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Oxygen reduction at a gas-fed, porous, ruthenium-pyrochlore electrode attached to a Dow Develop- 
mental Fuel Cell Membrane was measured in solutions of  various pH. Electrode assemblies contain- 
ing high surface area Pb2 Ru2_xPbx O7_y or Bi 2 Ru2_ x BixO7_y with different amounts  of  Teflon content 
with/without the incorporation of  Dow gel in the active part of the electrode with/without a CO2- 
treated Vulcan XC-72 carbon substrate were tested. The oxide pyrochlores were found to be chemi- 
cally stable and to show their lowest overpotential if separated from a 2.5 M H2 SO4 proton reservoir 
by the membrane. Interesting oxygen reduction activity at room temperature was obtained with the 
Pb2RuEv4Pb0.z6Ov_y electrode bonded with 22% by weight Teflon and incorporating 5% by weight 
Dow gel. The performance of  the oxides against B-site Pb concentration and a measurement of the 
surface charge on the particles indicate that, in this configuration, the active sites for the oxygen 
reduction reaction are O H -  species at the O-site positions of  the A2 B2060~_y pyrochlores, especially 
the bridging oxygen with one Ru and one Pb near neighbour, i.e. Pb-Ob-Ru.  Evidence that  oxide 
particles precipitated on CO2-treated carbon transfer electrons to the substrate is also presented. 

1. Introduction 

Direct hydrocarbon/air fuel cells rely on the four- 
electron reduction of dioxygen to water at the cath- 
ode. To avoid carbonate formation, low-temperature 
cells use an acid electrolyte. To date the only practical 
electrocatalyst for the oxygen reduction reaction 
(ORR) in acid at low temperatures is platinum. The 
development of a less expensive oxide catalyst for the 
ORR that is both stable and more active than plati- 
num in acid is, therefore, of considerable technical 
interest. 

The ruthenium-oxide pyrochlores PbzRu 2 xPb,.O7 ~. 
and Bi2Ru 2 xB~O7 y were first identified by Horowitz 
et al. [1] as active catalysts for the ORR in alkaline 
solution. A previous study [2] has shown that 
Pb2Ru2_,Pb,.O7 , is stable in 2.5 M HiSO 4 solutions 
for several days, but it corrodes under cathodic 
load; BiiRu 2 .,.Bi,~OT_,. is stable only in solutions of 
pH > 4.5. One purpose of the present study was to 
investigate the stability of the ruthenium-oxide 
pyrochlores under a cathodic load when bonded to a 
proton-exchange membrane; in these membranes, the 
anions are immobile. 

Proton-exchange membranes such as NAFION | 
from DuPont and the Dow Developmental Fuel Cell 
Membrane (hereafter, referred to as the Dow mem- 
brane) from the Dow Chemical Company offer a con- 
venient H +-ion electrolyte for any hydrocarbon/air 
fuel cell. Both NAFION | and the Dow membrane 
contain water and perfluorinated sulphonic acid poly- 
mers. In an unpressurized cell, the former is stable 
up to 110~ whereas the latter has been reported 
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to be stable up to ~165-200~ depending on 
the rate of heating and the equivalent weights 
of the polymers [3, 4]. We have therefore chosen 
to investigate the stability and room temperature 
activity of electrodes containing Pb 2 Ru2_~ Pb~O7_~ or 
Bi2Ru2_~BixO7_y catalysts bonded - either directly 
or via a treated-carbon substrate - to the Dow 
membrane. 

Previous studies [5, 6] have also presented evidence 
for a change in the location of the active site on 
Pb2 Ru2_x Pb,-O7_., for the rate-determining step of the 
ORR on going from alkaline to acid solution. The 
A2B2060~_y pyrochlore structure has two types of 
oxygen; the O oxygen bond to both A and B cations 
whereas the O' oxygen bond to only A cations. On 
variation of the electrolyte pH, a maximum in the 
overpotential at a current density of 5mAcro -2 
occurred at (or near) a pH below which the surface 
charge qs > 0 of the PbzRu2_~PbxO60~_, particles 
showed a sharp increase with decreasing pH. This 
correlation was interpreted to indicate a change in the 
active oxide site for the rate-determining step of the 
ORR from OH species at O' sites to OH- species at 
O sites. A second objective of the present study was to 
investigate how bonding of the electrode to a proton- 
exchange membrane influences this shift in the active 
site and to determine whether the influence improves 
the activity of the ORR on the oxide for a given pH of 
an acidic proton source on the opposite side of the 
membrane. 

The assembly of an electrode is a critical part of its 
performance. We describe the steps used to obtain an 
optimal, but certainly not the optimum, electrode 
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configuration for testing. We discuss the introduction 
of Teflon to bind the electrode, the use of CO2-treated 
carbon as a substrate for the catalyst, the effect on cell 
performance of the amount of Pb substituted for Ru 
in the B sites of the pyrochlore structure, and the 
incorporation of a Dow gel, a gel made from the 
Dow membrane*, both to bond the electrode to the 
membrane and to interpenetrate the carbon substrate 
with the solid-polymer electrolyte. Moreover, we 
report measurements of the pH dependence of the 
charge on the carbon oxide subassemblies; com- 
parison with similar measurements for the oxide par- 
ticles alone provides indirect information on electron 
transfer from the oxide to the treated-carbon sub- 
strate. 

