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Abstract: The temperature dependence of oxygen reduction reaction (ORR)
was studied on highly dispersed Pt nanoparticles supported on a carbon cryo-
gel. The specific surface area of the support was 517 m? g!, the Pt particles
diameter was about 2.7 nm and the loading of the catalyst was 20 wt. %. The
kinetics of the ORR at the Pt/C electrode was examined in 0.50 mol dm
HCIOy solution in the temperature range from 274 to 318 K. At all tempera-
tures, two distinct £~log j regions were observed; at low current densities with
a slope of —2.3RT/F and at high current densities with a slope of —2.3x2RT/F.
In order to confirm the mechanism of oxygen reduction previously suggested at
a polycrystalline Pt and a Pt/Ebonex nanostructured electrode, the apparent en-
thalpies of activation at selected potentials vs. the reversible hydrogen electrode
were calculated in both current density regions. Although AH : 1 >AH. : L » it was
found that the enthalpies of activation at the zero Galvani potential difference
were the same and hence it could be concluded that the rate-determining step of
the ORR was the same in both current density regions. The synthesized Pt/C
catalyst showed a small enhancement in the catalytic activity for ORR in com-
parison to the polycrystalline Pt, but no change in the mechanism of the reaction.

Keywords: oxygen reduction reaction; platinum catalyst; carbon support;
temperature dependence; enthalpy of activation.

INTRODUCTION

Platinum is the most active electrocatalyst for the oxygen reduction reaction
(ORR) and it is still the only electrode material that can fulfill the demands for
fuel cells working in acidic media. The kinetics of this reaction was extensively
studied on smooth polycrystalline! =8 and monocrystalline®9-14 Pt surfaces and
on supported Pt nanoparticles,!522, as well as on Pt-based alloys23725 and Pt-al-
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loy nanoparticles.!9-26 Investigations on supported Pt nanoparticles are especially
important because this type of electrocatalyst is employed for the fabrication of
gas-diffusion electrodes in fuel cells with a solid polymer electrolyte (SPEFC).
Most of the research was focused on the effects of loading,!7-2! particle size,!5~17
supporting material!7-22 and the influence of the alloying metal.19:26 However,
there has been little systematic research on the temperature dependence of the
ORR on Pt nanoparticles, although SPEFCs operate at elevated temperatures.
Paulus et al.13 investigated the ORR on a Pt/Vulcan rotating disk electrode and
found good agreement of both the Tafel slopes and the activation energy with the
corresponding values on a single crystall3 and polycrystalline Pt surfaces.® Yano
et. al.20 used a channel flow double electrode cell operating as a closed system in
to order to eliminate any influence of temperature on the concentration of oxygen
in the electrolyte. The activities of Pt/Carbon black and a bulk Pt film with and
without a Nafion coating were investigated at temperatures in the range 30 to 110 °C.
At all three electrodes, the current densities per real surface area and the apparent
energy of activation agreed quite well, with the last being close to the results of
Paulus et al.!3

The temperature dependence of the ORR is not only important from the prac-
tical point of view, but it can also be used as a diagnostic tool for the elucidation
of the mechanism of the reaction. A well established fact about the ORR on Pt is
that the Tafel slopes differ at low and high current densities.3-5-8-13,18-22 [t was
postulated that this is not caused by a change in the rate determining step but in
the surface coverage by adsorbed intermediates. Sepa et al.8 proved this by com-
paring the enthalpy of activation at zero Galvani potential difference for these
two current density regions.

In this study, the temperature dependence of the ORR on Pt nanoparticles
supported on a carbon cryogel was investigated in order to determine the mecha-
nism of the reaction and to compare it with that of a polycrystalline Pt surface.

EXPERIMENTAL
Preparation of the catalyst

The catalyst used in the experiments was platinum nanoparticles supported on a carbon
cryogel powder. The carbon cryogel was synthesized by a sol-gel polycondensation and fre-
eze-drying; its BET surface area was 517 m? g'!.27 The platinum was deposited on the support
by a modified ethylene glycol method. The details of the preparation are given elsewhere.?®
The Pt loading of the catalyst was 20 wt. %.

