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bstract

Cobalt–palladium (CoPdx) bimetallic electrocatalysts of various compositions were prepared and their physical and electrochemical properties
ere examined. The nominal composition of the polycrystalline electrocatalysts was estimated by energy dispersive X-ray analysis (EDX) and

he lattice parameters were evaluated using X-ray diffraction (XRD). Electrocatalytic activity of the CoPdx electrodes for the oxygen reduction
eaction was compared using cyclic voltammograms obtained in oxygen saturated, 0.5 M H2SO4. CoPd3 was identified as having the highest
ctivity, showing peak currents comparable to a polycrystalline Pt electrode under identical experimental conditions. The rotating disk electrode

echnique was used to collect kinetic data for the oxygen reduction on CoPd3 and the activity of the binary electrocatalysts was evaluated. Kinetic
nd mechanistic aspects of the oxygen reduction reaction on CoPd3 are discussed and specific ways in which the surface structures may be involved
re proposed.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The sluggish kinetics of molecular oxygen on various electro-
atalytic surfaces is a problem of great importance [1–4] and the
xygen reduction reaction (ORR) has become one of the most
xtensively studied electrochemical reactions. In the past several
ears, considerable progress has been made in understanding the
RR on Pt and Pt-based bimetallic alloy electrocatalysts. Sev-

ral investigations have been carried out to determine the role
f alloying on the electrocatalytic activity [5–16] and much of
his experimental work has indicated that the catalytic activity
f Pt-based bimetallic clusters towards the ORR in acid media
s at least as good as that of pure platinum.

Various explanations have been put forward to describe the
ffect of alloying on the electrocatalytic activity. It has been

uggested by Mukerjee and coworkers [7,8] that the bimetallic
urface may exist with a platinum skin and an alloy under-
ayer where the electronic properties of the surface Pt atoms
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re modified. This was also proposed by Toda et al. where the
nhancement of the oxygen reduction currents was explained
y a shift in the d-band electronic density, Pt coordination num-
er and tuning of the Pt–Pt interatomic distance [17]. Alloying
ay also inhibit the formation of the adsorbed hydroxyl species,
t–OH, which has been found on all the low index platinum
urfaces [18].

On the other hand, Balbuena et al. suggested that enhance-
ent of the catalytic activity is due to the presence of the

econdary metal on the catalyst surface, where alloys of Pt with
obalt and chromium are optimal for the dissociative adsorption
f O2 [19]. Balbuena also proposed that further enhancement in
he performance of Pt alloys with limited amounts of another
ransition metal like Co or Cr, may be explained by both tun-
ng the interatomic distance as well as providing an increase
n the electron density [20] at the catalytic sites. These results
re in agreement with the work of both Mukerjee [7,8] and Sta-
enkovic [5] who have shown that Pt–Co and Pt–Cr alloys have
he highest activity, at least twice that of pure Pt.
The generalized mechanism for the ORR in acid media

21,22] is presented in Fig. 1. Bulk oxygen approaches the sur-
ace by diffusive mass transport where two parallel reaction

mailto:mustwil@iit.edu
dx.doi.org/10.1016/j.jpowsour.2007.04.005
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Fig. 1. Mechanism for the electrochemical reduction of molecular oxygen in
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cid media. The reduction proceeds through two pathways, a dual site, direct
our-electron reduction to water and a single site peroxide route where either
wo or four electron and proton transfers occur.

athways occur and the dominant reaction pathway is deter-
ined by the type of molecular chemisorption. Depending on

he interaction of O2 with the catalyst surface, the oxygen reduc-
ion will either proceed via a two-site adsorption leading to
he direct four-electron reduction of oxygen to water or end-
n adsorption for the peroxide route, which may rearrange to
ield a dual-bond, single site adsorption. An illustration of the
dsorbed oxygen reduction precursors is shown in Fig. 2. For
ach adsorption type, protonation may either precede or follow
dsorption, depending on the degree of proton solvation and the
istance between the oxygen molecule and the surface [23,24].
he resulting product is either an adsorbed MOMOH species for

he direct pathway, Eq. (1), or MOOH species for the peroxide

athway, Eq. (2).

M + O2 + e− + H+ → MOMOHads (1)

+ O2 + e− + H+ → MOOHads (2)

ig. 2. Schematic diagram for molecular oxygen adsorption sites on the (1 1 1)
ace of face centered cubic transition metal electrocatalysts. The adsorption sites
re labeled corresponding to the Yeager (a), Pauling (b) and Griffiths (c) models.
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f the mechanism proceeds via the direct route, the first electron
ransfer is followed by the dissociation of the oxygen bond.