2. Experimental details 

2.1. Electrode preparation 

High-surface-area P b 2 R u  2 ~PbxO 7 ~. (x = 0.05 to  

0.4) and Bi2Ru2_,Bi,.Ov_~ (x = 0.4) were prepared by 
the precipitation method of Horowitz et al. [1]. An 
appropriate molar ratio of Pb(NO3)2:RuC13 �9 3H20 
was dissolved in aqueous solution at 75 ~ C under con- 
stant stirring. Approximately 6% K O H  was added to 
the solution so as to maintain a pH of 13; precipitation 
of the hydroxides was carried out at 75~ under 
constant stirring and purging of  the solution with 
oxygen gas for 24 h. The filtered product was washed 
with distilled water until any alkali present was 
removed; it was then dried in an oven at 130 ~ A 
similar procedure was used to prepare Bi2Ru2_yBixO 7 
except that a much longer reaction time ( ~ 4  days) 
was needed. For  some compounds, X-ray powder 
diffraction gave broad pyrochlore peaks in an 
amorphous background; heating in air at 300~ for 
24 h gave a fairly well crystallized pyrochlore X-ray 
pattern. The lattice parameters for all the compounds 
were in good agreement with reported literature 
values [7]. 

Following Manoharan [8], gas activation of Vulcan 
XC-72 carbon was carried out by heating in a CO 2 
atmosphere at 900 ~ C for 1 h; this treatment produced 
a 27% weight loss of carbon. To impregnate the sur- 
face of the gas-activated carbon particles with the 
oxide pyrochlore precipitate, the fine carbon powder 
was mixed with the aqueous solution of reactants 
before the hydroxide-precipitation step. 

The electrodes were fabricated as follows. Distilled 
water was added to a measured quantity of either the 
catalyst precipitate or the catalyst-impregnated car- 
bon powder; a certain amount  of 5% (v/v) Dow gel 
was also added in some preparations. The 5% (v/v) 
Dow gel was prepared by diluting with water the 
dissolved Dow polymer, which is in proton form in 
concentrated ethanol. The mixture was thoroughly 

* Although the Dow gel is made from the Dow membrane, it is not 
a product of the Dow Chemical Company and may therefore vary 
in composition from lot to lot, even if supplied by the Dow 
Chemical Company. 

homogenized with a sonicator before a dilute Teflon 
dispersion (DuPont No. T-30 suspension) was added 
while the mixture was being slightly heated and agi- 
tated with a hot plate attached to a magnetic stirrer. 
The product material was centrifuged and spread onto 
a Teflon-containing carbon sheet. 

The electrode thus formed was bonded to a Dow 
membrane by placing the Dow membrane on top of 
the coated surface; the assembly was then hot-pressed 
at 150~ and 500 p.s.i, unless otherwise specified. 

2.2. Electrochemical measurements 

A pressed electrode was cooled to room temperature 
and loaded for testing into a half-cell configuration 
similar to that described elsewhere [9]. The membrane 
and electrode assembly, with the electrode facing 
down, were placed between two pieces of  the test cell, 
which were then clamped together. The top half of 
the cell was used as a reservoir of variable pH to 
provide a source of protons to be transported through 
the membrane and consumed in the porous electrode 
- presumably in the ORR. For  most measurements 
the reservoir was 2.5 M H2SO 4. The bottom half of the 
test cell was a hollow cavity with an inlet and outlet 
used to feed reactant gas, oxygen or nitrogen in this 
study, to the porous electrode. The electrode area 
exposed to the electrolyte in this cell was 0.125 cm-2. 
A P t  gauze was used as the counter electrode, and 
the reference electrode was Hg/Hg2SO4, SO4- (2.5 M 
H2SO4), designated MMS, or saturated calomel elec- 
trode (SCE). 

Steady-state galvanostatic polarization data and 
cyclic voltammograms were recorded with an EG&G 
Model 273 potentiostat/galvanostat interfaced to an 
IBM PxT microcomputer via a National Instruments 
IEEE-488 General-Purpose Interface (GPIB) card. 
The EG&G H E A D S T A R T  TM Creative Electrochem- 
istry Software was used to drive the measurements, 
process the data, and display the results. 

The EG&G Model 273 was also used to apply a 
62.5 Hz, + 50mV square wave to the cell to measure 
the uncompensated resistance (Ru). The wave- 
form and rise time of the response current were 
monitored with an oscilloscope; the Ru value is 
obtained by adjusting the value of a compensation 
resistance until the response wa~eform has the fastest 
rise time without ringing and rapidly decays to a flat 
value. 

2.3. P.z.z.p measurement 

The solution pH giving zero charge on an in-solution 
particle is the point of zero zeta potential (p.z.z.p.); it 
was determined by potentiometric acid-base titration 
[10-15]. The oxide powder was suspended in 25 ml of 
aqueous solution of 0.001 M KOH and 0.1 M KCI. 
The suspensions were titrated with a pH 1.00 solution 
(KCI-HC1 pH 1.00 buffer solution from Fisher) in the 
presence of  continuous stirring; nitrogen gas was 
bubbled through the solution to prevent any con- 
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tamination from the CO2 present in the air. The end 
point of each titration was determined after the pH 
reading became stable. Comparison of the titration 
curve with one obtained for a blank solution permit- 
ted determination of  the mean surface charge on the 
oxide particles due to protonation or deprotonation of  
the surface; the BET surface area of  the particles was 
determined for this calculation. 

3. Results 

3.1. Electrochemical stability 

All the Pb2Ru2 .~PbxO7_v (x = 0.05 to 0.4) and 
Bi2Ru2_xBixO 7 ~. compounds were found to be stable 
in the test cell where the catalyst was bonded to one 
side of the Dow membrane and 2.5 M H2SO 4 solution 
contacted the other side. On introduction of the 2.5 M 
H2 SO4 solution into the cell and oxygen gas from the 
rear side of the electrode, the open-circuit voltages 
shifted to a more positive equilibrium potential, 
indicating the establishment of an ORR at the 
protonated oxide surface. The rate of shift depended 
on the oxygen pressure on the rear side of the elec- 
trode; the higher the oxygen pressure, the greater the 
perturbation of the hydrogen-bonded solution layer at 
the oxide surface. 