Characterization of the catalyst

The Pt/C catalyst was characterized by X-ray diffraction (XRD) analysis and transmis-
sion electron microscopy (TEM). The XRD measurements were performed on a Siemens
D500 X-ray diffractometer using CuKa radiation with a Ni filter. The 26 angular region
between 5 and 80° was explored at a scan rate of 0.02° s”! with an angular resolution of 0.02°
for all XRD tests.
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The transmission electron microscopy (TEM) measurements were performed at the Na-
tional Center for Electron Microscopy, USA, (NCEM) using an FEI (Phillips electronic ins-
truments). The catalyst powder was suspended in ethanol, dropped onto a clean holey carbon
grid and dried in air. The particle size distribution was determined from images of 20 different
regions containing 10-20 particles each. The particle shape was determined by real space
crystallography using high-resolution images taken from particles near or on the edge of the
carbon black substrate and/or by numerical Fourier filtering of the digitized image intensity
spectrum of particles on the top of the carbon.

Electrode preparation

The catalyst was applied to a gold substrate (6 mm diameter) in the form of a thin film.
One milligram of Pt/C catalyst was mixed with 1.0 ml of water and 50 pl of Nafion solution
(5 wt. %, Aldrich). The suspension was agitated in an ultrasonic bath for 60 min and 12.5 ul
of it was placed on the gold electrode using a micro-pipette. After volatilization of the solvent,
the electrode was heated at 80 °C for 10 min. The amount of Pt on the electrode was 2.5 pg,
ie., 8.8 ugcm2,
Electrochemical measurements

A conventional three-compartment all-glass cell was used. The gold working electrode
covered with a thin film of the Pt/C catalyst was in the form of rotating disk. The counter
electrode was a platinum sheet of 5.0 cm? geometric area. A reversible hydrogen electrode in
the same solution, maintained at room temperature in a compartment separated from the wor-
king electrode, was used as the reference electrode. All potentials are referred to the reversible
hydrogen electrode (RHE). The electrolyte was 0.50 mol dm=3 HCIO, solution (Spectrograde,
Merck), prepared with high purity water (Millipore, 18 MQ cm resistivity) at 293 K. The
measurements were performed in the temperature range from 273 to 318 K.

Cyclic voltammetry was carried out in the electrolyte saturated with high purity nitrogen
in the potential range from 0.03 to 1.40 V, at a sweep rate of 100 mV s, Polarization curves of
the ORR were recorded in the same solution saturated with O,, bubbled continuously at 10° Pa
pressure through the working electrode compartment. A slow linear sweep (1.0 mV s'!) and a
potentiostatic steady-state technique were applied. The electrode was rotated at 1600 rpm. An
EG&G 273 potentiostat and a Philips PM 8143 X-Y recorder were employed in all the elec-
trochemical experiments.

RESULTS AND DISCUSSION
Structure and particle size of the Pt/C catalyst

The XRD pattern of the Pt/C catalyst, given in Fig. 1, shows three characte-
ristic reflection peaks: a peak at 260 = 44.2°, corresponding to the hexagonal
graphite structure (100) and peaks at about 39 and 46°, corresponding to the Pt
(111) and Pt (200) plane, respectively. The first peak suggests good graphite cha-
racteristics of the carbon cryogel and the diffraction peaks of fcc Pt demonstrate
a successful reduction of the Pt precursor to metallic Pt.

The low magnification TEM micrograph, presented in Fig. 2a, shows a very
uniform Pt nanoparticles distribution. The mean particle size was determined as
2.7+0.7 nm. The atomically resolved image in Fig. 2b shows Pt atomic rows,
with a spacing corresponding to the (200) and (111) planes of the fcc Pt nano-
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particles, as indicated in the corresponding digital diffractogram also given in
Fig. 2b. The Pt particles have the common cubo-octahedral shape. Occasionally
twinned particles were observed with the same (111) twinning plane, as was ob-
served with some other Pt-based catalysts.2%
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Fig. 1. X-Ray diffraction pattern of the Pt/C catalyst.

Fig. 2. TEM Images of the Pt nanoparticles on the carbon substrate; a) low magnification
overview showing the spread of the Pt particles distribution on the carbon support; b) high
resolution image showing the cubo-octahedral shape of a Pt particle.