OMOHads → MOads + MOHads (3)

f we consider a bimetallic electrocatalyst where the second
etal participates in the adsorption, Eqs. (1) and (3) can be

ewritten to incorporate both metallic sites M1 and M2.

1 + M2 + O2 + e− + H+ → M1OM2OHads (4)

1OM2OHads → M1Oads + M2OHads (5)

For the peroxide route, the second electron and proton transfer
teps may follow two processes. They may either lead to the
ormation of water and an adsorbed oxygen atom or a hydrogen
eroxide-like intermediate depending on which O the proton
ttacks [23], which is shown in Eqs. (6) and (7), respectively.

OOHads + M + H+ + e−→ MOads + MOH2ads (6)

OOHads + M + H+ + e−→ MOHOHads (7)

he peroxide intermediate from Eq. (7) is then either desorbed to
omplete the stunted two-electron mechanism or further decom-
osed. The possible 3rd and 4th electron and proton transfer
teps complete the four electron reduction leading to water for-
ation.
This advanced understanding of the reaction mechanism,

oupled with the systematic decomposition of the crucial steps
f the ORR in acid media using both experimental and theoreti-
al data, have led at least two groups to develop criterion for the
evelopment of highly active catalysts for the ORR. In a recent
ommunication, Zhang et al. [25] used the density functional
heory method to calculate activation energies for the oxygen
ond dissociation as well as the hydrogenation of atomic oxy-
en. They reported that electrocatalysts that fell in the vicinity
f the intersection of the two activation energy trend lines had
he highest activity for the ORR. On the other hand, Fernandez
t al. reported a simple thermodynamic model for the design of
imetallic electrocatalysts for the ORR [26]. This work helps to
xplain the remarkable activity reported by a few groups for a
amily of cobalt–palladium electrocatalysts [27–30], though the
omplete ORR mechanism on these materials remains unchar-
cterized.

In this paper, the electrocatalytic activity of polycrystalline
oPdx electrocatalysts for the ORR are studied in an oxygen

aturated, aqueous, 0.5 M H2SO4 electrolyte. The composition
f the alloy surfaces was characterized by SEM/EDX and lat-
ice parameters were determined by XRD. It is demonstrated
hat the CoPd3 composition shows the highest catalytic activ-

ty for the ORR, comparable to polycrystalline platinum under
dentical experimental conditions. The RDE technique is used
o collect kinetic data for the ORR on polycrystalline CoPd3.
he RDE data is decomposed to reveal kinetic and mechanistic
spects of the oxygen reduction reaction on CoPd3 and spe-
ific ways in which the surface structures may be involved is
roposed.
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trodeposits were detected.

A cross-sectional SEM micrograph for the electrodeposited
CoPd3 electrode is shown in Fig. 3. As shown in the micro-
graph, the surface roughness of the electrodeposit is dependent
0 W.E. Mustain, J. Prakash / Journ

. Experimental

The polycrystalline CoPdx electrodes used in this study were
repared by two methods. First, the flag-type electrodes used
n the cyclic voltammetry experiments were prepared by elec-
rodeposition in a dual ligand, aqueous plating bath [31–33]. Two
ndependent solutions were prepared. The first system employed
n ammonium salt, in this case ammonium sulfate, which forms
n activated ligand complex with palladium ions in solution,
hich are added by dissolving PdSO4. The solubility of the salt
as controlled by lowering the pH of the solution by adding

ulfuric acid. Then, a two-fold excess of ammonium sulfate was
dded to the solvated palladium salt. In the second solution,
lutaric acid is introduced to a cobalt-ion solution to form a car-
oxylic conjugate base-cobalt complex. First, CoSO4·xH2O is
issolved in water, followed by an excess of the glutaric acid.
oth solutions were stirred for at least 24 h. Ammonium hydrox-

de was added to each solution until the pH was between 8 and
. The solutions were then combined to give plating baths of
esired composition, where the composition of the electrode-
osit is given by Eq. (8).

NCo

NPd
= K(T )

CCo

CPd
(8)

here the plating constant, K(T), was determined as 0.31 at
5 ◦C. The solution was bubbled with argon for 2 h. Poly-
rystalline gold electrodes are then immersed in solution and
eposition of the bimetallic electrocatalyst was conducted at
1.49 V (NHE) for 900 s. The electrodes were removed from

olution, rinsed with deionized water and polished with 0.05 �m
lumina particles to a mirror finish.

