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Lead ruthenate pyrochlore showed exceptional OER activity and stability when tested in 

a solid-state alkaline water electrolyzer. 
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Pyrochlore electrocatalysts for efficient alkaline 
water electrolysis 

Javier Parrondoa, Morgan Georgeb, Christopher Capuanob, Katherine E. Ayersb and 
Vijay Ramania, * 

A series of electrically conducting metal oxides with the pyrochlore structure (A2B2O7-y, with A=Pb or Bi 
and B= Ru, Ir or Os) were synthesized via precipitation/crystallization in alkaline medium and/or via 
solid-state reaction. The electrocatalytic activity for the oxygen evolution reaction (OER) in 0.1M KOH 
was studied using a rotating disk electrode.  Lead and bismuth ruthenate pyrochlores showed significantly 
lower overpotentials for the OER than the state-of-the-art IrO2 catalyst. Specific activities (at 1.5 V vs. 
RHE) of 3.0±0.2 Am-2, 1.3±0.2 Am-2 and 0.06±0.01 Am-2 were obtained for Pb2Ru2O6.5, Bi2.4Ru1.6O7, and 
IrO2 respectively. Specific activities for iridate-based pyrochlores (0.3-0.5 Am-2) were 5-10 times lower 
than those for ruthenate-based pyrochlores. Lead osmate pyrochlore showed the lowest OER activity 
among all the pyrochlores evaluated, with a specific activity of 0.10±0.07 Am-2. It is proposed that the 
reaction path for the OER involves several oxygen intermediate species (-O2-, -OOH, -OO2-, -OH) bonded 
to the B-site (Ru, Ir or Os) in the pyrochlore, and that the catalytic activity depends on the bonding 
strength between the B-cation site and the oxygen species.  This hypothesis was supported by the fact that 
OER activity correlated with Ru concentration in lead-rich lead ruthenate pyrochlores. The decrease of the 
specific OER activity depended on the occupancy of the 3d orbitals and on the period in the periodic table 
occupied by the B-cation. The OER activity decreased for pyrochlores with B cations having more d 
electrons than Ru, and when the B cation occupied period 6. The observed trend in activity was similar to 
that observed for the oxygen reduction reaction on transition metals, and was related to the strength of the 
bonding between the adsorbed oxygen species and the B-cation. The exceptional OER activity and 
stability of lead ruthenate pyrochlore catalysts were evaluated in a solid-state alkaline water electrolyzer. 
The overpotentials obtained were 0.1-0.2 V lower than for IrO2 and the performance was stable for at least 
200 h. 

Introduction  

Increasing energy demand and a drive towards clean energy has 
stimulated research activities directed towards new energy 
conversion and storage systems. Electrochemical devices such 
as fuel cells, water electrolyzers,1 unitized fuel cells2, 
rechargeable batteries3 and redox flow batteries4, 5 play a central 
part in many renewable/sustainable energy schemes. In most of 
these systems, there is increasing interest in the use of hydrogen 
as the fuel or energy vector.6 Hence, water electrolysis 
technology plays an important role as a clean and efficient way 
to produce hydrogen. Solid-state alkaline water electrolyzers 
have recently attracted interest as an alternative to proton 
exchange membrane (PEM) water electrolyzers. 7-9 They offer 
an efficient, modular, and reliable method to produce hydrogen 
from water and renewable electricity sources.10 The main 

