i! 2700, ~j! 2800, ~k! 2900, and~l! 21000
mV vs.Ag/AgCl/KCl ~sat.!. The data were taken from Fig. 7.
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peroxide (H2O2) produced on the disk, while the bottom pan
shows disk currents. A large positive shift in the first reduction pe
of O2 is evident upon loading a minute amount of Au onto the GC
~compare curves a and b!; at the same time the corresponding
current starts to rise and reaches its maximum at a more pos

Figure 11. K-L plots for the O2 reduction at the bulk Au RDE in
O2-saturated 0.1 M PBS~pH 7.2!.~• • • •! The theoretical K-L line calcu-
lated usingn 5 4. The electrode potential:~a! 2200, ~b! 2300, ~c! 2400,
~d! 2500, ~e! 2600, ~f! 2700, and~g! 2800 mV vs.Ag/AgCl/KCl ~sat.!.
The data were taken from Fig. 8.

Figure 12. Steady-state voltammograms for O2 reduction at~a! bare GC and
~b! Au nanoparticle-electrodeposited GC disk electrodes and for H2O2 oxi-
dation at~a8 and b8! Pt ring electrode in O2-saturated 0.1 M PBS~pH 7.2!.
The Pt ring was potentiostated at 800 mVvs.Ag/AgCl/KCl ~sat!. Rotation
rate 400 rpm, potential scan rate 20 mV s21. A 5 s potential step from 1.1 to
0.0 V was used for the electrodeposition of Au nanoparticles from 0.5
H2SO4 solution containing 1.0 mM Na@AuCl4].
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potential~compare curves a8 and b8!. This clearly indicates the elec-
trocatalytic enhancement of the Au nanoparticles toward the O2 re-
duction compared to the bare GCE.

Energy savings during H2O2 production.—The significant posi-
tive shift of the cathodic peak potential for the reduction of O2 to
H2O2 upon loading the Au nanoparticles on the GCEs correspon
to a remarkable reduction in the energy consumption at the catho
At a particular current,i, the energy savings,js, in watt hours is
given by26

js 5 iDE~c!t/3600 @2#

wheret is the electrolysis time in seconds, andDE(c) is the shift in
the peak potential at a certain rate of H2O2 production~i.e., at a
constant current! brought about by the Au nanoparticles loading o
the GCE. The amount of H2O2 produced~in g mol! is given by the
Faraday law asi t/nF, wheren~52! is the number of electrons con-
sumed per H2O2 molecule produced. Thus, the energy savings at t
cathode per g mol of H2O2 , js8 , is given by

js8 5 js/~ i t/nF! 5 ~ iDE~c!t/3600!/~ i t/nF! 5 DE~c!nF/3600
@3#

The values ofDE(c) were obtained from Fig. 3 and 5. The energ
savings at the cathode per gram of Au nanoparticle loading~i.e., the
specific energy savings! was calculated using Eq. 3 and is plotted in
Fig. 13. As a conclusion of this figure, the most beneficial effect
the Au loading appears upon loading a minute amount of Au~i.e., 5
s electrodeposition, in the nanoscale range, typically;20 nm, with
an equivalent film thickness of 0.14 nm! on the GCE, resulting in
the highest specific energy savings of the electrode.

Conclusion

The electrochemical reduction of O2 at Au nanoparticle-
electrodeposited GCEs has been performed in 0.1 M PBS~pH 7.2!.
A regular positive shift of the cathodic peak potentials correspon
ing to the reduction of O2 to H2O2 and H2O2 to H2O with a con-
current decrease in the peak separation is achieved upon the incr

M

Figure 13. Relation between the extent of the Au nanoparticle loading a
the specific energy savings at the GC cathode during the reduction of O2 to
H2O2 in 0.1 M PBS~pH 7.2!.
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of the Au loading. The most beneficial effect of the Au nanoparti
electrodeposition for the selective reduction of O2 to H2O2 is ob-
tained upon loading a minute amount of Au on GCE~5 s elec-
trodeposition; equivalent thickness 0.14 nm!. Further increase in the
Au loading ~e.g., 600 s electrodeposition! resulted in CV behavior
similar to that at the bulk Au electrode, at which the selective e
troreduction of O2 to H2O2 is hindered by the interference of th
second reduction peak of H2O2 to H2O.

