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Abstract

The electrochemical redox behavior of lead–ruthenium oxide pyrochlore catalyst (Pb2Ru2−xPbxO7−y , x = 0.25) was
systematically studied and possible ruthenium redox species were determined by probing with formaldehyde and glucose
oxidation reactions using a PVC/Pb2Ru1.75Pb0.25O7−y composite electrode. Trasatti’s surface charge formalism was applied
to calculate the different accessible interfacial surface charges. Both the outer/inner and anodic/cathodic charge ratios were
found very different to those of pure RuO2 electrode. It is important to note that higher cathodic charges were noticed in
all scan rates (v) and pHs for Pb2Ru1.75Pb0.25O7−y . The calculated pHPZC of 3.9 from the electrochemical measurements
match exactly with that of earlier titrimetric result. The electrocatalytic mediated reactions were demonstrated with Ru3+/4+
assisted oxygen reduction reaction and Ru4+/6+ assisted dopamine oxidation using a Nafion/Pb2Ru1.75Pb0.25O7−y composite
electrode. Rotating disk electrode technique was adopted to derive kinetics and mechanism of these two catalytic reactions.
© 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Ruthenium dioxide (RuO2) is a well-known ma-
terial that has been used for long as an electrode
for catalyzing multi-electron transfer chlorine evolu-
tion reaction, oxygen evolution reaction (OER), and
organic oxidation [1–3]. Similarly, lead–ruthenium
oxide pyrochlore (Pb2Ru2−xPbxO7−y) has also been
used in many electrocatalytic applications [4–13]. The
catalytic material possesses high surface area and is
a good alternative for RuO2, and in some cases, it is
even superior to RuO2 [7,14]. Detail investigation on
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Pb2Ru2−xPbxO7−y regarding its structural properties,
catalytic effects, oxidative stability, and electrochemi-
cal activity with respect to different ruthenium species
and the surface protonation of the pyrochlore material
as a function of pH were reported earlier [7,15–19].
Based on these reports, the redox species of the py-
rochlore material in aqueous solution are Ru2+/3+,
Ru3+/4+, and Ru4+/5+. However, it is contradictory
that the reported redox species of RuO2 in heteroge-
neous and aqueous solutions are Ru3+/4+, Ru4+/6+,
and Ru6+/7+ [1,20–35]. One of the main purposes in
this study is therefore to understand and clarify the
possible redox transitions in Pb2Ru1.75Pb0.25O7−y .

Both the PVC/Pb2Ru1.75Pb0.25O7−y composite
electrode (PPCE) and Nafion/Pb2Ru1.75Pb0.25O7−y
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composite electrode (NPCE) were adopted in the
present investigation. It has been established that the
PVC-metal oxide composites possess highly stable
and reproducible electrochemical behavior with no in-
terference with respect to the PVC binder [29,31]. Ini-
tial electrochemical studies were done by using PVC
composites with a loading amount of∼40 mg/cm2

Pb2Ru1.75Pb0.25O7−y . The electrochemical medi-
ated catalytic mechanisms were further demonstrated
using the NPCE with a very low oxide loading.
Detail electrochemical investigation was made on
Pb2Ru1.75Pb0.25O7−y regarding its redox species
and interfacial surface charge effects. The interfacial
surface charge with respect to the inner(q∗

in) and
outer(q∗

out) active sites were calculated based on the
Trasatti’s surface formalism [28,29,32,33]. Standard
electrochemical mediated probe reactions, namely,
Ru4+/6+ mediated oxidation of formaldehyde [34]
and Ru6+/7+ mediated oxidation of glucose [35] were
performed to assess the participation of higher oxida-
tion ruthenium redox species in Pb2Ru1.75Pb0.25O7−y .