Second, unsupported CoPd3 nanoparticles, for use in the
otating disk electrode experiments, was synthesized using the
apping polymer method outlined by Miyazaki et al. [34] where
oly N-isopropylacrylamide (Sigma–Aldrich) was used as the
apping polymer. 1.0 g of poly N-isopropylacrylamide was sol-
ated in 100 mL of 18 M� Millipore water. Initially, 2.0 g
d(NO3)2 (Sigma–Aldrich) was added to the polymer mix-

ure. H2 gas was bubbled for 1 h and the container was sealed
vernight to allow for complete reduction of the Pd ions. A
toichiometric amount of Co(NO3)2·6H2O was then added to
he Pd/polymer mixture with 5 g L−1 sodium bicarbonate and
llowed to stir for 30 min before bubbling with H2 gas for an
dditional hour to reduce the cobalt ions. The slurry was then
ltered, rinsed and dried under vacuum and the resulting pow-
er was heated to 550 ◦C for 2 h to both remove the supporting
olymer and allow the two metals to incorporate.

Kinetic measurements were made with the CoPd3 nanopar-
icles using the rotating disk electrode (RDE) technique. The
raphite disk electrode assembly (Pine Instrument Company)
as modified so that the disk was recessed slightly below

∼100 �m) the outer plane of the Teflon mounting to create a
ery small cavity over the disk electrode. A polytetrafluoroethy-

ene (60 wt% PTFE, Sigma–Aldrich) suspension was diluted
ith water and ultrasonically agitated with the CoPd3 nanopar-

icles. The resulting mixture was 5 wt% in PTFE solids. This
emi-moist paste was kneaded with a spatula and then applied

F
t
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o the disk, spread evenly and allowed to dry overnight in inert
tmosphere. The resulting electrode was polished to a mirror
nish with 0.05 �m alumina powder.

Prior to each experiment, the CoPdx working electrodes
ere washed with both fresh electrolyte and 18 M� Millipore
ater and electrochemically cycled at 10 mV s−1 twenty times
etween −0.2 and 1.2 V versus the normal hydrogen electrode
NHE) to ensure a clean, active surface. The electrodes were
nserted into a three compartment glass cell with a Luggin cap-
llary and several polarization experiments were completed at
he same scanrate. The cyclic voltammograms were performed
t room temperature, 22 ◦C, while the RDE experiments were
onducted 25 ◦C, which was maintained by a circulating water
ath. The electrolyte solutions were prepared with Millipore
ater and ultrapure sulfuric acid (Sigma–Aldrich). The elec-

rolyte was bubbled with Ar for 2 h before saturation with
xygen. The polarization curves were measured with an Auto-
ab PGSTAT30 potentiostat and the electrode rotation speed was
ontrolled by an AFMSRX analytical rotator (Pine Instrument
ompany).

. Results and discussion

.1. Physical characterization of CoPdx electrocatalysts

The approximate elemental composition of the prepared
lectrocatalysts was determined by energy dispersive X-ray
pectroscopy (EDX) on a scanning electron microscope (SEM)
ith an integrated EDX apparatus. Light elements like car-
on, sulfur and oxygen were neglected in the analysis. The
rimary electron energy for the analysis was 20 keV. At this
nergy, the analysis depth is larger than the deposition thick-
ess, approximately 1 �m, evidenced by the fact that the signals
orresponding to the gold substrate in the polycrystalline elec-
ig. 3. Cross-section scanning electron micrograph of the CoPd3 catalyst elec-
rodeposited on a polycrystalline gold electrode in a dual ligand bath, 35 ◦C.
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Table 1
Peak angle and lattice parameters for several CoPdx catalysts using X-ray
diffraction

CoPdx composition (% Pd) Peak angle (2Θ) Lattice parameter (Å)

Pd (100) 40.5 3.85
CoPd4 (80) 40.75 3.83
CoPd3 (75) 40.90 3.82
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C
gen saturated 0.5 M H2SO4 at 25 ◦C are compared in Fig. 5.
Since each of the electrodes was polished to a mirror finish
with 0.05 �m alumina powder in order to reduce the surface
roughness, the current density was obtained by normalizing the
ig. 4. X-ray diffraction pattern for the polycrystalline deposition substrate (A),
olycrystalline Pd (B) and electrodeposited CoPd2 (C).

n the orientation of the working electrode in solution with
espect to the counter electrode during the deposition pro-
ess. The electrode plane facing the counter electrode exhibits
uch less roughness than the rear, where the mobility of ions

etween the working and counter electrodes encounter a much
igher resistance. It should be noted that the surface has been
lightly bent to allow for the surface features of the smooth
ace to be observed more clearly. Also, it is shown that dur-
ng the deposition process, stress cracks have appeared on the
urface of the deposit. This is likely due to structural stresses
uring electrodeposition caused by both hydrogen uptake by
alladium atoms as well as mild H2 evolution at the low elec-
rode potential. Further tuning of the plating bath may be
eeded in order to lessen the effect, including the addition of
brightener or wetting agent, though it does not appear to sig-
ificantly alter either the surface area or the electrochemical
erformance.