If lead-ruthenium or lead-iridium oxide pyrochlores 
are brought into direct contact with 2.5M H2SO4, 
elemental Pb is reported [5, 6] to be extruded into 
the surface during the anodic sweep of  a cyclic 
voltammogram (CV) taken from - 1 to 1 V/MMS; on 
the cathodic sweep the surface Pb reacts with the 
electrolyte to form PbSO4. In the case of membrane- 
bonded oxides, immobile -SO3H groups bonded to 
the fluorocarbon skeleton of the membrane replace 
mobile SO~- anions at the oxide surface, but the CV 
registers no anodic or cathodic current at poten- 
tials negative of - 0 . 4 V  to indicate the diffusion of 
Pb 2+ into or from the perfluorosulphonic acid 
membrane. 

3.2. Electrode optimization 

The principal factors governing the porous structure 
of a Teflon-bonded electrode are the amount of  Teflon 
and the method of  compaction. The optimum pressing 
temperature is independent of the Teflon composition 
over the range 15 to 30% by weight Teflon. In order 
to determine the optimum pressing temperature, we 
used initially 25% by weight Teflon in the active layer 
and varied the hot-pressing conditions while keeping 
all other parameters constant - viz. the Dow 
membrane, the Teflon-containing carbon sheet, hot- 
pressing at 500 p.s.i., and an oxygen partial pressure 
Po2 = 5 cm Hg applied to the reverse side of the elec- 
trode. The best polarization curves were obtained for 
a pressing temperature 140~ ~< T ~< 155~ it is 
difficult to get good binding with T < 135~ and the 
Dow membrane appeared to be altered for T > 165 ~ C, 
which is consistent with reference [4]. The electrode 
performance was independent of the pressing pressure 
over the range of 500-1000 p.s.i.; this parameter does 
not appear to be critical. The optimum Tefon  content 
was then determined for a 2.5 M H2SO4 reservoir at 
room temperature. Figure 1 compares the short-time 
polarization curves (30 s for each data point) for elec- 
trodes of  different Teflon content in the active layer 
and a pressing temperature of 150~ with all other 
parameters kept the same as in the initial experiments. 
The overvoltage increases with the amount of inactive 
Teflon binder, but 15% (w/w of catalyst) Teflon is 
insufficient to provide the good binding needed for an 
effective three-phase interface. On the other hand, too 
much binder ( > 25% Teflon by weight) also results in 
poor performance. The 22% Teflon sample gave the 
best performance; therefore this amount of  Teflon was 
used for all test electrodes. 

Just as incorporation of  N A F IO N  | gel with a car- 
bon substrate facilitated binding of an electrode to a 
N A F IO N  | membrane [16, 17], so also the incorpor- 
ation of Dow gel into the electrode fabrication facili- 
tates binding of the electrode to a Dow membrane. A 
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Fig. 1. Effect of Teflon addition on performance for 
Pb2Rut.gPb0~O7 .,. electrodes bonded to a Dow mem- 
brane contacting a 2.5 M H2SO 4 reservoir solution. The 
data were taken at room temperature with increasing 
current and 30 s at each data point. Key: (O) 22, (o) 25, 
(D) 30 and (m) 15%. 
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unique feature o f  our  electrode prepara t ion was the 
incorporat ion o f  D o w  gel in the active layer both  to 
help binding to the D o w  membrane  and to provide the 
necessary interface between catalyst, reactant,  and 
electrolyte. With the amoun t  o f  Teflon in the active 
mixture fixed at its op t imum value o f  22% by weight, 
the amount  of  D ow gel added was varied from 0.6-9% 
(w/w) o f  the oxides. Electrodes containing 5% D o w  
gel by weight o f  the oxide gave op t imum results. 

Varying the oxygen flow rate on the rear side o f  the 
electrode f rom 1 to 20 cm 3 min ~ gave no significant 
change in the measured polar izat ion curve over the 
current  range 0-200 m A  cm 2. Increasing the oxygen 
pressure f rom 1 to 5p.s.i. shifted the polarizat ion 
curve only slightly toward  more  positive potentials. 

3.3. Electrode performance 

3.3.1. Oxide electrodes. Figures 2-5 show performance  
data  for a Pb2 Rul.y4Pb0.z607-y electrode with 5% D o w  
gel incorporated  and bonded  to a D o w  membrane.  
Fig. 2 presents the chronopoten t iograms  taken at a 
constant  current  density o f  5 m A c r o  -2 for various 
values o f  the pH of  the aqueous-electrolyte reservoir. 
The p H  of  the solution reservoir was moni tored  with 
an O R I O N  p H  meter; it was varied by adding either 
H2SO 4 solution or K O H  solution to 0 .5M Na2SO 4. 
These curves clearly demonst ra te  (a) that  protons  
f rom the solution reservoir are t ranspor ted across the 
membrane  to the porous-electrode structure and (b) 
that  the concentra t ion o f  H + or O H -  species at the 
electrode/electrolyte interface is strongly influenced by 
the pH of  the solution reservoir outside the mem- 
brane. F r o m  the flat por t ion o f  the potent iograms of  
Fig. 2, the polarizat ion loss relative to the reversible 

1.0 

0.6 

0.2 ! 

. . . . . . . . . . . . . . . . . . .  