2. Experimental

2.1. Reagents

Polyvinyl chloride (inherent viscosity= 0.8),
Nafion perfluorinated ion-exchange powder, 5 wt.%
solution in a mixture of lower aliphatic alcohols
and 10% water, and Nafion 117 were obtained
from Aldrich (Milwaukee, WI, USA). Lead nitrate
(Pb(NO3)2), ruthenium chloride (RuCl3·xH2O), and
tetrahydrofuran (THF) were also obtained from
Aldrich. All the other compounds used in this work
were prepared from ACS-certified reagent grade
chemicals without further purification in doubly
distilled deionized water.

2.2. Apparatus

All voltammetry experiments were performed
with the BAS-100B electrochemical analyzer (West
Lafayette, IN, USA). The three-electrode system con-
sists of either the PPCE or NPCE working electrode,
an Ag/AgCl/KCl (3 M) reference electrode, and large
area platinum wire counter-electrode. Since the ruthe-
nium redox potentials are pH-dependent, in order to

compare with the reported standard redox potential
of ruthenium metal ions in the reversible hydrogen
scale (RHE, whereE0

RHE = 0 V), the following sim-
plified equation is used to adjust the potentials from
EAg/AgCl to ERHE.

ERHE=[(EAg/AgCl + 0.075 log pH) + E0
Ag/AgCl] (1)

2.3. Preparation of high surface area
Pb2Ru1.75Pb0.25O7−y powders

The preparation of the high surface area Pb2Ru1.75-
Pb0.25O7−y was described elsewhere [4]. In brief,
(1:1.25) molar ratio of RuCl3·3H2O and Pb(NO3)2
were dissolved in aqueous solution at 75◦C under
constant stirring and purging of the solution with O2
for 24 h. Approximately, 6% KOH was added to the
solution so as to maintain a pH 13.5. The filtered
product was washed with distilled water until any
alkali present was removed. It was then annealed at
130◦C for 24 h. The obtained powders are very stable
with the pHPZC value of 3.9 by acid–base titrimet-
ric method [4]. X-ray powder diffraction gave broad
pyrochlore peaks in an amorphous background indi-
cating the formation of a highly porous pyrochlore
material. The estimated BET surface area value was
71 m2/g.

2.4. Preparation of the polymer-
Pb2Ru1.75Pb0.25O7−y composite electrodes

For the preparation of the PPCE, a homemade
0.5 cm height and 0.5 mm diameter Pt wire embed-
ded glass electrode was used as the base electrode.
Before coating the oxide, the Pt wire was heated in
blue-flame to rod hot to remove the surface contam-
ination. A (4:1) wt.% of Pb2Ru1.75Pb0.25O7−y and
PVC is mixed well with minimum quantity of THF
[31]. Then, the PVC/oxide paste was coated onto the
surface of the Pt wire and air dried at room tempera-
ture for 48 h. Note that poor adhesion of the coating
to the Pt substrate can easily detected by observing
the increased asymmetry in the voltammetric peaks
or tilting of the voltammograms with respect to the
potential axis. As to the preparation of the NPCE,
∼0.02 wt.% of catalyst loaded 4% Nafion solution
was coated by spin coating at 3000 rpm on a clean
GCE surface with a geometric area of 0.0707 cm2.
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Both the PPCE and NPCE were preconditioned by
cycling the potential between oxygen and hydrogen
evolution windows in its base electrolyte solution
at 50 mV/s until the voltammograms reached a con-
stant. Then, the electrodes can be used for specific
application reactions.

3. Results and discussion

3.1. Electrochemical behavior of the PPCE

Fig. 1 shows the typical cyclic voltammetry (CV)
response of the PPCE between−0.2 to 1.2 V at
v = 50 mV/s in 1 M sulfuric acid solution. Two an-
odic peaks at 0.65 and 0.95 V and two cathodic peaks
at 0.54 and 0.91 V were observed over a large back-
ground current. Varying the switching potential in
CV identified the cathodic counter parts of the anodic
peaks. TheE1/2 values are 0.59 and 0.93 V (i.e. 0.81
and 1.15 V versus RHE) for the two redox couples,

Fig. 1. Cyclic voltammogram of the PPCE in 1 M H2SO4 at
v = 50 mV/s.

respectively. Interestingly, the obtained values are
similar to those of RuO2 redox behavior reported ear-
lier [1,22,28,29,31]. Possible redox reactions exist in
RuO2 electrodes between hydrogen and oxygen evo-
lution regions were reported earlier and summarized
as follows [1,21–25,28].

