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Abstract

The electrochemical behavior and the electrocatalytic activity of ruthenium electrode for oxygen reduction are
examined using cyclic voltammetry and rotating ring-disk electrode techniques. A surface oxide film on ruthenium
metal is formed when the potential is scanned in the positive direction of hydrogen adsorption and evolution region.
This oxide film affects the activity of ruthenium for oxygen reduction reaction. Oxygen reduction on ruthenium
electrode proceeds primarily by a direct 4-electron reduction pathway without producing significant amounts of
solution phase peroxide. The kinetic results suggest the initial electron transfer as the rate-determining step. © 2000

Elsevier Science Ltd. All rights reserved.
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1. Introduction

Owing to the technological significance of the ruthe-
nium and ruthenium oxide, a large number of studies
on the electrochemical properties of ruthenium and its
activity towards oxygen reduction [1-25] have been
extensively reported in literature. Despite these studies
of the oxygen electrode reactions, the mechanistic as-
pects are still not very well understood due to the
complex electrochemical behavior of ruthenium metal.
It has been generally accepted that the nature of the
electrode material is one of the important variables in
the oxygen reduction process. It has also been argued in
literature that the oxide coverage [18] and rest potential
[19] strongly depend on the d-band character of the
electrode material. The complex electrochemical behav-
ior of ruthenium electrode towards the oxygen reaction,
therefore, is attributed to the adsorption characteristics
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of hydrogen and oxygen on this metal [8,9], the
difficulties in the interpretation of the current-potential
curves [15], and relatively low corrosion resistance at
anodic potentials [25]. Besides these problems, the sur-
face oxidation of Ru begins at a very low potential (ca.
+0.25 V versus RHE) before the end of hydrogen
desorption leading to an overlap on these two pro-
cesses. Even for the oxygen reduction process, ruthe-
nium electrode is covered with a hydrated oxide film.
The degree of oxidation of the electrode surface has a
considerable influence on the kinetics of O, reduction
reaction since the thickness and structure of this oxide
film are both time and potential dependent. An excel-
lent study on the oxygen reduction reaction on ruthe-
nium electrode in alkaline solution has been described
by Adzic et al. [10]. However, a comparison of the
oxygen reduction in the forward and backward direc-
tions and the effect of solution pH on this reaction are
not reported. This paper describes the O, reduction on
the ruthenium electrode in alkaline solution based on
the ring-disk electrode studies. The effects of the for-
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ward and backward scans and solution pH on the
kinetic aspects of the oxygen reduction are also
examined.

2. Experimental

The experiments were carried out in an all-Teflon cell
with a main compartment for the working electrode
and two separate small compartments for the counter
and reference electrodes plus a Luggin capillary for the
latter in order to minimize IR drop. The oxygen reduc-
tion measurements were carried out using the inter-
changeable ring-disk electrode assembly (Model
AFDTI36, Pine Instrument Co., Grove City, PA) with
a collection efficiency of 0.22. The ring was made of
gold. The disk consisted of a Ru rod, 99.999%, 5 mm
diameter x 11 mm (Metal Crystals Ltd., Cambridge,
UK) embedded in a Teflon holder and mounted into
the interchangeable ring-disk assembly. Successive
stages of mechanical polishing of the electrode were
carried out with the silicon carbide paper (600 grit, 3M
Co.), emery grinding papers (0, 00, 0000 grits, Buehler
Ltd.), and 0.05 pm y-alumina powder (Buehler Ltd.).
While polishing the electrode was inserted into a Teflon
holder to keep it vertical. A Buehler microcloth was
used for polishing with alumina and ultrapure water
was used as a lubricant and wash. After a mirror finish
was achieved, the electrode was cleaned ultrasonically
in ultrapure water to remove alumina particles. For
subsequent experiments, only polishing with water-
paste of 0.05 pm y-alumina was repeated and the
surface then cleaned ultrasonically.

The electrolyte, 0.1 M KOH solutions, was prepared
from 50% NaOH solution (Fisher Scientific, low in
carbonate). The potentiostat used for the ring-disk
measurements was a Pine RDE-3 bipotentiostat (Pine
Instrument) with a built-in sweep generator. A gold foil

was used as a counter electrode and Hg/HgO, 0.1 M
OH" as the reference electrode. The ring was typically
set at +0.15 V versus Hg/HgO, OH~ to oxidize perox-
ide at the mass transport limited rate. Before recording
the ring currents, however, the ring was activated by
stepping the ring potential from + 0.15 to — 0.60 V for
1 min to reduce the oxide film and then back to +0.15
V at each rotation.