Cyclic voltammetry of the Pt/C catalyst

The electrochemically active surface area is an implicit factor in the determi-
nation of the current density for any electrochemical reaction. This parameter
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was determined from the steady-state cyclic voltammogram of Pt/C electrode in a
0.50 mol dm™3 HCIlOy4 electrolyte, shown in Fig. 3. The anodic part of the vol-
tammogram, corresponding to hydrogen desorption, was integrated and the doub-
le-layer charging current subtracted. Assuming that 210 pC cm2 corresponds to
a monolayer coverage of adsorbed hydrogen, the surface area of the Pt nanopar-
ticles was determined and the current densities for oxygen were calculated with
respect to the surface area of that particular layer of the catalyst. The average va-
lue of the specific surface area of Pt particles was found to be 76 m2 g~1. Appro-
ximating the cubo-octahedral Pt particles as ideal spheres, a particle diameter of
3.7 nm was calculated. This value is larger that that obtained by TEM but this is
to be expected because the surface of the supported catalyst particles in a thin
film on the electrode is never completely accessible in the electrochemical ex-
periments. However, taking into account also the fact that the carbon support ma-
terial was also of high porosity, it is to be expected that some of the Pt particles
were located in the inner part of the carbon support (micropores) and, conse-
quently, were not electrochemically active (utility efficiency).
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-0.4 | - Fig. 3. Cyclic voltammetry curve for the

e —— Pt/C electrode at a sweep rate of 100

O B R mV slina N,-saturated 0.50 mol dm™3
E/V vs RHE HCIOy, solution at 298 K.

It should also be stressed that the current associated with the double layer is
not constant with potential, meaning that the evaluation of the charge associated
with UPD H would carry a certain error and this might explain the discrepancies
between the average value of specific surface area found from integration of the
UPD H peaks and average particle size from TEM images.

Kinetics of oxygen reduction

Since the ORR depends on the hydrodynamic conditions, a rotating Pt/C disk
electrode was employed to measure the current densities of the reaction. The po-
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larization curves for the ORR at different temperatures recorded with a slow po-
tential sweep at an electrode rotating at 1600 rpm are shown in Fig. 4. The
limiting current densities increased with temperature, indicating that the increase
of the oxygen diffusion coefficient with temperature was higher than the decrease
of oxygen solubility. A similar temperature dependence of the limiting current
between 20 and 40 °C was reported in the literature.!8
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Fig. 4. Potentiodynamic (1.0 mV s'!) polarization curves for the ORR at a Pt/C disk electrode
rotating at 1600 rpm in a 0.50 mol dm™3 HCIO, solution as a function of temperature.

For the kinetic analysis, the ORR current densities were determined by po-
tentiostatic steady-state measurements because this technique corresponds better
to real fuel cell conditions than linear sweep voltammetry. Also, a correction for
the double layer charging current is avoided in steady-state measurements, which is
important since the carbon cryogel support had a large surface area. After 30 min
stabilization of the open circuit potential of the Pt/C electrode, potential steps of
30 s were applied in the ascending direction of overpotentials. These currents were
corrected for the diffusion effects using the equation for the kinetic current density:

Ll 1 O

—

Iy, -1 Sp
where [ is the measured current, /1 is the limiting current and Sp; is the surface
area of the Pt nanoparticles on the electrode, determined by cyclic voltammetry.
The polarization curves, given as E vs. log jkin plots, at temperatures in the range
from 273 to 318 K are shown in Fig. 5. In the whole examined temperature range,
two distinct linear regions were observed, with Tafel slopes, b, increasing with
temperature from 57 to 74 mV dec™! at low current densities, and from 113 to
133 mV dec™! at high current densities. In order to determine the transfer coeffi-

Jkin =
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cients, the Tafel slopes were plotted as a function of temperature. Figure 6 shows
the linear dependence on temperature in both current density regions. At high cur-
rent densities, the b vs. T line follows the conventional dependence of-2.3R7/fF,
with £ being constant and close to 0.5. Such a conventional dependence, with f=
= 1/2, is indicated in Fig. 6 by a broken line. At low current densities, the slope
of b vs. T is close to —2.3RT/F. The Tafel slopes are similar to those on poly-
crystalline Pt.3-5.9
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Fig. 5. Mass transfer corrected Tafel plots for the ORR on a Pt/C electrode in a 0.50 mol dm
HCIOy solution for the temperature range 274-318 K.
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Fig. 6. Temperature dependence
of the Tafel slope in low and
high current density regions for
the ORR at a Pt/C electrode in
a2 0.50 mol dm HCIO,. The con-
ventional dependence for = 0.5
is indicated by the broken line.