2Ru4+O2 + 2H2O + 2e− → Ru3+
2 O3 + 2OH−,

E = 0.4–0.5 V versus RHE (2)

Ru6+O2−
4 + 2H2O + 2e− → Ru4+O2 + 4OH−,

E = 0.9–1.15 V versus RHE (3)

Ru7+O−
4 + e− → Ru6+O2−

4 ,

E = 1.35–1.45 V versus RHE (4)

Note that the highest oxidation redox pair (Ru6+/7+)
cannot be detected in H2SO4 medium due to the OER
at 1.1 V versus RHE. Indeed, we did not observe the
Ru6+/7+ redox pair at the PPCE, which further prevail
the similar ruthenium species in Pb2Ru1.75Pb0.25O7−y

to that of RuO2.
Similar experiments were also carried out on the

PPCE in pH 4.6 acetate buffer, pH 7.4 phosphate
buffer, and 1.1 M KOH and very poor redox currents
were observed in all solutions. It is as expected due to
the following three reasons: first, the high double layer
origin of the oxide materials; second, the occurrence
of H+ or OH− insertion reaction coupled with metal
redox transition [28,31], which in turn alter the ex-
change ability of H+ or OH− ions in intermediate pHs;
third, the presence of the active oxygen species (O′)
and the entrapment of the active ruthenium species in
the interstitial sites of the pyrochlore network [4,14].
The CV responses obtained from earlier works on py-
rochlore modified electrodes also showed poor redox
transition signals [14]. The double layer charge for the
PPCE in 1.1 M KOH solution was then measured using
the small amplitude CV technique [28,29,31]. Based
on theI–V plot, by cycling the electrode in narrow po-
tential window of−0.4 to−0.2 V versus Ag/AgCl at
different scan rates, the calculated double layer charg-
ing capacitance is 787 mF/cm2. It is assumed that no
faradic processes appear in this potential window. This
result is close to 791.7 mF/cm2 for porous and high
capacitance PVC-RuO2 (400◦C) composite electrode
in 1 M NaOH solution [29,31] with a similar phe-
nomenon of no specific redox transition peaks. Taking
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the reported value of 60mF/cm2 for porous oxide ma-
terials, the electrochemically active surface area was
then calculated as 33.13 m2/g [1,24]. This is about half
to the BET surface area of 71 m2/g. The difference is
as expected since the electrochemically active surface
area defines the area that are accessible in solution
with fraction of the oxide surface sites and may vary
from solution to gas phase. There results indicate the
high accessibility to later case.

In order to understand the surface redox transi-
tions in various pHs on the PPCE, known amount of
dissolved organic compounds were added as probes
and CV was performed in different pH solutions. For
RuO2, the existences of possible redox transitions
were confirmed by studying the oxidation of ben-
zaldehyde (oxidative mediation by Ru4+/6+ redox
transition) [22], benzyl alcohol (Ru6+/7+ transition)
[22], and glucose (Ru6+/7+ transition) [35]. Similar
experiments were thus applied to the PPCE using
formaldehyde and glucose as probes. Since the medi-
ated oxidation peaks are improper neither at very slow
nor at fast scan rates, the experiments were carried out
at v = 50 mV/s in wide pH windows. As illustrated
in Fig. 2, the oxidation of formaldehyde and glucose

Fig. 2. Cyclic voltammograms for the electrocatalytic oxidation of
formaldehyde and glucose (0.5 mM) on the PPCE in 1.1 M KOH
solution atv = 50 mV/s.