3. Results and discussion
3.1. Cyclic voltammetry

Fig. 1 shows the voltammogram obtained by increas-
ing the anodic potential limit. The cathodic potential
limit has been chosen at —0.90 V (Hg/HgO, OH") in
order to avoid the hydrogen generation reaction as far
as possible. The cyclic voltammetric behavior of ruthe-
nium is consistent with the studies reported in literature
[6,7,10,26]. The anodic curves in Fig. 1 after the hydro-
gen evolution region represent the oxidation of the
ruthenium surface followed by the reduction of the
oxide in the cathodic direction. The oxidation of the
ruthenium surface starts just after hydrogen evolution
followed by a broad peak in the anodic potential. It can
be seen from the cyclic voltammogram of ruthenium
that the rate of the oxide reduction depends on the
anodic limit [17]. It is observed that the oxide formed
during the anodic sweep starting from hydrogen evolu-
tion to about —0.3 V versus Hg/HgO is reversibly
chemisorbed. However, increasing the anodic potential
makes the surface oxide progressively irreversible in
that higher cathodic potentials are required to reduce
the oxide film [7,10]. According to Pourbaix [27], the
formation of the oxide on the Ru metal in alkaline
solution (0.1 M KOH) does not occur until 0.0 V versus
Hg/HgO and therefore no formation of oxide should be

20
10 |
—

< o7
3.
= —

.10 L.

-20 -

=30 L ! L

-1.2 -0.8 -0.4 0.0 0.4

E/V (vs. Hg/HgO)

Fig. 1. Cyclic voltammetry for the ruthenium electrode in Ar-saturated 0.1 M KOH. Electrode area: 0.196 cm?; scan rate: 10 mV/s.
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Fig. 2. Rotating ring-disk currents for oxygen reduction on Ru electrode in O, saturated 0.1 M KOH at 25°C. Disk electrode area:
0.196 cm?. Collection efficiency: 0.22. Ring potential: 0.15 V versus Hg/HgO. Scan rate: 10 mV/s. Dotted lines represent the
measurements for the disk potential scan from — 0.9 to 0.0 V. Solid lines represent the measurements for the disk potential scan

from 0.0 to —0.9 V.

expected to occur at potentials negative to 0.0 V versus
Hg/HgO. However, it has been found that the surface
oxide on ruthenium is not completely reduced even at
potentials well below this value. Similar behavior has
also been reported on other noble metal electrodes. On
platinum electrode, for example, it has been shown [28]
that the first 15% of the surface monolayer oxide can be
reversibly reduced during the cathodic scan. Increasing
the oxide coverage beyond 15% of the monolayer,
however, requires higher cathodic potentials. Gold, on
the other hand, is very similar to ruthenium in the sense
that the irreversible oxidation of the electrode surface
starts at very early stages of the surface oxidation. On
gold electrode, for example, even at a surface coverage
of 2% of the monolayer, the oxide cannot be reversibly
reduced [29]. Conway et al. [29] explained this effect by
‘place exchange’ or the rearrangement of the surface
layer to a 2-dimensional lattice of ‘O’ species amongst
metal atoms. This rearranged layer has also been sug-
gested [29] to be thermodynamically more stable than
the chemisorbed ad-layer in order to explain the irre-
versible oxidation of the electrode surface at increasing
anodic potentials. The cyclic voltammetric behavior of
ruthenium electrode can also be explained based on the
irreversible surface oxidation at early anodic potential
followed by the surface rearrangement. The surface
layer formed during the anodic oxidation of ruthenium
can be visualized to be composed of oxygen containing
species, which are probably formed by the discharge of
the water molecule in aqueous solutions. The formation

of the oxide film is probably initiated by the discharge
of water molecules to give a hydrated surface at poten-
tials < 0.0 V versus Hg/HgO, which then undergoes
further reactions with increasing anodic potentials.