-0.6 [ -'D~~ 
0 300 600 900 

T ime  (s) 

Fig. 2. Room-temperature 5 mA cm-2 chronopotentiograms versus 
reservoir pH for a Pb2Rul.y4Pbo.z607_y electrode with 5% Dow gel 
incorporated and bonded to a Dow membrane, pH: (O) - 0.37, (o) 
0.47, (11) 1.65, (o) 2.02, ( I )  2.75, (El) 6.00, (A) 10.68 and (A) 13.8. 
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Fig. 3. Variation of low-current-density (5 mA cm -2) overpotential 
with reservoir pH for a carbon-bonded Pbz Ru2_ ,Pb,.O 7 )electrode 
m an aqueous electrolyte. Data from [6] are shown for comparison. 
fin) Pb2Ruw4Pb0.26Ov_y / Dow membrane at 25~ (5% Dow gel); 
(O) PbzRu2_,.Pb.,O 7 )./C at 60~ [6]. 

potential  at a current density o f  5 m A c r o  -2 can be 
obtained as a function o f  reservoir pH; the result - 
shown in Fig. 3 - indicates a max imum overpotential  
near a reservoir pH  2 with a sharp reduction on going 
to smaller pH. The lowest overpotential  occurs at 
2.5 M H2SO4 (pH ~ - 0 . 3 7 ) ,  and all subsequent tests 
were made with a 2.5 M H2SO 4 reservoir solution. The 
shape of  the curve can be seen to be similar to that  
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Fig. 4. Room-temperature cyclic voltammograms for a 
Pb 2 Rul.74 Pb0.2607_ >, electrode with 5% Dow gel incorporated and 
bonded to a Dow membrane with a 2.5M H2SO 4 reservoir and a 
scan rate of25mVs-l; (O)po2 = 10p.s.i., (e)pN2 = 10p.s.i. 
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Fig. 5. Room-temperature chonopotentiogram for a 
Pb 2Ru~.74Pb0a607 ). electrode with 5% Dow gel incor- 
porated and bonded to a Dow membrane obtained at 
different current densities with a 2.5 M H2SO 4 reservoir 
and a po 2 = 10p.s.i. 

reported for aqueous solutions [6], but  shifted to 
higher pH. Bonding to the D o w  membrane  effectively 
lowers the pH o f  the electrolyte, which results in a 
significant lowering of  the overpotential  at 2 .5M 
H2 SO4 for the O R R ;  at these p H  values we believe the 
active site for the rate-determining step is an O H -  
species at an O oxygen of  the pyrochlore  structure [6]. 

Figure 4 compares  room-tempera ture  cyclic vol- 
t ammograms  taken in 10 p.s.i, oxygen and nitrogen on 
the back side o f  the Pb2Ru174 Pb0.2607 ). electrode 
with a 2 .5M HzSO 4 reservoir. These curves clearly 
show that  the O R R  is occurring. The current density 
at E = -- 610 mV/MMS provides a measure o f  the 
activity; it decreases with decreasing oxygen pressure 
to the value shown for the nitrogen curve. Moreover ,  
the activity could be reversibly switched back and 
forth merely by changing between oxygen and nitro- 
gen gas at the rear side o f  the electrode. 

The room-tempera ture  ch ronopo ten t iogram of  Fig. 
5 shows typical charging curves for the different cur- 
rent densities. On switching off the current,  the rest 
potential always shifted positively toward a constant  
equilibrium value. The recovery process was rather 

slow, but  the rest potential always came back to its 
original equilibrium value. The higher the applied 
current density, the faster the recovery rate. These 
recoveries are discussed below in connect ion with 
Equat ion  5. 

We investigated next the influence o f  Pb substi- 
tution for Ru  on the B sites o f  the A 2 B 2 0 6 0 '  l_y struc- 
ture. Figure 6 shows room-tempera ture  polarization 
curves for Pb2Ru2_~PbxOy_y ((k05 ~< x ~< 0.4) elec- 
trodes with 5% D o w  gel incorporated and bonded to 
a D o w  membrane;  all measurements  were made with 
a 2.5 M HzSO 4 reservoir solution. These curves illus- 
trate dramatical ly that  the electrode performance 
depends critically on x and exhibits a max imum near 
x = 0.25, the value used in the tests shown in Figs 
2-5. 

3.3.2. Oxide-on-treated-carbon electrodes. Figure 7 
shows room-tempera ture  polarizat ion curves for two 
oxide electrodes on t reated-carbon substrates with 
and without  the incorporat ion o f  D o w  gel and all 
bonded to a D o w  membrane.  The values o f  x in 
Pb2Ru2 xPb~O7 .~./C cannot  be determined from the 
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Fig. 6. Room-temperature performance curves for oxygen 
reduction on PbzRu 2 xPb, OT_y (x = 0.05 to 0.4) with 5% 
Dow gel incorporated and bonded to a Dow membrane for 
a 2.5M H2SO 4 reservoir with p% = 10p.s.i. The data 
points were not iR-compensated, x values: (�9 0.05, (e) 
0.17, (m) 0.26 and (11) 0.40. 
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Fig. 7. Room-temperature oxygen-reduction polarization 
curves (without iR-compensation) for Pb 2 Ru2_,, Pb,,.OT_ ~,/ 
C electrode (e and o) and Pb2Ru2_:Pb:O7_~/C elec- 
trode (m and II) with a 2.5M H2SO 4 reservoir and 
Po, = 10 p.s.i. The symbols, in order, represent without 
an~ with 12% Dow gel. Also, w > z. 