Fig. 3. Effect of solution pH on the anodic potentials of Ru4+/6+
redox couple in the PPCE for formaldehyde oxidation reaction.

commences at−0.10 and 0.10 V versus Ag/AgCl (i.e.
1.12 and 1.32 V versus RHE), respectively. Interest-
ingly, the obtained oxidation potentials lie exactly in
the regions where Ru4+/6+ and Ru6+/7+ redox tran-
sitions occur. Furthermore, the glucose oxidation can
be observed only in strong alkaline solution; whereas,
the formaldehyde in all pHs. The difference is due
to the absence of the Ru6+/7+ state in lower pHs as
mentioned earlier. Fig. 3 shows the pH-dependent
redox potential of the Ru4+/6+ redox transition for
the formaldehyde oxidation at the PPCE. The starting
oxidation potentials were taken as the redox poten-
tials due to the very poor CV behavior. The measured
redox potentials were found to decrease linearly
with increasing in pH. Related experiments in the
absence of formaldehyde confirmed the downward
drift of peak potentials with the increase in pH. The
slope of −80.65 mV/pH, rather than the Nernstian
−59 mV/pH for pure RuO2 electrodes [22,29,31], in-
dicates the involvement of non-integral or fractional
values in e− and H+ (or OH−) [22,31]. Similar value
of −75 mV/decade was observed for RuO2/PVC paste
electrode for the Ru3+/4+ and Ru4+/6+ redox transi-
tions [31]. It is therefore expected that the redox re-
actions could occur due to the existence of polymeric
or interlined products on the Pb2Ru1.75Pb0.25O7−y
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surface and the number of H+ or OH− exchange with
electrons is in non-stoichiometric ratios. Again, the
results agree well with that of RuO2 electrodes.

3.2. Interfacial surface charge analysis

In order to understand the electrochemical interfa-
cial behavior in terms of accessible surface sites and
to know about H+ or OH− coupled redox mecha-
nism, scan rate variations were recorded on the PPCE
in different pH solutions. Fig. 4A shows the typical
CV response of the PPCE at different scan rates in
1 M H2SO4 solution. In all the scan rates, the ob-
tained redox peak currents were very low with huge
background currents. Therefore, instead of measur-
ing current values, surface charges were taken as an
estimating parameter to study the surface behavior of
the PPCE. Voltammetric surface charges (q∗) were
calculated from the integral area under the cyclic
voltammograms. Since the charge during a voltam-
metric curves arised both by the non-faradic and
faradic processes [28,29,31–33], the CV analysis of
the PPCE indicated that the swallow of faradic con-
tribution by non-faradic processes. Fig. 4B shows the
typical plot of q∗ versusv for the PPCE in different
pH solutions. As can be seen, for all pH solutions,
higher amount ofq∗ were observed at lower scan rates
and it decreases with increase in scan rate. Trasatti
and coworkers have done extensive work on this as-
pect for Ti/RuO2 and they suggest that the rate of
charging and discharging be limited by the diffusion
of proton to the interfacial site of the oxide molecule
[28,32,33]. The same explanation can also be ap-
plied to Pb2Ru1.75Pb0.25O7−y , and interestingly, the
cathodic charge was about 15% higher than that of
anodic one for the Pb2Ru1.75Pb0.25O7−y . This indi-
cates that the penetration of OH− (or ejection of H+)
during the anodic cycle is less favorable than the pen-
etration of H+ (or ejection of OH−). For thermally
prepared RuO2, it was reported that the cathodic
charge in chronopentiometric experiments is either
about 50 or 30% lower than the charge extracted
on the anodic process with a trend that is opposite
to Pb2Ru1.75Pb0.25O7−y [36,37]. This asymmetric
in voltammetric charge may due to the existence of
active oxygen species (O′) bonded to the Pb ion in
the Pb2Ru1.75Pb0.25O7−y molecule. During the an-
odic scan, the ejection of proton from the active O′

site is very difficult. On the other hand, because of
the electrostatic attraction of H+ species with active
O′, the insertion of H+ in the cathodic scan is more
favorable.