3.2. Oxygen reduction

The polarization curves for O, reduction on Ru at a
series of rotation rates are shown in Fig. 2. Before
taking these polarization curves, the Ru disk was cycled
into the hydrogen adsorption region, i.e. between the
potential limits — 0.9 to — 0.7 V. It can be seen from
this figure that the ring current, which corresponds to
the diffusion-controlled oxidation of peroxide, shows
complex behavior. These currents are very small indi-
cating the O, reduction on the disk involving close to
four electrons per O, molecule. The ring current in-
creases with increasing potential, reaches a maximum at
ca. —0.056 V, and subsequently decreases. This maxi-
mum, however, is not clearly visible at lower rotation
rates. The change in the disk current, however, is very
small even at the potential corresponding to the maxi-
mum ring current (Fig. 2). Consequently, the principal
reaction at the disk electrode continues to involve the
4-electron overall reduction. For a rotating disk elec-
trode experiment involving an electrode process, which
is first order in reactant, the observed current is ex-
pressed by [30]
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where i, is the kinetic current and 7 is the diffusion
limiting current. An expression for i is given by

iy =Bf'? (2)
where f'is the rotation rate and B can be expressed by
B=0.62nFA Coz(Doz)z/3 v 16 (3)

where 7 is the overall number of electrons transferred, F
is the Faraday constant, 4 is the electrode area, Co, is
the bulk concentration of O,, Dq is the diffusion
coefficient for O,, and v is the kinematic viscosity of the
electrolyte. A plot of 1/i versus 1 /\/ 'f for various poten-
tials should yield straight lines with intercept corre-
sponding to i, and the slopes yielding the B values.
Such plots are shown in Figs. 3 and 4 for forward
(from —0.9 to + 0.0 V) and backward (from + 0.0 to
—0.9 V) scans. B values were experimentally deter-
mined from the slopes of the plots in Figs. 3 and 4. The
slope remains nearly constant over the potential range
—0.7 to — 0.3 V indicating a constant value of number
of electrons transferred for the O, reduction on the Ru
disk electrode for both the forward and the backward
scans. The experimental value of B (0.023 mA (rpm) ~ "/
2) agrees reasonably well with the theoretical value
(0.025 mA (rpm)~'?) calculated from Eq. (3) using
literature data for the O, solubility [31], diffusion coeffi-
cient [31] and kinematic viscosity [32] of the electrolyte.
The values of B were observed to remain almost con-
stant for both forward and backward scans over the
potential range — 0.30 to — 0.70 V, indicating a con-
stant value of n= 3.7 for the O, reduction.

The parallel linear i ~! versus f~ ! plots in Figs. 3
and 4 for the forward and the backward scan provide
support for a first order reaction with respect to O,.
The mass transport corrected Tafel plots of log i - i/
(i —i) versus E for the forward and backward scans
are shown in Fig. 5. The Tafel lines reaching sort of a
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Fig. 3. i~ ! versus £~/ plots for the O, reduction on Ru at

various disk potentials for the forward scan.
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Fig. 4. i~ ! versus £~ ' plots for the O, reduction on Ru at
various disk potentials for the backward scan.

plateau at about — 0.6 V in Fig. 5 can be explained by
the fact that the disk currents reach close to the limiting
current values at potentials cathodic to — 0.6 V. This
results in negligible change in the mass transport cor-
rected disk currents with potential cathodic to —0.6 V
as shown in Fig. 5. The mass transport correction was
made using the limiting current, i, = B\/f; where [ is
the rotation rate. A Tafel slope of — 165 mV/decade is
observed in the linear region for the forward scan, i.e.
when the electrode is scanned from — 0.9 to +0.0 V,
while the Tafel slope of —250 mV/decade is observed
for the backward sweep (+0.0 to —0.8 V). This
clearly means that the oxygen reduction on the two
surfaces is very different. The change in the Tafel slopes
in the forward and the backward reactions is a result of
the significantly large hysteresis effects observed when
the sweeps were reversed. This phenomenon may be
explained on the basis of two different surfaces in-
volved in the process. The polarization curve in the
forward direction represents the O, reduction on some-
what less oxidized electrode surface, since some of the
surface oxide has been reduced during cycling in the
hydrogen adsorption region. However, when the polar-
ization curve is recorded in the back direction, the
electrode surface has relatively thicker layer of oxide
than in the forward scan, as a result of which there is
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Fig. 5. Tafel plots for the O, reduction on Ru at 25°C
constructed from the data in Fig. 5.
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Fig. 6. Dependence of the kinetic current for the O, reduction
on pH for a Ru rotating disk electrode in O,-saturated KOH
solutions.