X-ray-diffraction lattice parameters because of the 
presence of the CO2-treated vulcan XC-72 carbon. 
However, the starting molar ratios of Pb : Ru for the 
preparations of  x = w and x = z were the same as 
those for x = 0.35 and 0.26, respectively, for the pure 
oxides, so we anticipate a w ~ 0.35 and z ~ 0.26 for 
the oxides precipitated on the carbon substrate. 
Addition of the carbon substrate gives no apparent 
improvement of the electrode performance; incor- 
poration of the Dow gel clearly does. The cyclic vol- 
tammograms of Fig, 8, like those of Fig. 4, clearly 
show that the ORR is occurring on the oxides precipi- 
tated on the treated-carbon substrates. In the presence 
of nitrogen gas, the cyclic voltammogram of Fig. 8 
shows the oxidation/reduction reaction of the surface 
Ru ions over a broad potential range. The differences 
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Fig. 8. Cyclic voltammograms for a Pb2 Ru2_,, Pb~.O7_,/C electrode 
with 12% Dow gel incorporated and bonded to a Dow membrane 
with a 2.5M H2SO 4 reservoir and a scan rate of 100mVs-'; (0) 
p% = 10 p.s.i., (e) PN2 = 5 p.s.i. 

in the shapes of the curves in Figs 4 and 8 are thought 
to be due to differences in the residual oxygen at the 

electrode in the two experiments. Greater resolution 
like that of Fig. 8 has been obtained on oxide catalysts 
prepared as those used in Fig. 4. 

3.4. Bismuth-ruthenium oxides 

The performances of the Bi2 Ru2_,.BixO7_~ electrodes 
were similar to those of the Pb2Ru2_,Pb,,O 7 ~. elec- 
trodes. Figure 9 shows curves for Bi2Ru,6Bio.407 .,. 
and Bi2Ru 2_,.BixO v ,./C electrodes, where an x ~ 0.4 
is anticipated for the oxide precipitated on treated 
carbon as the same starting molar ratio of Bi : Ru was 
used for both electrodes. Again, the incorporation of 
Dow gel dramatically improves performance, and the 
best performance is quite comparable to the perform- 
ance for Pb2 RuLv4Pb0.2607_.v. 

3.5. Uncompensated resistance, R~ 

The uncompensated resistance Ru (f~cm -2) is the 
resistance per geometrical area measured per- 
pendicular to the electrode with/without bonding to 
the Dow membranes. (Yes/No Dow membrane in 
Table 1). The thickness of the carbon sheet, the 
catalyst coating, and the proton-exchange membrane 
were, respectively, 0.35, 0.15, and 0.15ram. The 
results for the several electrodes listed in Table 1 
varied quantitatively. R, is seen to increase with 
Teflon content, with the percentage of Dow gel incor- 
porated, and with the concentration x of Pb sub- 
stituted for Ru on the B sites of  the pyrochlore struc- 
ture; of  course it also increases with the addition of the 
bonded Dow membrane. However, the measured vari- 
ations in Ru are relatively small, which indicates "[hat 
differences in Ru without the Dow membrane are not 
a controlling factor between the several performance 
curves of Fig. 6. On the other hand, a relatively large 
difference in the Ru for the two Pb2Ru2__~PbxO7_.,./C , 
x = w against z, electrodes is directly reflected in the 
performance curves of Fig. 7. 



146 J . -M.  Z E N ,  R.  M A N O H A R A N  A N D  J. B. G O O D E N O U G H  

0.6- 

0.4 

0.2 

0.0 
Z 

> 

-0.4 

-0,6 
0 

J 

100 200 300 400 

i ( m A  c m  -2) 

Fig. 9. Room-temperature oxygen-reduction polarization 
curves (without /R-compensat ion)  for Bi2RuL6Bi0.407 , 
(13, + 0.6% Dow gel) and Bi 2 Ru2_ , Bi,O7 ,./C electrodes 
(zx, + 0 . 6 %  and o ,  + 12% Dow gel) obtained with a 
2.5 M H2SO4 reservoir and Po~ = 10p.s.i. 

3.6. Surface charge density 

Figures 10 and 11 show the pH dependence of the 
mean surface charge density _+q~ on the oxide par- 
ticles and the oxide-impregnated carbon particles, 
respectively. The values of qs were calculated accord- 
ing to the standard procedure [18]: 

+_q~ = FAV(C/S)W (1) 

where F is the Faraday constant, A V is the difference 
in t he  volume:of  the titrant with and without the 
presence of the powder, C is the proton concentration 
of the titrant (pH 1.00 buffer solution), S is the BET 
surface area per gram (m 2 g- 1 ), and W is the weight of 
the powder used. The BET surface areas and the pH 
at which qs = 0 (the p.z.z.p.) are given in Table 2. 

4. Discussion 

Interpretation of the data begins with the pyrochlore 
structure of the bulk oxides and the role of bound 

water at the oxide surface. The ideal structural for- 
mula A2B2060' contains a cubic B206 framework of 
corner-shared octahedra that is interpenetrated by an 
A20' subarray. The framework has its B-O-B bond 
angle buckled from 180 ~ to about 135 ~ The O' sites 
are tetrahedrally coordinated to just A cations; the O 
sites are coordinated to two A and two B cations. In 
Pb2Ru2 xPb~O60'~_~, a y ~ 0.5 leaves half the O' 
sites vacant; the A-site Pb 2+ ions project lone-pair 
electrons into the oxygen vacancies. Substitution of 
Pb 4+ ions for Ru on the B sites corresponds to a higher 
mean oxidation of the Ru atoms for a fixed value of 
y. In Bi2Ru2_xBi~O60'l_y, a y ~ 0 is found for 
x = 0 .  

At high temperatures, the surface of an oxide par- 
ticle may be reconstructed so as to complete the 
cationic preference for a full oxygen coordination; but 
if the oxide is precipitated in an aqueous solution, 
surface reconstruction is not required since the surface 
cations can bind the oxygen of water molecules [19]. 
Two consequences follow from this binding of surface 

Table 1. Measured uncompensated resistance (R,).for electrodes fabricated by different methods with a 2.5 M H2SO 4 reservoir solution. 