The apparent enthalpy of activation of the oxygen reduction can be deter-
mined from the Arrhenius plot log jii, vs. T~!. However, since the concentration
of dissolved oxygen in the electrolyte depends on the temperature, the kinetic
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currents were normalized with respect to oxygen concentration at the given tem-
perature.30 The data for the potentials in low and high current density regions are
presented in Fig. 7. The apparent enthalpies of activation were determined to be
69 kJ mol~! at 0.900 V and 46 kJ mol~! at 0.700 V. These values are higher than
those reported in the literature,!8:20 which is probably the result of the different
techniques employed for recording the polarization curves, i.e., in this study, the
steady-state technique was employed while in the others, the linear potential sweep
technique was applied.

1 Fig. 7. Arrhenius plots for the
ORR in a 0.50 mol dm> HCIO,
at a Pt/C electrode at potentials
in the low and high current den-
sity regions. The mass transfer
4 L . L ! ! corrected currents were normali-

3.1 3.2 3.3 3.4 3.5 36 3.7 zed with the respect to the con-

7"710° K centration of dissolved oxygen.

log [,/ ¢(0,)]

E=0.900V

The activity of the Pt/C catalyst for the ORR is compared with that of poly-
crystalline Pt in Fig. 8. For both electrodes, the current densities were calculated
using the Pt surface area determined by cyclic voltammetry. As can be seen, the
ORR current densities are higher on Pt/C catalyst than on polycrystalline Pt at
more positive potentials while they are almost the same at potentials closer to the
limiting current. The higher activity of Pt nanoparticles is probably the result of
their surface structure. According to Sattler and Ross,3! surface (111) and rough
(110) regions dominate for particles of less than 3.5 nm. The TEM image of a Pt
particle in the Pt/C catalyst used in this work (Fig. 2b) confirms that the (111)
structure prevails in small particles. On the other hand, Markovié et al.12 showed
that the activity for the ORR increased in the order (100) < (110) = (111) in HCIO4
solutions.

Mechanism of the oxygen reduction reaction and apparent enthalpies of activation

A change in Tafel slopes with potential for an electrochemical reaction is
usually explained by a change in the mechanism of the reaction. However, in the
case of oxygen reduction, where adsorbed intermediates are involved, there is
another possibility. For oxygen reduction on polycrystalline Pt, this was explain-
ed>-3 by a change in the adsorption conditions of the adsorbed intermediates from
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Temkin to Langmuirian. The same analysis as on polycrystalline Pt will be applied
for oxygen reduction on the Pt/C nanostructured catalyst employed in this study.
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According to Sepa et al.5 the first step in oxygen reduction is the adsorption
of molecular oxygen, which is followed by the slow transfer of an electron with
or without the participation of an H30™:

M +0y == M09 2)
M--0; +H30" + e~ — products 3)
or
M--0; + e — products 4)
The rate equation for the proposed mechanism is:
sk
=k exp(- 20 expp EFaon)y 5)

where AGS is the Gibbs energy of activation for the rate determining step at the
zero Galvani potential difference, E,p is the potential on the hydrogen electrode
scale, at which the Galvani potential difference at the working electrode is zero32
and £ is the rate constant containing pH and oxygen partial pressure dependences
of the individual rate equations as required for the steps (3) or (4).

Taking that the surface coverage by the adsorbed intermediates at high cur-
rent densities is low, as was shown to be the case for both polycrystalline Pt> and
Pt nanoparticles supported on Ebonex,22 Langmuirian conditions prevail and AG(’)k
is independent of the coverage, meaning that the reaction rate is:
AGg,h ) exp] PF(Ey — Ezop)]

P RT
where the subscript "h" denotes the high current density region.

Jn = ky, exp(= (6)
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In the low current density region, the coverage with the reaction interme-
diates is appreciable-22 and Temkin adsorption conditions must be considered.
Since the adsorption energy of the reaction intermediate decreases with increa-
sing coverage of oxygen species, the chemical part of the Gibbs energy of activa-
tion increases with the coverage:

AGy = AGy + ar(6 - 6r) (7)

where Oy is the transition level of surface coverage above which AG* is affected
by the coverage and where Langmuirian conditions change to Temkin conditions
of adsorption, AGS is the Gibbs energy of activation at low coverage (6 < ér), r
is an energy parameter and « is a symmetry factor, usually taken to be 0.5. In the
potential region where the Tafel slope is —2.3RT/F, the surface coverage € was
found to be linearly dependent on the electrode potential,> according to the relation:

eer=§ (E - Ey) (8)

where ET is the transition potential at which ér is reached, and the Tafel slope
changed to —2.3x2RT/F. Substituting Eq. (8) into Eq. (7), the Gibbs energy of
activation is related to the electrode potential by:

AGy = AGy + aF (E - Et) 9)
When Eq. (9) is introduced into the rate law (4), it takes the form:

=k exp(— AGSJ)CX [- F(akE +:BE1 —akEr _ﬂEzop)]
J1 =K €Xp RT p RT

where the subscript "l" denotes the low current density region.