The crystal structure of the electrochemically deposited
oPdx catalysts was examined by XRD. Fig. 4 shows a typical
RD pattern for a cobalt–palladium bimetallic electrocatalyst

CoPd2) as well as XRD patterns for polycrystalline Au and
olycrystalline Pd. Each of the Co–Pd electrocatalysts show a
imilar single-phase fcc XRD pattern to that of the polycrys-
alline Pd sample with incorporated peaks belonging to the Au
ubstrate. This indicates that the crystal structure of the pre-
ared catalysts was a single fcc phase regardless of the atomic
omposition, including the pure Pd case.

According to the binary phase diagram, cobalt and palladium
orm solid solutions at any atomic ratio at high temperature.
ecause the catalysts were prepared by deposition in solution
t low temperature and exhibit a single-phase XRD, it is likely
hat the electrocatalysts are a metastable solid solution phase,
ince a three-phase (Pd-rich, CoPd and CoPd3) equilibrium is
hermodynamically favored at lower temperatures. However, in
he temperature range of interest in this investigation, phase seg-
egation would not occur since diffusion of the Co and Pd atoms

s very limited at such low temperatures.

The (1 1 1) diffraction peaks of the various CoPdx electrocat-
lysts were used to determine the lattice parameters. On Pd and
ts alloys, the (1 1 1) peak is observed around 2Θ = 40–42◦. The

F
i

6Pd2 (67) 40.96 3.81
oPd (50) 40.98 3.81

attice parameters were calculated using Eq. (9).

in2Θ = λ2

4δ2 (h2 + k2 + q2) (9)

here λ is the Cu K� radiation wavelength, 1.54 Å, δ the lattice
arameter and h, k and q are the lattice index parameters. The
esults are summarized in Table 1. It was found that the peaks
f the (1 1 1) reflection shifted to higher angles with increas-
ng Co content, indicating a lattice contraction arising from the
ubstitution of the smaller Co atoms for Pd. The lattice param-
ter and Co content show an approximately linear relationship
ver the whole Co–Pd system. This result supports the fact that
he prepared CoPdx electrocatalysts are a solid solution phase as
escribed above. It was also observed that the width of the (1 1 1)
iffraction peak was consistent for all electrocatalysts, indicating
hat the crystallite size was independent of Co content; however,
he peak width of all of the electrocatalysts was larger than the
olycrystalline Pd sample, indicating that the crystallinity of the
oPdx catalysts may be reduced when compared to Pd.

.2. Effect of composition on the ORR activity of
obalt–palladium bimetallic catalysts

Cyclic voltammograms for electrochemically deposited
oPd2 and CoPd3 working electrodes in argon purged, oxy-
ig. 5. Cyclic voltammogram for CoPd3 (A) and CoPd2 (B) flag-type electrodes
n oxygen saturated 0.5 M H2SO4 at 22 ◦C, 10 mV s−1.
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bserved current to the geometric electrode area. Both of these
oltammograms are representative of CoPdx voltammograms
ver a wide range of compositions (17–50 at.% cobalt) where
ll of the prepared Pd electrocatalysts exhibit a large hydrogen
eak below 0.4 V versus NHE. It is clear from Fig. 5 that the
reas under this peak, as well as the magnitude of the currents in
he double layer region, are comparable for all of the electrocat-
lysts. This equivalence implies that both the surface roughness
nd the electrochemically active area of the deposited electrode
aterials are independent of electrode composition. However,

s evidenced by the curves in Fig. 5, differences are observed in
he area under both the anodic oxidation and cathodic reduction
cans. The differences in activity suggest that despite the simi-
arity in the structure of the electrochemical interface, some of
he electrocatalysts have sites that are more energetically favor-
ble for the oxidation and reduction reactions. Also, in Fig. 5, it
s shown that the cathodic peak potential attributed to the ORR,
ocated slightly negative of 0.65 V, is independent of electrocat-
lyst composition. Using an expression for the peak position of
n irreversible reaction, Ep, the constant peak position over the
ange of catalyst composition seems to indicate that the kinetic
ate constant, ki, is the same for all of the electrocatalysts [35].

p=E0′−RT

αF

[
0.780 + ln

(
D

1/2
o

ki

)
+ ln

(
αFυ

RT

)1/2
]

(10)

here ki is the kinetic rate constant, α the transfer coefficient
nd υ is the scanrate.