Trassatti’s surface formalism was also adopted in
the present investigation to analyze the contribution
of the interfacial surface charge [32]. The behavior
that surface charges depend on the scan rate indicates
the existence of different type of accessible species
in Pb2Ru1.75Pb0.25O7−y , which may cause different
H+ (or OH−) diffusion with scan rates [28,32,33].
Usually, the H+ (or OH−) prefers to diffuse on grain
boundaries, such as pores, crevices, and cracks, than
directly on the crystallite site [28,29,31]. The initial
sharp decrease with scan rate is due to the existence
of less accessible surface regions, which are acces-
sible for proton exchange only at low scan rates. In
other words, there is a fraction of available surface
sites (i.e. proton-donating surface species), which are
more difficult to exchange protons and thus become a
rate determination step in particularly hidden surface
regions.

The total voltammetric charge(q∗
tot), which is re-

lated to whole active surface, comes from two sources:
(1) (q∗

in), charges related to the “inner” or less accessi-
ble surface regions including loose grain boundaries,
pores, cracks, etc. (2)(q∗

out), charges related to the
“outer” or more accessible surface regions where the
redox reactions can occur without hindrance. It has
been shown that the experimentally measured charge
at differentv, i.e. q∗

v , can be linearized if(1/q∗
v ) is

plotted againstv1/2. The linear extrapolation tov → 0
givesq∗

0, which is equal toq∗
tot, the surface charge den-

sity related to infinitely slow proton exchange [31,32].
The related surface charge thus measures the whole
oxide surface wetted by the solution.
(

1

q∗
v

)
=

(
1

q∗
0

)
+ a(v1/2) (5)

q∗
0 = q∗

tot atv → 0 (6)

On the other hand, a plot ofq∗
v versus 1/v1/2 at

v → ∞ give an intercept ofq∗
out, which represents the

amount of charge density related to the outer surface
of the oxide that is accessible to proton exchange.

q∗
v = q∗

∞ + b

(
1

v1/2

)
(7)
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Fig. 4. (A) CV response of the PPCE in 1 M H2SO4 at various scan rates; (B) variation of voltammetric charge against scan rate for the
PPCE at different solution pHs.
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Fig. 5. Calculation of (A)q∗
tot and (B)q∗

out surface charge values
for the PPCE in 1 M H2SO4 solution.

q∗
∞ = q∗

out atv → ∞ (8)

Onceq∗
tot andq∗

out are obtained,q∗
in is then calculated

from q∗
tot = q∗

out + q∗
in. Typical linearized plots for

the estimation ofq∗
tot and q∗

out were given in Fig. 5
for the PPCE in 1 M H2SO4 solution. Estimated inner
and outer charge components in 1 M H2SO4 and at
other pH solutions are shown in Fig. 6. As can be
seen, theq∗

in shared a major contribution toq∗
tot and

reaches a maximum in 1.1 M KOH. Theq∗
out/q

∗
in ratio

was found to decrease considerably with increasing
in pH and is close to unity in alkaline solution. For
RuO2, the q∗

out/q
∗
in ratio was reported as unity in all

pHs indicating that the inner surface is about the same
magnitude as the outer surface [32,33]. It is concluded
that the Pb2Ru1.75Pb0.25O7−y shows similar behavior
to that of RuO2 only in alkaline solution; whereas, the
similarity decrease with decreasing in pH.

Fig. 6. Variation ofq∗
tot, q∗

in, andq∗
out of the PPCE with solution

pH.