If rate determining step in the low and high current densities regions is the
same, then the enthalpies of activation in these two regions will also be the same.
Since the enthalpy of activation is a function of the electrode potential, the values
at the same potential, e.g., at the zero Galvani potential difference, are to be
compared. In order to do this, Egs. (9) and (10) have to be differentiated with
respect to temperature. If it is assumed that the variation of the entropy of acti-
vation over the narrow temperature range of 40 °C is small and can be ignored,
the enthalpies of activation at given potentials (£ and £7) vs. RHE, are given by
the following equations:

(10)

ki p By~ Ey)
e T VE5)

X
T d(1/7)

Vg, = AHop + BFER = FE,q, + (12)

and
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Ay g, = =R 5, = AHG + F(BE + (B~ Ep) =~ P op +
P @B = Er)+ f(E ~ Eyop)) 03
T d(1/7)

where AHS:h and AHS:I are the enthalpies of activation for the high and low
current density regions at the zero Galvani potential difference. They cannot be
experimentally determined because of the unknown £, but their difference can
be calculated usmg the apparent enthalpies of activation at the constant potential,
AH a, E and AH a El

*
AV(AHg)=AHy) - AHgp, =
0{F dET

* *
=AH, g, —AH, g —F(aE + PE - PEy, - ﬂET)"‘? a7

It should be noted that the difference in the enthalpies at the zero Galvani
potential depends neither on the position of the zero Galvani potential nor on the
choice of the reference electrode.

Calculation of All1 (AHS ) according to Eq. (14) requires the temperature de-
pendence of the transition potential, £7. The transition potentials were determi-
ned from the intersections of the Tafel lines in the low and high current density
regions (Fig. 6) and plotted as a functlon of temperature in Fig. 9. All the data
necessarz for the calculation of Al (AHO) at 298 K are given in Tablel. As a
result, A} (AH, 0) ~ 1 kJ mol_ was obtalned Such a small difference can be igno-
red taklng that AHOl ~ AHO h- This is the proof that oxygen reduction on the
Pt/C catalyst followed the same mechanism in both the low and high current
density regions. The difference in the Tafel slopes was not caused by different
rate determining steps but by the change in the surface coverage and the adsorp-
tion conditions.

(14)
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TABLE I. Data for the calculation of the difference in the enthalpies of activation at the zero
Galvani potential for oxygen reduction on a Pt/C catalyst at 298 K: the apparent enthalpies of
activation in the low and high current density region, the transition potential and its variation
with temperature

aF  dE;

AH) . _ AH, . _ FaE —x AN (AH
a,E1—04_710V aEp _010\/ v f;of-l T da;T) kl( 1(-)')
kJ mol kJ mol 1J mol”! J mo
69+4 4643 39 7.5 1
CONCLUSIONS

Platinum nanoparticles supported on a carbon cryogel showed activities for
the ORR which was higher than that of polycrystalline Pt in the low current den-
sity region but the same in the high current density region. This is in accordance
with literature data about preferential (111) and (110) faces on Pt nanoparticles
smaller than 3.5 nm3! and the higher activity of these planes for the ORR than
the (100) plane.!2

The Tafel slope values were —2.3RT/F in the low current density region and
—2.3x2RT/F in the high current density region, which is the same as on poly-
crystalline Pt. Therefore, an analysis of the apparent enthalpies of activation
based on the proposed mechanism for oxygen reduction on polycrystalline Pt was
performed. It was confirmed that the enthalpies of activation at the zero Galvani
potential difference in both current density regions were the same, meaning that
the same rate determining step of the ORR on Pt/C was operative in all potential
regions, despite the changes in the Tafel slopes. The change in kinetics with po-
tential arose from the different adsorption conditions of the reaction intermedi-
ates with potential. The values of the apparent enthalpies of activation, higher
than those reported by applying linear potential sweep, could be the result of the
steady-state technique used in the present experiments, which corresponds better
to the real fuel cell conditions than linear sweep voltammetry.