Therefore, if both the rate constant and the electrochemically
ctive areas of the polished surfaces are comparable, this seems
o support a surface-site mechanism where the reduction reaction
ccurs at specific sites and the difference in activity is due to a
hange in the number of active sites for the ORR rather than a
hange in the kinetic rate constant.

In order to examine the effect of Co content on the ORR activ-
ty on polycrystalline electrodeposited CoPdx electrocatalysts,

eak currents for the cathodic voltammetric sweep were com-
ared for several compositions between 17 and 50 at.% cobalt.
he results are summarized in Fig. 6 where the peak current is
lotted as a function of electrocatalyst composition. The highest

ig. 6. Peak cathodic voltammogram current for the ORR on CoPdx bimetallic
lectrocatalysts in oxygen saturated, 0.5 M H2SO4 at 22 ◦C, 10 mV s−1.
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ig. 7. Comparison cyclic voltammograms for polycrystalline platinum and
lectrochemically deposited CoPd3 electrodes in 0.5 M H2SO4 electrolyte,
2 ◦C.

lectrocatalytic activity was observed for an atomic composi-
ion of 25% Co. This chemical composition is similar to previous
eports in which the highest activity was found on Pd alloys with
arious secondary transition metal composition of 70–80 at.%
d [26–30]. Also, since the voltammetric data in Fig. 5 indicated
site mechanism is active for the ORR, it may be concluded that
oPd3 is the most likely composition for the electrochemically
ctive site for the oxygen reduction reaction on this family of
imetallic catalysts.

Comparison cyclic voltammograms for the electrochemi-
ally deposited CoPd3 and polished polycrystalline platinum
oil (Sigma–Aldrich) electrodes in argon-purged, oxygen satu-
ated 0.5 M H2SO4 at 22 ◦C are shown in Fig. 7. The platinum
oltammogram is typical of those reported in previous studies
1,29,36–38]. Characteristic platinum peaks are observed just
rior to 0.25 V for hydrogen underpotential deposition, Hupd,
nd hydrogen oxidation during the cathodic and anodic scans,
espectively. Typical behavior is also observed at higher poten-
ials, where the onset of platinum metal oxidation occurs at
.6 V and the metal oxide and oxygen reduction peak is seen
t 0.7 V. Though the overall shape of the voltammograms is
imilar, there are several differences, which characterize the
lectrochemical behavior on the two surfaces. Firstly in the Hupd
egion, the platinum electrode exhibits 3 peaks, characteristic of
he hydrogen adsorption on its different crystal faces. However,
he palladium bimetallic catalyst, typical of a Pd electrode in
cid solution, shows a single broad peak, which is due to the
issolution of the adsorbed hydrogen into the bulk of the Pd
lectrode [38,39]. Secondly, at moderate potentials correspond-
ng to the double layer region, similarities in the magnitude of
he double layer current verify similar electrode areas for the
wo electrocatalysts. Finally, in the oxide and oxygen reduction
egion at elevated potentials, the Pd catalysts show oxidation
nd reduction peaks at more negative potentials than Pt, again
haracteristic of Pd electrodes in acidic solutions. In this case,

shift of approximately 60 mV is observed between the CoPd3
nd Pt electrodes and the magnitudes of the peak currents are
pproximately equal. If the remaining terms from Eq. (10) are
ssumed constant, we may simplify Eq. (10) to emphasize the
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ate constant dependence.

p = A + RT

αF
ln (ki) (11)

e may also use Eq. (11) to compare the kinetic rate constants
or the ORR on two different electrocatalysts by considering the
ifference in the reduction peak potentials.

p2 − Ep1 = RT

αF
ln

(
k2

k1

)
(12)

nserting the values for the peak separation and assuming a
ransfer coefficient of 0.5 for the ORR on both electrodes, we
nd that the kinetic rate constant for the CoPd3 electrode is
pproximately one-third that of polycrystalline platinum. This
s consistent with recent work by Mustain [40] using an electro-
hemical interface model to describe ORR behavior on Pt, Pd
nd CoPd3 rotating disk electrodes for the oxygen reduction in
cidic solutions. Therefore, this small difference in the kinetic
ctivity of the cobalt–palladium electrocatalyst is a significant
esult and further investigation into the kinetics and mechanism
or the ORR on these electrocatalysts may provide an impor-
ant insight into the synergistic role of secondary elements in
imetallic electrocatalysts for the ORR.