A q∗
tot versus pH plot in Fig. 6 shows high charge

values at extreme pHs and approximately four times
lower charge value at intermediate pH. Most im-
portant of all, the pH where the minimum in the
voltammetric charge occurred coincides with the
pHPZC of 3.9 measured from conventional titrimetic
method for Pb2Ru1.75Pb0.25O7−y [4]. The decrease in
the voltammetric charge in solutions of intermediate
pH is probably due to the poor dissociation effect of
surface hydroxyl groups of the oxide material.

3.3. Catalytic reactions on Pb2Ru1.75Pb0.25O7−y

surfaces

For the catalytic reactions, the presence of higher
oxidation species (either from Run+ or from Pbn+)
is expected to effectively participate in the catalytic
mechanism. Previous report has already noticed the
major contribution by ruthenium species in the oc-
tahedral sites of Pb2Ru2−xPbxO7−y [4,14]. Never-
theless, no insight view was provided regarding the
electrochemical catalytic mechanisms with respect
to that active higher oxidation ruthenium ion on the
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Pb2Ru2−xPbxO7−y material. Unfortunately, it is im-
possible to perform catalytic studies on the PPCE due
to the large double layer charging current. This prob-
lem, however, can be overcome by using a NPCE,
which was prepared with a low oxide loading of
20 ppm in 4 wt.% Nafion solution. Because of the
very low loading density, no redox peaks were noticed
with these electrodes even in 1 M H2SO4 medium,
and thus the catalytic signals can be easily observed
with moderate concentration of analytes.

3.4. Electrocatalytic ORR on the NPCE

Because of the superior catalytic behavior towards
the reduction reaction, Pb2Ru2−xPbxO7−y materi-
als were previously used in fuel cell applications
as ORR catalyst [4]. Our group further reported
a novel in situ preparation procedure for prepar-
ing Pb2Ru2−xPbxO7−y in Nafion membrane by
ion-exchange method (designated as NCME), and
extend its usage for analytical detection of dissolved
oxygen in aqueous solution [6–13]. Earlier, elec-
trochemical polarization studies towards the ORR
were also been studied both in acid and alkaline
medium [17]. The mechanism was explained in
terms of ruthenium species in a manner analogous
to that of cleavage of carbon–carbon double bond
with osmium or ruthenium tetraoxide. In the above
mechanisms, the coordination number and number
of sites of ruthenium is unclear. Later Goodenough
et al. [14] studied the ORR in a wide range of pH by
means of polarization method and results were well
interpreted with pHPZC and surface charge effect.
Specifically, the mechanism was explained in terms
of Ru3+ species. However, no solid evidence was
provided about the Ru3+ participation and no mecha-
nistic parameters were derived from the ORR on the
Pb2Ru2−xPbxO7−y electrode. The main purpose of
the present investigation is therefore to prove the me-
diation of Ru3+, estimate the possible kinetic param-
eters, and derive the possible reaction mechanism for
the ORR.

Fig. 7A shows the voltammetric behaviors of the
NPCE in 1.1 M KOH solution without deaeration.
As can be seen, theE1/2 of ORR occurred at the
potential window around−0.40 to −0.75 V versus
Ag/AgCl (i.e. ∼0.47–0.82 V versus RHE) in the ca-
thodic reverse scans. Interestingly, the magnitude of

Fig. 7. (A) CV behavior of the NPCE atv = 50 mV/s in
1.1 M KOH solution; (B) the effect of holding potential (holding
time = 15 s) to the ORR.

the ORR peak current depends on the holding poten-
tial in the OER region as shown in Fig. 7B. Note that
the Ru4+/3+ transition commences at∼0.40–0.50 V
versus RHE (based on Eq. (2)) in pH 14 solution
and the ORR current signals (in Fig. 7A and B)
were noticed close that potentials. This result actu-
ally strongly supports the mediation of the ORR by
Ru3+/4+ redox transitions. The existence of active O′
atom and in turn possessing of higher cathodic charge
on Pb2Ru1.75Pb0.25O7−y obviously leads to superior
electrocatalytic activity than that of RuO2 towards the
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Fig. 8. Tafel plot for the ORR on the NPCE in 1.1 M KOH solution
derived atv = 1 mV/s.