Acknowledgement. This work was financially supported by the Ministry of Science of the
Republic of Serbia, under Contact No. 142038.

U3BOJ

TEMIIEPATYPHA 3ABUCHOCT EJIEKTPOXEMMJCKE PEAYKIUWJE KHCEOHUKA HA
HAHOYECTUILAMA IUTATUHE HA YI'JbBEHUYHOM HOCAYY

HEBEHKA. P. EJIE30BUR', BUJbAHA. M. BABIR2, HEJIEJBKO. B. KPCTAJURS,
CHEXAHA. Jb. TOJKOBU'R u JHUJbAHA. M. BPAUAP?

! Mucitiniiyi 3a myaiiuducyuiiaunapra uciiipaxcusarba, beozpad, >Mnciiuiiyid 3a Hykaeaphe nayke "Bunua”,
beozpao u 3Texnoaouko—meitian ypulku axyaitieii YHusep3uitieitia y beozpaoy, beozpao

Kunernka peakije peayKiuje KHNCCOHHKA je UCIUTHBAHA HA HAHOYECTHI[AMA IUIATHHE JTUC-
IepropaHNM Ha yIJEEHMYHOM Hocauy, y 0,50 mol dm™ HClO4, y TemnepaTypHOM HHTEpBAIy O
278 no 318 K. 3a cunre3y Pt katanmuszaropa (Pt/C) je npumemeHa Moan(pUKOBaHA OIHOI METO/IA
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W3 PacTBOpa €TUJICH INIMKOJIA, AOK je Kao Hocad KopumheH yribeHn4HU kpuored. Kartammsarop je
okapaktepucan npumenoM BET merone, mudpakmmje X-3paka (XRD) u TpaHCMHCHOHE €1EKTPOH-
cke mukpockonuje (TEM). Kuneruka peakiyje peaykuuje KMCEOHHKA HUCIUTHUBaHA je Kopwuiihe-
BEM CTAllMOHApHE TT0JIapH3allOHe METOIe ¥ METO/Ie IMKINYHE BoaTameTpuje. O6IacT Majix ryc-
THHA CTpyje, Ha CBUM TerepaTypaMa, Ha KpUBOj Iojlapu3aluje, kapakrepuine Bpegsoct Tafel-osor
Haru6a on —2.3RT/F, nox je y oOJacTH BHCOKHX TyCTHHA CTpyje BpPEIHOCT OBOT Harmoa
—2.3x2RT/F. Onpehene cy BpemIHOCTH MPUBUAHE CHTAINH]C aKTUBAalWje Ha KOHCTAHTHUM IIOTCH-
nyjanuma, 3a obe obJacTu TyCTHHA CTpyja, M BUXOBa pasiiKa MCKa3aHa 3a Hyny [anBaHujeBe
paznuke norenuujana. [lorBpheHo je na je MexaHH3aM pelyKiHje KHCEOHHKA, Kao U CTyIam KOjH
onpehyje ykynHy Op3uHY peakiyje UCTH y 00e 001acTH TyCTHHA CTpYja, a Ja je pa3iiuka y KUHe-
TUIY peaklyje MoCIeanIa Pa3IuKe Y 3aBUCHOCTH aJICOPIILHje PeaKMOHUX UHTepMeanjapa o Ho-
teHuyjana. IlopehermeM KatanmuTHYKe aKTHBHOCTH, U3Pa)KCHE MPEKO T'YCTHUHE CTPYje IO PeaiHoj
MOBPIIMHA KaTajan3aTropa, KOHCTaToBaHa je HemTo Beha aktuBHOCT Pt/C xarannzaTopa y oJHOCY Ha
TOJIMKpUCTAHY Pt.