benefit, in contrast with PEM electrolyzers, arises from the fact 
that the alkaline environment facilitates better oxygen evolution 
reaction (OER) kinetics and allows the use of a variety of stable 
OER catalysts, 1, 11-23 making it possible to reduce capital 
expenses. Given the high overpotentials associated with the 
OER, it is worthwhile to consider the issue of the development 
of efficient catalysts for the oxygen evolution reaction (OER) in 
alkaline media.1, 24-27 In this study, we examine a variety of 
pyrochlore materials and evaluate their activity for the OER in 
alkaline media. 
 In recent work, Jin and coworkers investigated bifunctional 
catalysts for both HER and OER for applications in water 
splitting.28 They synthesized cobalt oxide doped with nitrogen 
catalysts and evaluated their activity towards the HER and 
OER. They found a small onset potential (85 mV) for the HER 
using this material. Similarly, when used as catalysts for OER, 
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the cobalt oxide doped with nitrogen catalyst required only an 
overpotential of 0.26 V to obtain a current density of 10 mA 
cm–2. The authors concluded that their results opened new 
possibilities for water splitting catalysts. 
 Pyrochlores are a diverse group of materials with disparate 
properties that facilitate their use in a number of applications. 
They are used as electrode materials, catalysts, resistors, 
magnetic materials, superconductors and capacitors.29, 30 
Subramanian and coworkers have extensively reviewed a large 
variety of pyrochlores in terms of their structure, properties and 
synthesis.31 Pyrochlore compounds can be represented by the 
general formula [A2O’][B2O6], comprising a network of corner 
sharing BO6 octahedra, with A and O’ atoms occupying 
interstitial sites.32 A scheme of the structure can be seen in Fig 
S1 (Electronic Supplementary Information). Oxygen vacancies 
are usually formed preferentially at the interstitial O’ sites 
rather than at the O sites. As a general rule, A is a lanthanide or 
non-metal, while B is a transition metal cation. When 
polarizable cations as Pb2+ and/or Bi3+ occupy the A site, the 
resulting pyrochlores have metallic conductivity. The metallic 
conductivity permits the preparation of self-supported 
electrodes for applications requiring large current densities 
simplifying membrane electrode assembly (MEA) fabrication 
and reducing Ohmic losses.  
 Horowitz and coworkers have shown that lead and bismuth 
ruthenate and iridate pyrochlores (with metallic conductivity) 
exhibit high activity towards the oxygen reduction reaction 
(ORR) in alkaline media. They also noticed that these 
pyrochlores exhibited activity for the OER in alkaline media. In 
their studies, the catalysts were prepared by precipitation/ 
crystallization in alkaline solutions at moderate temperatures. 
Low temperature synthesis yielded materials with relatively 
high surface areas (20-90m2/g) that resulted in OER 
electrocatalytic activities of 5 Ag-1 at 1.3 V vs. RHE (at 75°C in 
3M KOH). 33-41 
 Pyrochlores containing ruthenate (RuO4

2-) and iridate 
(IrO3

2- and IrO3
-) anions are not completely stable at high pH 

because they are slightly soluble in mild alkaline solutions.42 
Likewise, the dissolution of lead (HPbO2

- /PbO3
2-) and bismuth 

(BiO3
−) oxyanions in alkaline solutions is also a possibility, and 

has been suggested by several authors.34, 35, 37, 43 However, this 
problem can be minimized or even solved by using anion 
exchange membranes instead of liquid alkaline solutions. 
Prakash and coworkers34, 35 and Goodenough and coworkers37, 

43 proposed the use of solid ionomers (i.e. Nafion®) to protect 
the catalyst from direct attack from concentrated KOH 
solutions, and found that the pyrochlores were stable in this 
configuration.  Alkaline ionomers (or anion exchange 
membranes) are not as basic as concentrated KOH solutions 
and the co-ion (quaternary ammonium) is fixed to the polymer 
backbone and so cannot participate in the solubilization of the 
ruthenate or iridate salts. This can help stabilize the 
pyrochlores, allowing stable OER catalysts. 
 In this work, we synthesized lead and/or bismuth ruthenate, 
iridate and osmate  pyrochlores (the A cation was chosen to be 
Pb and/or Bi to get electronic conducting oxides) using wet 

chemistry and solid state methods. We measured their OER 
activity in alkaline medium using rotating disk electrode (RDE) 
experiments, by depositing a thin film catalyst layer on top of a 
glassy carbon electrode, to obtain accurate kinetic data.  We 
compare their OER activity against a benchmark commercial 
OER catalyst (iridium oxide to evaluate their feasibility as OER 
catalysts for commercial applications in solid-state alkaline 
water electrolyzers. The electrocatalytic activity of pyrochlores 
and the mechanism for oxygen evolution are discussed and 
rationalized in terms of the electronic properties of the 
materials. 
 