considerable change in the polarization curves. Meyer
[33] has explained the high values of the Tafel slope
(= — 120 V/decade) and fractional orders for O, re-
duction on zirconium on the basis of the charge trans-
fer through the ZrO, film. In the case of Ru, the
oxidation of the surface starts at an earlier stage than
other noble metals. This surface oxide film has been
shown to be potential and time-dependent [15] with
oxide penetrating the ruthenium metal [34]. However,
the RuO, film on Ru has much higher conductivity [35]
than ZrO, on Zr or PtO, on Pt. Therefore, the dual
layer model involving the subsurface oxygen and the IR
drop in the oxide layer seems to be less probable
mechanism to explain the high value of the Tafel slope.
However, the value of the slope in this study is, how-
ever, sensitive to the thickness and structure of the
oxide film as is evident from the different values of the
Tafel slope for the forward and backward sweeps. One
reasonable explanation may be that the oxygen reduc-
tion is under mixed kinetic and diffusion controlled as
explained by Nekrasov and Khruscheva [24].

The effect of pH on the kinetic currents is shown in
Fig. 6. It was observed that decreasing the pH shifts the
onset of O, reduction to more cathodic potentials.
Fractional orders were obtained with respect to pH but
the order was not reproducible in our experiments. The
fractional orders with respect to pH for oxygen elec-
trode reactions are not uncommon in literature [36—39].
However, for an oxide-covered surface, the determina-
tion of the reaction order with respect to hydroxide
activity presents some problems for an oxide—elec-
trolyte solution interface. The evaluation of the reac-
tion order requires that the voltage drop between the
outer Helmholtz plane in the oxide and that of the
electrolyte phases, (¢)oxide = (P2)ercctroyie b€ held con-
stant. The potential distribution across the interface,
however, is dependent on the pH. Therefore, while the
voltage drop between the bulk phases can be held
constant through the use of a potentiostat, (¢,)oxide —

(P2)etcctrolyre 18 likely to vary. Trassati et al. [36,37]
explained the fractional order based on the surface
acid-base dissociation of oxidized sites whose concen-
tration ratio depends on pH. The fractional order ob-
tained in this study can also be explained by the
mechanism suggested by Trassati et al. [36,37] in view
of the oxidized ruthenium surface present during the
reduction reaction.

Kinetic analysis of the ring-disk data was carried out
using the method of Wroblowa [40] as shown below.

k, (+4e)
diff k, (+2€) K (426 l
2b 2 (ads) _— 02(ads) ( ) H,

k,(-2¢)

kﬁlT kS

H,0*

k, 2

H202,b

From this scheme the rate of the disk to ring current
is given as
N —1+2k1+A+A ks
N ks zf'?
where N is the collection efficiency, Z = 0.62 D23 y—1/¢
and

“)

k, (ks + ky)
A=—— (ky + ks + kg +—= 5
Tk, (ke + ks + k) + s (5)
for the series mechanisms only, i.e. when k; =0, equa-
tion reduces to

N’:B:1+2k3+k4 k-6]/2(2k3+k4)
Ir ks Zf ks

(©6)

This equation provides diagnostic criteria in distin-
guishing the series and parallel pathways for the O,
reduction reaction [40—44]. Figure 7 shows the plots of
N(ip/ig) versus 1/fV2 1t can be seen from this figure
that the plots yield straight lines and intercepts that are
greater than unity and potential dependent.

Eq. (4), however, predicts that the slopes and inter-
cepts obtained at various potentials from the N(ip/ix)
versus 1/f12 plot are related by the equation
Jo1 2k, SZ 7

+== A +== i (7
where J is the intercept and S is the slope. If k, and &,
have the same potential dependence and the adsorp-
tion—desorption rate constants ks and k. are assumed
to depend little on potential, equation predicts a linear
relationship between J and S with the intercept depend-
ing on the ratio of k, and k,. Figure 8 shows such a
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Fig. 7. (ip/ig)N versus f— /2 plots for the O, reduction on Ru
electrode in 0.1 M KOH at various disk potentials. Data are
taken from Fig. 2.

plot. From the intercept of the plot, it was found that
ky = 6k,.