(ITpumsseno 11. jyma, peuaupano 20. HoBembpa 2007)

REFERENCES

A. Damjanovi¢, M. A. Genshaw, J. O’M. Bockris, J. Electrochem. Soc. 114 (1967) 466
A. Damjanovi¢, V. Brusi¢, Electrochim. Acta 12 (1967) 615
M. R. Tarasevich, Elektrokhimiya 9 (1973) 599 (in Russian)
M. R. Tarasevich, A. Sadkovski, E. Yeager in Comprehensive Treatise of Electro-
chemistry, Vol. 7, B. E. Conway, J. O’M. Bockris, S. V. M. Khan, R. E. White, Eds.,
Plenum Press, New York, 1983
D. B. Sepa, M. V. Vojnovié, A. Damjanovi¢, Electrochim. Acta 26 (1981) 781
R. AdZi¢, in Electrocatalysis, J. Lipkowski, P. N. Ross, Eds., Wiley, New York, 1998, p. 197
7. N. Wakabayashi, M. Takeichi, M. Itagaki, H. Uchida, M. Watanabe, J. Electroanal.
Chem. 574 (2005) 339
8. D.B. Sepa, M. V. Vojnovié, Lj. M Vradar, A. Damjanovi¢, Electrochim. Acta 31 (1986) 1105
9. P.N. Ross, J. Electrochem. Soc. 126 (1979) 78
10. N. M. Markovi¢, R. R. Adzi¢, B. D. Cahan, E. B. Yeager, J. Electroanal. Chem. 377
(1994) 249
11. N. M. Markovi¢, H. A. Gasteiger, P. N. Ross, J. Phys. Chem. 99 (1995) 3411
12. N. Markovi¢, H. Gasteiger, P. N. Ross, J. Electrochem. Soc. 144 (1997) 1591
13. B. N. Grgur, N. M. Markovié, P. N. Ross, Can. J. Chem. 75 (1997) 1465
14. M. D. Macia, J. M. Campifia, E. Herrero, J. M. Feliu, J. Electroanal. Chem. 564 (2004) 141
15. M. Watanabe, S. Saegusa, P. Stonehart, Chem. Lett. (1988) 1487
16. K. Kinoshita, J. Electrochem. Soc. 137 (1990) 845
17. S. Lj. Gojkovi¢, S. K. Zecevic¢, R. F. Savinell, J. Electrochem. Soc. 145 (1998) 3713
18. U. A. Paulus, T. J. Schmidt, H. A. Gasteiger, R. J. Behm, J. Electroanal. Chem. 495
(2001) 134
19. U. A. Paulus, A. Wokaun, G. G. Scherer, T. J. Schmidt, V. Stamenkovi¢, N. M.
Markovié, P.N. Ross, Electrochim. Acta 47 (2002) 3787
20. H. Yano, E. Higuchi, H. Uchida, M. Watanabe, J. Phys. Chem. B. 110 (2006) 16544
21. E. Higuchi, H. Uchida, M. Watanabe, J. Electroanal. Chem. 583 (2005) 69
22. Lj. M. Vracar, N. V. Krstaji¢, V. R. Radmilovi¢, M. M. Jaksi¢, J. Electroanal. Chem. 587
(2006) 99

Bl e

o v



654 ELEZOVIC et al.

23

24.

25.
26.

27.
28.
29.
30.
31.
32.

. V. Stamenkovi¢, T. J. Schmidt, P. N. Ross, N. M. Markovi¢, J. Phys. Chem. B. 106
(2002) 11970

V. Stamenkovi¢, T. J. Schmidt, P. N. Ross, N. M. Markovi¢, J. Electroanal. Chem. 554-555
(2003) 191

M. D. Obradovié, B. N. Grgur, Lj. M. Vracar, J. Electroanal. Chem. 548 (2003) 69

U. A. Paulus, A. Wokaun, G. G. Scherer, T. J. Schmidt, V. Stamenkovi¢, N. M.
Markovié, P. N. Ross, J. Phys. Chem. B. 106 (2002) 4181

B. Babi¢, D. Bokié, N. Krstaji¢, J. Serb. Chem. Soc. 70 (2005) 21

B. M. Babi¢, Lj. M. Vracar, V. Radmilovi¢, N. V. Krstaji¢, Electrochim. Acta 51 (2006) 3820
V. Radmilovi¢, T. J. Richardson, S. J. Chen, P. N. Ross, J. Catal. 232 (2005) 99

D. Tromans, Hydrometallurgy 50 (1998) 279

M. L. Sattler, P. N. Ross, Ultramicroscopy 20 (1986) 21

A. J. Appleby, in Modern Aspects of Electrochemistry, Vol. 9, J. O'M. Bockris, B. E.
Conway, Eds., Plenum Press, New York, 1974.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