 
Experimental methods 

Synthesis of Pb2Ru2O6.5 and Bi2.4Ru1.6O7 pyrochlores 

Lead or bismuth ruthenate pyrochlores were synthetized 
following the alkaline solution technique first described by 
Horowitz and coworkers.33 Ruthenium (III) chloride hydrate (5 
mmol, RuCl3, 35-40% Ruthenium, Acros) and lead acetate 
trihydrate (5 mmol, Pb(C2H3O2)2, 99%, Aldrich) were dissolved 
in approximately 50 mL DI water and stirred for 20 minutes. 
The mixture was precipitated in 500 mL 4M KOH, and the 
amorphous precipitate was crystallized by keeping it in the 
same KOH solution at 85°C with continuous oxygen bubbling 
for 5 days.33 Then, the solid was recovered by centrifugation 
and washed with DI water until neutral wash water pH was 
reached, washed one time with glacial acetic acid (to remove 
any lead oxide impurities) and subsequently washed 5 times 
with acetone. Finally, the precipitate was dried using 
supercritical carbon dioxide (4,000 psi or 272 Atm and 45°C) to 
obtain a high surface area catalyst. In the case of lead ruthenate, 
this procedure resulted in a crystalline pyrochlore. 
 To prepare bismuth ruthenate pyrochlore (Bi2.4Ru1.6O7), 6 
mmol of RuCl3 and 4 mmol of Bi(NO3)3 5H2O (Aldrich, 98%) 
were dissolved in 1M nitric acid and stirred for 20 minutes. The 
salt solution was precipitated in 500mL 0.1M KOH (O2 
saturated), the pH was adjusted to 13 (using 6M KOH), and the 
precipitate was kept in the liquid alkaline medium at 75°C, with 
continuous bubbling of pure oxygen for 7 days. The solid was 
recovered by centrifugation, washed with water and acetone 
and dried using supercritical carbon dioxide as described in 
previous paragraphs. The resulting catalyst was heat treated in 
argon atmosphere to get the crystalline pyrochlore (300°C for 
24 hours and later at 500°C for another 24h).33 The presence of 
crystalline pyrochlore phases was determined using XRD.33, 44, 

45 

Synthesis of Pb2Ir2O6.5, Bi2Ir2O7, BiPbIr2O6.5 and Pb2Os2O6.5 
pyrochlores 

Lead and bismuth iridate and osmate pyrochlore catalysts were 
synthesized by solid state reaction.45 A stoichiometric mixture 
of the oxides (PbO, IrO2 and/or Bi2O3 in the case of iridate-
based pyrochlores; and PbO and OsO2 for the synthesis of 
osmate-based pyrochlores) was intimately mixed in a mortar 
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and heated in an alumina crucible at 800oC for 24 h. IrO2 was 
obtained by heating IrCl3 at 800oC in air for 1 h. The reaction 
was conducted in a tube furnace in argon atmosphere. The 
samples were periodically reground to get a good contact 
between the different oxides during heating. X-ray diffraction 
(XRD, Rigaku MiniFlex) revealed that all the products had a 
single-phase pyrochlore structure (Fig. 1). 
 

Conductivity, XRD and B.E.T. surface area 

The electronic conductivity of the pyrochlores was measured 
using a two-electrode conductivity cell designed and build in 
our laboratory, comprising two copper cylindrical electrodes 
inserted in a cylindrical polyether ether ketone block. Further 
details of the design and use of the conductivity cell can be 
found in our previous works.46-48 The powdered sample was 
placed between the copper electrodes (0.32 cm2), and 
compressed with the aid of 6 screws under a constant torque of 
25 lb⋅in (0.29 kg⋅m). The sample thickness was determined by 
subtracting the thickness of the empty cell from the thickness of 
the assembled cell. The resistance (in ohms) was calculated 
using impedance spectroscopy and used to determine the 
conductivity (σ) of the pyrochlore: 
 
𝜎 =   𝑑 𝑅!"×  𝐴      (1) 
 
where σ is the conductivity, d the sample thickness, RHF, the 
high frequency resistance, determined by the intercept of the 
impedance with the real axis, and A the electrode area. The 
resistance of the conductivity cell was approx. 0.1 mOhm, 
which can be considered sufficiently low to be neglected in the 
calculations. 
 X-ray diffraction (XRD) diffractograms were collected 
using a Rigaku Miniflex diffractometer. Diffractograms were 
recorded from 20° to 90° (2 theta, 2θ) at a rate of 0.5 
degrees/min. 
 Catalyst surface area was determined from nitrogen 
absorption isotherms (B.E.T. surface area). The measurements 
were done multiple times for each sample using a 
QuantaChrome (QuantaSorb) instrument. 
 