Acknowledgments

This work was financially supported by a Grant in Aid for Sc
entific Research on Priority Areas~no. 417!, Scientific Researc
~nos. 12875164 and 14050038!, and ‘‘Scientific Research~A!’’ ~no.
10305064!from the Ministry of Education, Culture, Sports, Scien
and Technology, Japan. The authors thank Dr. A. Genseki at TIT
his help in measuring SEM images. M. S. El-Deab thanks the Ja
Society for the Promotion of Science~JSPS!for the post-doctorate
fellowship.

The Tokyo Institute of Technology assisted in meeting the publica
costs of this article.

References

1. Z. Qiang, J.-H. Chang, and C.-P. Huang,Water Res.,36, 85 ~2002!.
2. N. Lewis, K. Topuduri, G. Welshans, and R. Foster,J. Air Waste Manage. Assoc

40, 540~1990!.
3. W. D. Bellamy, G. T. Hickman, P. A. Mueller, and N. Ziemba,Res. J. Water Pollut.

Control Fed.,63, 120~1991!.
4. Fuel Cell Handbook, 4th ed., U.S. Department of Energy, Washington, DC~1998!.
5. K. Kinoshita,Electrochemical Oxygen Technology, Wiley, New York ~1992!.
6. N. M. Markovic, R. R. Adzic, B. D. Cahan, and E. B. Yeager,J. Electroanal.

Chem.,377, 249~1994!.
 address. Redistribution subject to ECS te155.198.30.43nloaded on 2014-06-11 to IP 
le

c-

-

e
for
an

ion

7. S. Trasatti and W. E. O’Grady, inAdvances in Electrochemistry and Electrochem
cal Engineering, H. Gerischer and C. W. Tobias, Editors, Vol. 12, p. 177, Wiley
New York ~1981!.

8. M. S. El-Deab and T. Ohsaka,Electrochem. Commun.,4, 288 ~2002!; M. S. El-
Deab and T. Ohsaka,Electrochim. Acta,47, 4255~2002!.

9. R. Adzic, inElectrocatalysis, J. Lipkowski and P. N. Ross, Editors, Chap. 5, Wiley
VCH, New York ~1998!.

10. J. Maruyama, M. Inaba, and Z. Ogumi,J. Electroanal. Chem.,458, 175~1998!.
11. J. Maruyama, M. Inaba, and Z. Ogumi,Electrochim. Acta,45, 415~1999!.
12. F. Matsumoto, S. Uesugi, N. Koura, T. Okajima, and T. Ohsaka,J. Electroanal.

Chem.,505, 150~2001!.
13. A. Dekanski, J. Stevanovic, R. Stevanovic, B. Z. Nikolic, and V. M. Jovanov

Carbon,39, 1195~2001!.
14. D. Martel and A. Kuhn,Electrochim. Acta,45, 1829~2000!.
15. J.-H. Ye and P. S. Fedkiw,Electrochim. Acta,41, 221~1996!.
16. A. Sarapuu, K. Tammeveski, T. T. Tenno, V. Sammelselg, K. Kontturi, and D.

Schiffrin, Electrochem. Commun.,3, 446~2001!.
17. C. Paliteiro, A. Hamnett, and J. B. Goodenough,J. Electroanal. Chem. Interfacial

Electrochem.,234, 193~1987!.
18. J.-D. Grunwaldt, C. Kiener, C. Wogerbauer, and A. Baiker,J. Catal., 181, 223

~1999!.
19. S. Schimpf, M. Lucas, C. Mohr, U. Rodemerk, A. Bruckner, J. Radnik,

Hofmeister, and P. Claus,Catal. Today,2592, 1 ~2002!.
20. M. O. Finot, G. D. Braybrook, and M. T. McDermott,J. Electroanal. Chem.,466,

234 ~1999!.
21. A. A. Michri, A. G. Pshchenichikov, and R. Kh. Burshtein,Sov. Electrochem.,8,

351 ~1972!.
22. S. Trasatti and O. A. Petrii,Pure Appl. Chem.,63, 711 ~1991!.
23. H. A. Kozlowska, B. E. Conway, A. Hamelin, and L. Stoicoviciu,J. Electroanal.

Chem. Interfacial Electrochem.,228, 429~1987!.
24. A. J. Bard and L. R. Faulkner,Electrochemical Methods, Wiley, New York ~1980!.
25. M. Tsushima, K. Tokuda, and T. Ohsaka,Anal. Chem.,66, 4551~1994!.
26. M. S. El-Deab, M. E. El-Shakre, B. E. El-Anadouli, and B. G. Ateya,J. Appl.

Electrochem.,26, 1133~1996!.
) unless CC License in place (see abstract).  ecsdl.org/site/terms_userms of use (see 

http://ecsdl.org/site/terms_use