Electrode x Teflon (w/w %) Dow get (w/w %) Dow membrane R, (f~ cm z) 

Pb2Ru2_~Pb~OT_y 

Teflon-bonded 
without carbon 

Teflon-bonded 
with carbon 

0.40 22 0.6 no 6.70 
0.21 22 5 no 6.94 
0.17 22 5 no 6.56 
0.05 22 0 no 2.68 

w 25 0 no 5.00 
w 30 0 no 6.96 
w 22 0.6 no 5.80 
w 22 0.6 yes 11.30 
w 22 12 no 9.28 
w 22 12 yes 15.28 
z (z < w) 22 12 no 3.20 

Bi 2 Ru2 .,. Bi~ O7_.~. 

Teflon-bonded 
with carbon 

22 0.6 no 6.56 
22 12 no 8.00 
22 12 yes 11.44 
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Fig. 10. Surface-charge densities of  Pb 2 Ru 2_ ~.Pb.,.O 7 y ( X  = 0.1 to 
0.4). All the data have been collected with a solution of constant 
ionic strength, x values: (zx) 0 (from [6]), (o)  0.10, (1:3) 0.17~ (e)  0.26 
and ( I )  0.40. 
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Fig. 11. Surface-charge densities of Pb2Rul.6Pb0.407_ v and 
Bi2Rul.6Bi0.4OT_~ with (e  and m) and without ([] and o) CO2- 
treated Vulcan XC-72 carbon in aqueous solution, respectively, 
Note: (zx) CO 2 treated XC-72 alone. 

water: (i) The surface of an oxide particle consists of 
oxygen species, so chemical reactions at an oxide 
surface are confined to those that involve the surface- 
oxygen species. (ii) Exchange of protons between the 
surface oxygen of the oxide particle and the oxygen of 
the aqueous ambient allows equilibrium to be estab- 
lished between the degree of  surface protonation and 
the pH of  the ambient solution. The pH of zero charge 
is a measure of the acid/base character of an oxide. 
For a given pH, the open-circuit voltage becomes 
shifted anodically (by donating surface protons) or 
cathodically (by accepting surface protons) on immer- 
sion of an oxide electrode into an aqueous electrolyte 
solution. 

Given the constraint that chemical reactions at an 
oxide surface occur at surface-oxygen sites, the oxy- 
gen-evolution reaction (OER) would occur at the 

more acidic O-oxygen sites via the pathway [5, 6] 

R u 4 O H  - ~ R u S + O  2- + H + + e 

R u  5 + O  2- , " R u  4 + 0 -  

R u 4 + O  - -l- H 2 0  ~ R u 4 + O O H  + H + + e -  

(2) 
whereas the rate-determining step near threshold 
(lower current densities) in the ORR in acid is the 
displacement reaction 

R U a + O H  - + O2H~d S + e 

' Ru4+OOH + HzO (3) 

which also occurs at O-oxygen sites in acidic solution 
because the O'-oxygen sites are fully protonated to 

Table 2. The B E T  surface area and the point of zero zeta potential (p.z.z.p.) for Pb2Ru2_xPbxOT_y and Bi2Ru 2 .~.Bix07_ ~, with~without 
C02-treated Vulcan XC-72 carbon 

x Carbon Surface area (m 2 g - t )  p.z.z.p. ( p H )  

Pb z Ru 2_.,. Pbx O7_~. 

0.40 no 81 7.7 
0.26 no 71 3.9 
0.17 no 102 4.4 
0.10 no 70 7.6 
w yes 38l 9.5 

Bi 2 Ru 2_ ~. Bi,-O7_~. 

0.40 no 154 6.8 
yes 226 9.7 
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O'Hz at lower pH. Measurements of the surface 
charge of  the oxide particles against pH revealed that 
nearly full protonation of  the O'-oxygen occurs before 
there is any appreciable protonation of the much more 
acidic O-oxygen. In fact, correlation of the pH of the 
peak overpotential, Fig. 3, with the pH below which 
significant protonation of the O-oxygen occurs pro- 
vided the basis for suggesting that a shift in the dis- 
placement reaction from Pb2+O'H - to Ru4+OH - 
sites occurs at pH values where the reaction at O' sites 
is blocked by the transformation of Pb2+O'H - to 
Pb 2+ O'H 2 species. We begin our discussion from the 
vantage point of this deduction. 

The comparison in Fig. 3 of the overpotential 
at 5 m A c m  2 against pH for Pb2Ruz_.~PbxO7 .v/C 
at 60~ in aqueous solution with that for 
Pb2Rul.v4Pb0,2607 y bonded to the Dow membrane 
at room temperature clearly shows a similar change in 
the active site with pH for both configurations. How- 
ever, bonding to the Dow membrane is apparently 
equivalent to lowering the pH of the solution, so that 
with 2.5 M HzSO 4 solution in the reservoir, the over: 
potential in acid is reduced to a value even below that 
obtained for the bare electrode in alkaline solution. 
Given the additional observation that the oxides are 
stable if bonded to the Dow membrane, it becomes 
clear that the lead-ruthenium and bismuth-ruthenium 
pyrochlores are competitive oxygen-reduction electro- 
catalysts if used with the Dow membrane. 