.3. Kinetics and mechanism for the ORR on CoPd3

Fig. 8 shows characteristic RDE voltammograms for the
oPd3 electrode in oxygen saturated 0.5 M H2SO4 at 25 ◦C.
he current densities were calculated by normalizing to the geo-
etric electrode area. The potential regions under kinetic and

xygen mass transport limiting control are clearly observed for
ll of the rotation rates and the current density increases with
ncreasing rotation rate as the mass transport of molecular oxy-

en to the electrode surface becomes facile. For quasi steady
tate conditions and assuming all of the reactions to be first order
ith respect to the reactant, the observed current, i, for a mixed
inetic-diffusion controlled reaction depends on the rotation rate

ig. 8. Polarization experiments for a thin-film, polycrystalline CoPd3 RDE
t 25 ◦C in oxygen-saturated 0.5 M H2SO4 at 400 RPM (�), 900 RPM (�),
600 RPM (�), 2500 RPM (�) and 3600 RPM (�), 10 mV s−1.
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ig. 9. Koutecky–Levich plot for the ORR on the CoPd3 electrocatalyst RDE. n
s calculated as approximately 4.0, indicating that the direct pathway is dominant.

ccording to the Koutecky–Levich equation [41].

1

i
= 1

ik
+ 1

iL
= 1

ik
+ 1

0.62nFAD2/3Cν−1/6ω1/2 (13)

here ik is the kinetic current density for the ORR, iL the mass
ransport limiting current, n the number of electrons involved in
he ORR per oxygen molecule, C the saturation concentration
or oxygen in water, D the aqueous binary diffusion coefficient,
the kinematic viscosity of the solution and ω is the rotation

ate. Fig. 9 presents the Koutecky–Levich plot, 1/i versus 1/ω1/2,
or CoPd3 under mass transport control at an electrode potential
f 0.2 V. Using the slope of the resulting linear relationship, the
alue for n was calculated to be 4.0, which is consistent with
revious results by Adzic and coworkers [30] who calculated
he value to be approximately 3.9 for a CoPd2 electrocatalyst
sing a rotating ring-disk electrode (RRDE). This suggests that
he ORR on CoPd3 proceeds via the direct pathway involving
he dual-site adsorbed oxygen species, given by Eq. (4) and
llustrated in Fig. 2, since even highly active surfaces like Pt
nd its alloys that at least partially proceed via the peroxide
oute have n values slightly less than four [9,42]. Therefore,
his result strongly suggests a high electrochemical efficiency
or the CoPd3 electrocatalyst, where virtually all of the O2 is
irectly reduced to H2O. However, due to experimental error
nd the limitations of the rotating disk electrode technique to
ully describe the oxygen reduction reaction, verification of these
esults using the rotating ring-disk electrode technique to detect
he peroxide intermediate desorption is critical and future work
s aimed at doing this.

The first part of Eq. (13) can be rearranged in order to calcu-
ate the kinetic current for the ORR as a function of the potential.

k = iLi

iL − i
(14)

he overpotential equation for the kinetic current is given as Eq.
15).
= a + b log i (15)

here η is the overpotential, a the Tafel intercept and b is the
afel slope, which can be used to reveal properties of the rate-
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on the cobalt–palladium electrode as indicated by the calculated
value for the transfer coefficient.

PdOCoOHads → PdOads + CoOHads (19)
ig. 10. Tafel plot for the CoPd3 electrocatalyst at 25 ◦C, 2500 RPM. The Tafel
lope was calculated as 70 mV decade−1, indicating a chemical step following
fast first electron step is the rate-determining step.

etermining step. Fig. 10 shows a representative Tafel plot for
RR on CoPd3 at 25 ◦C and 2500 RPM. Though two linear

egions are observed in the Tafel plot for the ORR on CoPd3,
he low current density regime yields a slope of approximately
20 mV decade−1 for approximately one half order of magni-
ude of the kinetic current, which is suspect for both its value
s well as its range. However, at more moderate current den-
ities a clear linear region is observed between 0.8 and 0.65 V
ith a slope of 70 mV decade−1. The 70 mV decade−1 Tafel is
bserved for approximately two and a half orders of magni-
ude of the kinetic current. The Tafel slope can then be used to
alculate the effective transfer coefficient using Eq. (16).