3.3. Discussion of mechanism

A Tafel slope of — 165 mV/decade suggests that the
initial 1-electron transfer is the rate-determining step.
The results of the rotating disk experiments suggest that
at potentials below — 0.5 V the oxygen reduction oc-
curs via direct 4-electron reduction. Since, the ruthe-
nium electrode surface is in oxidized form, a direct
4-electron reduction on ruthenium electrode seems to
be less plausible because the oxygen reduction on the
oxidized electrode surfaces of the noble metals has been
shown to produce H,O and H,0, [45,46]. Based on the
ellipsometry data [34], Anastasijevic et al. [5,10,11] have
suggested the existence of Ru sites on the oxidized
surface based on a ‘sandwich’ type structure with Ru/
O/Ru composition. They explained the oxygen reduc-
tion via the formation of O-O bridge with the surface

45
40
35 |
30
25
20
15
10

Intercept (J)

0 : .
100 150 200 250

Slope (S)/rpm"?

Fig. 8. J versus S plots for the O, reduction on Ru electrode
in 0.1 M KOH. The values of J and S are obtained from the
intercepts and slopes of the lines in Fig. 7.

ruthenium atoms followed by the bond rupture. The
side-on adsorption of oxygen to form O-O bridge on
the electrode surface requires proper spacing of the
ruthenium atoms on the surface in order for them to
participate in bonding interactions with the oxygen
molecule. It has been proposed [10] that the place
exchange of O and Ru brings ruthenium atoms on the
electrode surface in order to facilitate the O-O bridge
formation. However, the orientation of all of the ruthe-
nium sites at an optimum distance on the oxidized
electrode surface to allow for a side-on adsorption
[10,11] of all of the O, molecules seems to be less
probable. Since, the O, reduction on ruthenium takes
place predominantly by 4-electron reduction to water,
we propose that the oxygen reduction takes place on
the similar electrode surface as proposed by Anastasi-
jevic et al. [10]. However, the oxygen adsorption proba-
bly involves a single ruthenium atom per oxygen
molecule. The involvement of a single ruthenium site
per oxygen molecule does not impose the strict condi-
tions of optimum placement of ruthenium atoms as
required for a side-on adsorption involving two ruthe-
nium sites.

Since the surface of the RuO, on Ru electrode is
negatively charged under the experimental conditions
of this study and does not favor the adsorption of
negatively charged O, species, the oxygen molecules
adsorb on the electrode surface followed by a slow first
electron transfer. The interaction of this adsorbed oxy-
gen species on the ruthenium metal involves a lateral
interaction of the dz? orbitals of ruthenium metal and =
orbitals of the superoxide ion with back bonding from
at least partially filled d,,, or d,. orbitals of Ru to the 7*
orbitals of the oxygen species [47]. The Vaska com-
plexes [48] such as Ir(O,)CI(CO)(PPh,), appear to form
such complexes with O, [49]. These compounds are
selective oxidation catalysts for cyclic olefins [50]. This
interaction results in an increase in O-O bond length
due to strong metal-oxygen interaction and conse-
quently the rupture of O-O bond giving rise to 4-elec-
tron reduction of O,. The following steps may occur for
the O, reduction on Ru with Eq. (9) as the rate-deter-
mining step.

Ni£=l+&+,4+ Ak
iy k, z fA

050 050 050 O—:—'—O

— R

RN
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T/ s H> Z" + 20H
P

QI o
N

The cooperative interaction of the oxygens with the
protons of H,O may reduce the stability of the O-O
bond and eventually dissociate the bond as shown in
Eq. (11). The further reduction of the species generated
in step 11 is analogous to the reduction of the oxide
film Ru-OH. Since the O, reduction measurements are
carried out in the potential range — 0.7 to — 0.3 V, the
species Ru(OH), generated in Eq. (11) can be reduced
further as shown in Eq. (12) to yield four electrons
overall for O, reduction on Ru.

4. Conclusions

Cyclic voltammetry of the ruthenium metal shows
that an oxide film on Ru metal is formed when the
potential is scanned in the positive direction of hydro-
gen adsorption and evolution region. This film is re-
duced when the sweep is reversed. This oxide film
affects the activity of Ru metal for oxygen reduction
reaction. The rotating ring-disk experiments show that
although the reduction proceeds by 4-electron pathway,
the kinetics and mechanism depend on the oxidation
state of the Ru surface. A Tafel slope of — 165 mV/
decade was observed in the linear region for the for-
ward scan (—0.9 to 4 0.0 V), while the Tafel slope of
— 250 mV/decade is observed for the backward sweep
(+0.0 to —0.8 V). These results suggest that the
oxygen reduction on the two surfaces is very different
and is explained on the basis of two different surfaces
involved in the process. The kinetic results also indicate
the first electron transfer as the rate-determining step
for the oxygen reduction on the ruthenium electrode.
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