As discussed elsewhere [5, 6], the pH of zero surface 
charge (p.z.z.p.) for the pyrochlore oxides varies sensi- 
tively with the occupancy of the O' sites in the bulk; 
this occupancy determines the magnitude of qs > 0 at 
the pH where all the O' sites are occupied by O'H2 
species. (A qs = 0 at this pH if all the surface O' sites 
are vacant in the absence of bound water and the 
O-sites remain unprotonated.) The difference in 
the p.z.z.p, value obtained, Table 2, for the 
Pb2Ru 2 .~PbxOv_.v and Bi2Ru2 xBixOy_y oxides fol- 
lows naturally from a y ~ 0.5 in the bulk of the 
former and a y ~ 0.0 in the bulk of the latter. The 
significant feature of  Figs 10 and 11 is not the p.z.z.p., 
but the pH below which a marked increase in qs > 0 
sets in. This pH value correlates well with the maxi- 
mum in the overvoltage versus pH observed in Fig. 3; 
at pH < 4, it is apparent that the more acidic 
O-oxygen atoms are being protonated to O H -  species. 
We therefore conclude that, as for ruthenium-oxide 
pyrochlores in aqueous solution, so also for 
ruthenium-oxide pyrochlores bonded to a Dow mem- 
brane the active site for the rate-determining step 
(r.d.s) shifts from an O'H species to an O H -  species, 
and we may write the reaction pathway as 

0 2 "-1- e + H + , O2Had s 

O2Had s if- BOH + e + H + 

r.d.s,/ BOOH-  + H 2 0  

BOOH-  + 2e + 2H + ~ BOH-  + H2 0  

(4) 

where the r.d.s, is a displacement of the O-site OH 
species. However, if this conclusion is correct, then we 
might expect the activity of the r.d.s, to depend upon 
the concentration x of non-ruthenium atoms on the 
B-cation sites. 

The observation of  an optimum B-site Pb concen- 
tration o f x  ..~ 0.26 for the system Pb2Ru2_xPb,.OT_ ~ 
is consistent with this expectation; however, it forces 
us to ask next what roles the B-site Pb and Ru atoms 
are playing in the overall reaction. 

Each O-oxygen - as distinguished from the 
O'-oxygen - is bonded to, at most, only two B 
cations. There are, therefore, five candidate O-oxygen 
sites: Ru-Ot,  Pb-Ot, Ru-Ob-RU, Ru-Ob-Pb,  and 
Pb-Ob-Pb,  where Ot is a terminal oxygen and O b is a 
135 ~ bridging oxygen. As has already been noted by 
Beyerlein et al. [20], the strong Ru-Ob-RU inter- 
actions within the B206  framework are responsible for 
the metallic conductivity of these pyrochlore oxides. 
Substitution of  Pb or Bi into the B sites reduces the 
conductivity of  the oxides, thereby increasing the 
resistance of the electrodes. We may conclude, 
therefore, that the B-site Ru atoms control the delivery 
of electrons to the surface and hence to the reaction 
sites. It follows that we may eliminate from consider- 
ation the O-oxygen sites Pb-O t and Pb-Ob-Pb as well 
as the O'-oxygen. Moreover, the fact that the ORR is 
sensitive to x seems to imply that we can also eliminate 
the O-oxygen sites R u - O  t and R u - O  b -Ru.  We 
therefore conclude that the most active site for the 
ORR is the bridging Ru-Ob-Pb oxygen site. There are 
two reasons why the Ru-Ob-Pb O-oxygen site would 
be the most active for a reaction requiring the dis- 
placement of an OH species. First, strong Ru-O 
~-bonding would tend to make a Ru-Ot site more 
acidic, and an unprotonated Or, would be Ot oxy- 
gen more tightly bound than a protonated bridging 
oxygen. Second, the Pb-Ob-RU bond is asymmetric; 
the Pb-O b bond is primarily a in character whereas the 
Ob-RU bond has a strong 7r component. In addition, 
the formal valence on the Pb is fixed, at least in the 
bulk, as Pb 4+ whereas that on the Ru may be either 
Ru 5+ or Ru 4+. The OER commences at potentials 
anodic of the Ru 5+/4+ redox potential [5, 6] in accord- 
ance with Reaction 2, the ORR at potentials cathodic 
of this redox potential. Therefore, we may envisage a 
displacement reaction that proceeds as follows: 

H 
pb4+_Ob _Ru 4+ q- O2Hs s 

, pb 4+ Ob H -  RuS+ 
�9 . . O 2  H -  > 

+H+ pb4+_Ob_RU4+ + H20  

(5) 

In Fig. 5, the rates at which the potential reaches its 
equilibrium value, after switching the current, 
increases as the potential becomes more negative. 
Since the displacement Reaction 5 requires charge 
transfer from a Ru g+ ion at the surface to an adsorbed 
O2H" species, this observation would imply that the 
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Fermi energy level lies below the Ru 5+/4+ couple for a 
surface ruthenium bridging to a Pb 4+ ion at the rest 
potential. On switching off the current, recovery is 
more rapid when the value of  the current is higher 
because the surface concentration of intermediates is 
higher. Restoration of the surface requires a surface 
diffusion of active oxygen to form 02 gas; and the 
greater the concentration of active intermediates, 
the shorter is the diffusion pathway for dioxygen 
formation. 

Similar arguments for the Bi 2Ru2_.~BixOv_y oxides 
would identify the Bi-Ob-Ru O-oxygen site as the 
most active in acid for the ORR on these pyrochlore 
oxides. The fact that the activities of the lead- 
ruthenium and bismuth-ruthenium pyrochlore oxides 
are comparable in acid for the membrane-bonded 
electrodes is consistent with this interpretation. 

The data of  Fig. I0 require further consideration. 
The sample prepared at high temperature has no 
B-site Pb 4+ ions (x = 0) and a chemical formula 
Pb2Ru2060~. 5 [21]. For such a composition, all the 
surface oxygen vacancies are at O' sites and the oxide 
particle is neutral (q~ = 0) if all the O'-site vacancies 
are occupied by H 2 0  and none of  the surface oxygen 
are protonated. Of course, in an aqueous medium at 
the pH of zero charge, the protons become distributed 
equally over all the O' oxygen as O ' H -  species. This 
situation means that protonation of the O' sites to 
O'H2 charges the particles positively (q~ > 0) as is 
found experimentally, Fig. 10. It is therefore interest- 
ing to note a remarkable shift of the qs against pH 
curves toward more negative q~ values with increasing 
x in Pba(Ru2_xPbx)O60~_y for 0 ~< x ~< 0.26. If  y 
increases with x at the surface, at least part of  the shift 
could be accounted for. However, measurement of  the 
bulk value y = 0.5 for all x has been reported [7], so 
it is necessary to look for some other explanation. We 
therefore argue that the surface B-site Pb atoms influ- 
ence significantly the q~ against pH curves. 