= RT

αnF
= 60 mV decade−1

α
(16)

here n is the number of electrons transferred, F the Faraday
onstant and α is the transfer coefficient, calculated as 0.86 for
he ORR for CoPd3.

A secondary method for calculating the transfer coefficient
or an irreversible wave utilizes Eq. (10), which presents the peak
otential, Ep, as a function of the scanrate. Bard and Faulkner
35] proposed that completely irreversible reactions show a neg-
tive shift for the peak potential of 30/� mV for each 10-fold
ncrease in υ at 25 ◦C. Cyclic voltammograms for CoPd3 in
xygen saturated 0.5 M H2SO4 at polarization scanrates of 0.01,
.05, 0.1 and 0.5 volts per second (Vps) are presented in Fig. 11.
he peak position is a clear function of the scanrate and the
eak potentials are observed at 0.657 V for 0.01 Vps, 0.638 for
.05 Vps, 0.631 for 0.1 Vps and 0.610 for 0.5 Vps. These results
ield α values between 0.87 and 0.93 for the ORR, in reasonable
greement with the Tafel results.

Decomposition of the transfer coefficient can be used to deter-
ine nature of the rate limiting step in the ORR mechanism

tilizing Eq. (17).

γ
=
ν

+ ρβ (17)

here γ is the number of steps preceding the rate determining
tep, ν the stoichiometric coefficient, ρ equals 0 when the rate

F
1
p

ig. 11. Cyclic voltammograms of the electrodeposited CoPd3 electrode in oxy-
en saturated 0.5 M H2SO4 at 22 ◦C, at scanrates of 0.5 V s−1 (A), 0.1 V s−1 (B),
.05 V s−1 (C) and 0.01 V s−1 (D).

etermining step is a chemical step and 1 if the rate determining
tep is an electron transfer step and β is the symmetric factor,
hich is 0.5 for most systems of interest [35]. If we estimate

he transfer coefficient as 1.0 for the ORR on CoPd3, the rate-
etermining step should be a chemical step following a fast first
lectron step. This is also supported by Fig. 12, which shows that
he ORR on CoPd3 is independent of the proton concentration,
ndicating that the rate determining step for the ORR cannot
nclude a proton transfer or the desorption of a hydroxyl species.

If we consider a low Co-content cobalt–palladium bimetallic
lectrocatalyst where Co participates in the adsorption [26], the
rst electron transfer step in the ORR on CoPd3 can be given as:

d + Co + O2 + e− + H+ → PdOCoOHads (18)

Since the ORR on CoPd3 proceeds through the direct mech-
nism, the first electron transfer is followed by the dissociation
f the oxygen bond, which should be the rate determining step
ig. 12. RDE voltammogram for the prepared CoPd3 electrode at 25 ◦C,
0 mV s−1, 2500 RPM in oxygen saturated H2SO4 electrolyte of various com-
ositions.
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ig. 13. RDE voltammogram for the CoPd3 electrode at various temperatures
etween 22 and 53 ◦C, 10 mV s−1, 2500 RPM in oxygen saturated 0.5 M H2SO4

lectrolyte.

If the O–O bond breakage step is the rate determining step on
oPd3, the magnitude of the activation energy should be sim-

lar to that of both Pt and Pd in acid media. RDE experiments
ere conducted various temperatures between 22 and 53 ◦C for

he CoPd3 electrocatalyst in oxygen saturated 0.5 M H2SO4 at
500 RPM, presented as Fig. 13. A clear increase in the magni-
ude of the current in the kinetic regime was observed due to the
vercoming of the activation barrier. Also, the mass transport
ontrolled current is modestly increased due to slight increases
n the diffusion coefficient at elevated temperatures. An Arhe-
ius plot for the ORR at 0.8 V versus NHE on CoPd3 is presented
n Fig. 14 and the activation energy, Ea, was calculated according
o the slope of the linear relationship.

∂ ln(i)

∂(1/T )
= −Ea

R
(20)

here R is the ideal gas constant = 8.314 J mol−1 K−1. The Ea
−1
as calculated as 49.5 kJ mol , which is higher than recent

alues for Pt in acid media [43], though similar to early exper-
mental values reported by Appleby in H3PO4 electrolyte [44].
he activation energy on Pt and Pd has been commonly attributed

ig. 14. Arhenius plot for the ORR on CoPd3. The activation energy is calculated
rom the slope = −Ea/R.
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o the breaking of the oxygen bond [45–47]. Therefore, the Arhe-
ius data seems to support the Tafel results that the O2 bond
reakage step is the rate determining step for CoPd3.