ORR. Indeed, only very few literatures were available
regarding the ORR with RuO2 [38].

In order to get more insight about the mechanis-
tic aspects both steady-state polarization and RDE
studies were made on the NPCE in alkaline solution.
Fig. 8 shows the typical Tafel plot for the ORR in
1.1 KOH solution. The obtained Tafel slope (−ba =
2.303RT/F), i.e. (∂E/∂ log(i))pH, is ∼60 mV/decade.
The order of the overall reaction (m) can also be cal-
culated by the method suggested earlier for OER on
RuO2 electrode [39,40]. In the present case, the cal-
culatedm for the ORR on the NPCE is∼1. Based on
theba andmobtained, the possible mechanism can be
derived as shown below in terms ofhydrogen peroxide
path [41].

O2 + H2O = O2Hads+ OHads (9)

O2Hads+ H2O → O2H2 ads+ OHads (10)

O2H2 ads= 2OHads (11)

OHads+ e− = OH−
ads (12)

In the above reactions sequence, the interaction
between the surface adsorbed water molecule, i.e.
O2Hads with that of solution water is considered to
be a rate determining step, since it possess the Tafel
slope of 60 mV withm = 1. Earlier Goodenoguh
et al. reported the ORR mechanism based on the
Ru3+OtH species and assigned the chemical transfer
of O−

2 to OH− through Ru3+OtH as the rate determi-

Fig. 9. (A) Typical RDE ORR response of the NPCE in 1.1 M KOH
solution at different rpm’s withv = 2 mV/s; (B) Koutecky–Levich
plot for the data in (A).

nation step without any kinetic support [14]. Here, we
expect some positive interaction between the active
O′ species (which one may derived from faradic, i.e.
Ru4+/3+ process coupled with non-faradaic process
like H+ or OH− diffusion) with that of O2Hads in the
rate determination step to reduce the energy barrier
on the ORR.

RDE experiments concerns with ORR were also
performed on the NPCE to calculate the heteroge-
neous rate constant value,kh. Fig. 9A shows the RDE
voltammetric response of the ORR in oxygen saturated
alkaline solution. The obtained RDE response is not



186 J.-M. Zen et al. / Journal of Molecular Catalysis A: Chemical 165 (2001) 177–188

regular. The current exhibits in two distinct regions,
i.e. at−0.3 to −0.5 V and at−0.6 to −0.9 V versus
Ag/AgCl with poorly defined plateau region. Similar
types of RDE voltammograms were also noticed in the
case of ORR in Zn surface [42]. The possible reasons
were explained in terms of accompanying of radical
path with sequential ORR mechanism, also supports
the above said mechanism. Koutecky–Levich plot for
the ORR has been plotted in Fig. 9B. Rate constant
values for the ORR was estimated according to the
following RDE equations.

1

ired
= 1

ik
+ ired

[(0.62nFCb
redD

2/3
redv−1/6)ω1/2]

ik = nFAkhC
b
red (13)

where number of electrons,n = 4, oxygen bulk
concentration,Cb

red = 10−6 M [43], kh is the hetero-
geneous rate constant, and other terms are its usual
significance. The obtained mass transfer corrected
current value (ik) is 113.76mA. Based on Eq. (13),
the rate constant for the ORR is 4.17 × 10−3 cm2/s.
This rate constant value is comparable with that of
earlier electrocatalytic results towards the ORR [42].