The fact that the pH of  zero charge has a minimum 
value near x = 0.26 where the activity is highest is 
consistent if the O b oxygen bridging B-site Pb and Ru 
is more acidic than an Ob bridging either two Pb or 
two Ru atoms. A more acidic Ob means that the 
oxygen is more tightly bound to the Ru atom, which 
allows for initiation of  the displacement reaction. A 
shift o f O  b from Pb toward Ru would make the R u - O  b 

bond approach that of  a R u - O  t bond, and the Ot 
oxygen is characteristically more acidic than an 
Ob oxygen where the cation allows for strong 
backbonding. 

Precipitation of  the oxide onto a treated-carbon 
substrate appears to have little influence on the 
activity of the electrode in 2.5 M H 2 SO 4 . Nevertheless, 
the data of  Figs I0 and 11 give indirect evidence for 
electron transfer from the oxide to the substrate. In 
Fig. 11, the q~ against pH cmwe for the pure treated- 
carbon substrate is shifted to a more positive q~ on 
impregnation of the substrate with the oxide; moreover, 
the curve is also shifted to a more positive G relative 
to its value for the bare oxide at pH values > 6.5. This 

result is consistent with the arguments ,of the above 
paragraph if electrons are transferred from the oxide 
to the treated-carbon substrate. Reduction of the 
substrate would be balanced by protonation of the 
substrate; oxidation of the oxide would be balanced 
by an effective reduction in the O'-vacancy 
concentration y. 

Finally, Fig. 3 indicates that the acidic character of 
the membrane effectively lowers the pH at an elec- 
trode bonded to the membrane relative to a given 
reservoir solution pH, but it does so without corrod- 
ing the electrode because the anions at the electrode 
surface are immobile. 

5. Conclusions 

The following conclusions result from this study: 
I. The pyrochlore ruthenium oxides Pb,Ru2_,.- 

Pb~O7 .~. and Bi2Ru2_xBi.~O7_,. catalyze the ORR in 
both acid and alkaline environments, but the active 
site for the r.d.s, changes with pH. 

2. Although these oxides are not stable by them- 
selves under a cathodic load in an acidic aqueous 
solution, they are stable if bonded to a Dow mem- 
brane - and presumably to any solid-polymer 
proton-exchange membrane - that is exposed to an 
aqueous electrolyte reservoir on the opposite side of  
the membrane. 

3. Given the change in the active site - from an 
O ' H -  species at a more basic O'-oxygen site in alka- 
line solution to an O H -  species at an O-oxygen site in 
more acidic solutions - the stronger the proton 
activity at the catalyst surface, the greater the activity. 
It follows that a more acidic polymer should have a 
greater ORR activity for a given reservoir solution 
pH. 

4. Substitution of Pb or Bi for Ru on the B sites 
enhances the ORR up to an optimum concentration, 
and the most active site in acid appears to be a bridg- 
ing O-oxygen site Pb-Ob-Ru or Bi-Ob-Ru. 

5. The presence of a R u  5+/4+ redox couple between 
the potentials for the OER and the ORR and 
Ru-Ob-Ru  interactions strong enough to make 
the oxide metallic appear to play critical roles in 
rendering the ruthenium oxides active to these two 
reactions. 

6. Electrode fabrication is critical to electrode per- 
formance. (a) More than 15% by weight Teflon is 
required to obtain good electrode porosity and bind- 
ing of the electrode particles; more than 25% by 
weight Teflon isolates the electrode particles. We 
found about 22% by weight Teflon to be optimal for 
our electrodes. (b) Incorporation of Dow gel - we 
found about 5% by weight of the oxide weight for 
22% by weight Teflon to be nearly optimal - enlarges 
the reactant-catalyst-electrolyte three-phase interface 
area and provides improved bonding to the Dow 
membranes. (c) Precipitation of the oxide onto a 
CO2-treated Vulcan XC-72 carbon substrate increases 
the catalytic surface area for a given catalyst loading. 
(d) The electrode-electrolyte interface resistance 



150 J.-M. ZEN, R, M A N O H A R A N  AND J. B. GOODENOUGH 

becomes  an i m p o r t a n t  p a r a m e t e r  for  e lect rode per for -  
mance  at  higher  cur rent  densit ies.  

7. A l though  there is evidence o f  e lec t ron t ransfer  

f rom the oxide to the subs t ra te  for  e lect rodes  consist-  

ing o f  py roch lo re  oxides  on t r ea t ed -ca rbon  substra tes ,  
nevertheless there appea r s  to be little difference in 

e lect rode pe r fo rmance  in 2.5 M H2SO4 between elec- 
t rodes  wi th /wi thou t  a t r ea t ed -ca rbon  substrate .  

8. The  s tabi l i ty  and  act ivi ty  o f  the O R R  on 
ru then ium-ox ide  pyroch lores  tha t  are b o n d e d  to a 
D o w  m e m b r a n e  are sufficiently encourag ing  at  r o o m  
tempera tu re  to wa r r an t  deve lopmen t  and test ing o f  
these systems for  ope ra t ion  at  60 -100~  in an 
opera t ive  fuel cell. 

Af te r  commun ica t i ng  this paper ,  we came  to know 
tha t  Jai P r akash  et al. have independen t ly  s tabi l ized 

the py roch lo re  oxides with anionica l ly  conduc t ing  
po lymer  layers  in a lkal ine  e lectrolyte  [22]. 
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