This analysis has shown that a site mechanism is active
or the oxygen reduction on cobalt–palladium electrocatalysts,
here CoPd3 is the electrochemically active site. Also, the ORR
roceeds almost entirely through the complete four electron
eduction, possibly through the bridge configuration involving
oth cobalt and palladium atoms. This is supported by Krawczyk
nd Sobczak [48] who discussed the dissociative adsorption
f O2 on cobalt–palladium alloys and found that the oxygen
dsorption was promoted by an increase in the cobalt surface
oncentration. It was also shown that the rate determining step
or the oxygen reduction on CoPd3 is a chemical step, with no pH
ependence, following a fast first electron transfer step, which
s most likely the breaking of the oxygen bond. Also, previous
heoretical work by Mustain [40] indicated that the Co atom was
he electron transfer site. Therefore, the proposed reaction mech-
nism and adsorption behavior for molecular oxygen on CoPd3
s illustrated in Fig. 15, where cobalt atoms are indicated by
ray, outlined circles and adsorbed oxygen atoms are indicated
y smaller, completely darkened circles.

Though the atomic mechanism proposed in Fig. 15 is consis-
ent with the experimental data for a single oxygen molecule, it
s clear that this simple mechanism does not fully describe the
xygen reduction on cobalt–palladium electrocatalysts. First,
he atomic mechanism does not explain why CoPd3 is the opti-

um electrocatalytic site for the oxygen reduction reaction as a
ingle oxygen molecule is shown interacting with one cobalt and
ne palladium atom. Also, following the oxygen bond break-
ge step, the cobalt atom is left with an adsorbed hydroxyl
pecies, Co–OH. This indicates that the Co atom should have a
1 oxidation state, which not a valid oxidation state for cobalt.
owever, since Cobalt has been identified as the electron trans-

er site for the oxygen reduction reaction, Co–OH is a necessary
ntermediate following the electron transfer step.
Therefore, owing to the stable cobalt oxidation states, Co(II)
nd Co(III), it is possible that the cobalt atom may participate
n the adsorption and electron transfer of more than one oxygen

olecule, forming either Co–(OH)2 or Co–(OH)3. Both species

ig. 15. Proposed atomic-scale mechanism for the oxygen reduction reaction on
obalt–palladium electrocatalysts in acid media. The unfilled circles represent
d, grayed circles represent Co and small black circles represent oxygen.
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Fig. 16. CoPd3 active site mechanism for the oxygen reduc

re well known, stable cobalt complexes in acid solutions. How-
ver, evidenced by the magnitude of the Gibbs free energy for the
lectrochemical reductions as well as the identification of CoPd3
s the electrochemically active site, Co–(OH)3 is the likely reac-
ion intermediate, where the one electron transfer step for the
xygen reduction is performed three times at each cobalt atom.
his is also validated in light of a study by Armstrong et al.

49], where it was shown that Co(III) incorporated into a nickel
ydroxide matrix affected the oxygen reduction kinetics.

The expanded mechanism, incorporating the electrochemi-
ally active CoPd3 site for the ORR, is illustrated in Fig. 16. The
uggested mechanism clearly displays the critical features of the
xygen reduction reaction, including the bridge-bonded adsorp-
ion leading to the complete four electron reduction, the first
lectron transfer step forming Co–(OH) species, and the oxygen
ond breakage step, which has been electrochemically identi-
ed as the rate determining step on the CoPd3 electrocatalyst.
he mechanism presented in Fig. 16 also proposes a truly syn-
rgistic mechanism for the ORR on cobalt–palladium bimetallic
lectrocatalysts; however, further physical and electrochemical
haracterization is necessary in order to validate the proposed
echanism and future work is aimed at doing this.

. Conclusions

Polycrystalline cobalt–palladium electrocatalysts of var-
ous compositions were prepared and both their physical
roperties and electrochemical activity for the ORR were exam-
ned. The prepared CoPdx electrocatalysts were single phase,
omogeneous and displayed the face centered cubic struc-
ure. Voltammetric analysis revealed that the CoPdx electrodes
howed substantial activity for the ORR, where CoPd3 was the
est. RDE analysis revealed that the ORR on CoPd3 proceeds via
he direct route leading to the complete four-electron reduction
o water. It was shown that the rate determining step on CoPd3
s a chemical step that follows the fast first electron transfer step

nd it is proposed that this step includes the breaking of the O–O
ond. Also, specific ways that the surface structures are involved
as proposed, explaining why CoPd3 shows the best activity for

he ORR.
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action on cobalt–palladium electrocatalysts in acid media.
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