3.5. Electrocatalytic oxidation of dopamine on the
NPCE

The RDE studies of dopamine oxidation on NPCE
(Fig. 10A) shows the catalytic current signals in the
potential window of 0.15–0.30 V versus Ag/AgCl (i.e.
∼0.44–0.59 V versus RHE) in pH 7 phosphate solu-
tion. Compared to GCE and to other earlier studies
on the same topics [44,45], it was about 200–100 mV
less in overpotential on the NPCE. The enhanced cat-
alytic activity could also be certainly attributed to the
participation of higher oxidation ruthenium species in
the pyrochlore structure. Based on Eq. (2), with the
consideration of(∂E/∂pH) = −75 mV/decade, the
redox potential of Ru4+/6+ in pH 7 phosphate buffer
should lie between∼0.24–0.34 V versus Ag/AgCl.
Since the obtained catalytic activity of dopamine fall
close in this potential window, it is clear that the
Ru4+/6+ present in the Ru2O6 octahedral sites of
the pyrochlore structure mediate the catalytic oxida-
tion of dopamine. Similar type of Ru4+/6+ mediated
electrocatalytic mechanism was also demonstrated

Fig. 10. (A) RDE response of 100mM dopamine on the NPCE in
pH 7.4 phosphate buffer at different rpm’s withv = 2 mV/s; (B)
Koutecky–Levich plot for the data in (A).

by our group for the cysteine oxidation reaction
on the NCME [46]. Based on all these studies, the
schematic picture of the ruthenium mediated oxida-
tion mechanism for dopamine on NPME is shown in
Scheme 1.

Kinetic analyses were done using the RDE tech-
nique and typical RDE response of 100mM dopamine
in pH 7.0 phosphate buffer atv = 2 mV/s is given in
Fig. 10A. Perfect sigmoid limiting current responses
were noticed on all rpm’s. Mass transfer corrected
current value,ik, was calculated to be 15.029mA from
the Koutecky–Levich plot (Fig. 10B). The calculated
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Scheme 1. Electrocatalytic mediated mechanism for dopamine oxidation on the NPCE.

heterogeneous rate constant value (kh) for the
dopamine oxidation reaction is 11.02× 10−3 cm2/s.

4. Conclusions

The following conclusions can be summarized from
this study:
1. The cyclic voltammetric analysis on the PPCE

showed redox behavior with predominant effect
similar to that of RuO2.

2. Based on the formaldehyde and glucose oxidation
reaction on the PPCE and ORR on the NPCE, the
possible ruthenium redox species exist in the cata-
lyst are Ru3+/4+, Ru4+/6+, and Ru6+/7+. The re-
dox transition of Ru6+/7+ is only available at pH>
12.

3. The redox potential of the formaldehyde oxidation
on the PPCE is pH-dependent with∂E/∂pH close
to−80 mV/decade. The operation of non-Nernstian
behavior is due to the existence of polymeric and
interlined surface oxide in Pb2Ru1.75Pb0.25O7−y .

4. The fact that the surface charge is scan rate-depen-
dent indicates the presence of different types of
accessible species with H+ or OH− through diffu-
sion on the surface sites of Pb2Ru1.75Pb0.25O7−y .
The cathodic charges were 15% higher than an-
odic charges in varied scan rates at all pHs;
while, it is reverse in the case of RuO2. This pro-

perty and the presence of active O′ species make
Pb2Ru1.75Pb0.25O7−y a better catalyst than RuO2
in the ORR.

5. The q∗
out/q

∗
in ratio is almost unity in alkaline so-

lution and decreases with increasing in pH; while,
it is almost unity in all pHs for RuO2. This result
suggests that Pb2Ru1.75Pb0.25O7−y has similar
behavior to that of RuO2 only in alkaline solution;
whereas, the similarity decrease with decreasing
in pH.

6. The obtained pHPZC of 3.9 from electrochemical
experiment matches exactly with the titrimetric
value revealing the reliability of the present experi-
ments.

7. The electrocatalytic mediated ORR and dopamine
oxidation on the NPCE confirms the mediation
of ruthenium species present in the Ru2O6 octa-
hedral site of Pb2Ru1.75Pb0.25O7−y . The superior
electrocatalytic response of Pb2Ru1.75Pb0.25O7−y

than that of RuO2 towards the ORR is due to the
surface charge effect.
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