Measurement of OER activity 

The method used to determine the electrochemical activity of 
the catalysts was an adaptation of the method developed by 
Suntivich and coworkers 49, 50 to determine the OER activity of 
metal oxides using RDE. Catalyst inks were prepared by 
ultrasonication (QSonica; Q700 sonicator) of 25 mg catalyst, 
6mL of 24 vol% isopropanol/water, 0.275 mL of Nafion® 
solution (Aldrich; equivalent weight 1100, 5wt% solution in 
aliphatic alcohols) and 0.250mL of 1M KOH. KOH was added 
to neutralize the Nafion® binder, and avoid any corrosion of the 
oxide catalysts due to the strong acidity of Nafion®. The 
pyrochlores had electronic conductivities above 50 S/cm (see 
Table 1), and were tested without addition of any conductive 

support material because the ohmic losses in the electrodes 
were negligible. 
 10 µL of well-dispersed ink was deposited onto a freshly 
polished glassy carbon (GC) electrode (d=5mm; A=0.1964 
cm2) using a 10µL micropipette (Gilson). The GC was polished 
with 0.05µm alumina slurry (Pine Instruments) for 10 minutes 
until a mirror-like finish was obtained. The ink was dried using 
the technique described by Garsany and coworkers by rotating 
the RDE rotor in an inverted position.51 
The rotation of the GC electrode during the drying precludes 
particle settling and/or aggregation, yielding high quality 
electrodes for electrochemical activity measurements. The 
catalyst loading was 200 µg-cm−2 disk. 
 Electrochemical experiments were carried out in an 
electrochemical cell using a three-electrode configuration. The 
GC electrode was attached to a rotator (Pine Instruments) to 
control the rotation rate, and the potential was controlled using 
a Solarton potentiostat (model 1480 multistat). All experiments 
were conducted at 5 mVs-1 in 0.1 M KOH electrolyte saturated 
with oxygen (Praxair, compressed gases, 4.0 grade) at room 
temperature. All the potentials in this work are referenced vs. 
the reversible hydrogen electrode (RHE). However, a saturated 
silver/silver chloride (Ag/AgCl) reference electrode was used in 
the experiments.  A calibration of the Ag/AgCl electrode vs. 
RHE was done prior to the start of the experiments. The 
potential of the Ag/AgCl electrode was -0.973V vs. RHE. The 
applied potentials were IR corrected using the following 
equation: 
 
𝐸!"  !"## = 𝐸!""# − 𝐼𝑅    (2) 

 
where I is the current and R is the ohmic resistance of the 
electrochemical cell, measured using impedance spectroscopy 
(Approx. 37 Ohm). 
 Oxygen evolution reaction (OER) activities were obtained 
from positive-going scans in O2-saturated electrolyte (0.1M 
KOH) at 1600 rpm, and were corrected for capacitive currents. 
The current in the potential range 1.2-1.3 V vs. RHE was 
assumed to be only capacitive current. The activity for each 
catalyst was measured at least three times using newly prepared 
electrodes, and averaged. The error bars in the plots represent 
standard errors. The activities were calculated without any mass 
transport correction, assuming that the data was taken in the 
kinetic controlled region (since water is plentiful, it is unlikely 
that significant transport issues would exist). Experiments 
performed at different rotation rates did not show any 
significant differences between the currents measured, 
confirming the hypothesis.  

Solid-state alkaline water electrolyzer 

The catalyst performance and stability were also evaluated in a 
solid-state alkaline water electrolyzer. Electrolyzer experiments 
were performed in a modified 25cm2 single cell (Fuel Cell 
Technologies Inc.) using ultrapure water unless specified (18.2 
MΩ; Millipore Direct Q5 system). The anode graphite plate 
was replaced with a corrosion-resistant metal plate (with 1mm 

Page 4 of 11Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



ARTICLE	   Journal	  Name	  

4 	  |	  J.	  Mater.	  Chem.	  A,	  2015,	  00,	  1-‐3	   This	  journal	  is	  ©	  The	  Royal	  Society	  of	  Chemistry	  2015	  

x1mm single serpentine flow channels) to avoid carbon 
corrosion. The membrane electrode assemblies (MEAs) were 
prepared by sandwiching an anion exchange membrane (AEM, 
commercial 28µm thick membrane) between two gas diffusion 
electrodes (GDEs), each with an active area of 25 cm2. Note: 
No heating or mechanical pressing was applied while 
sandwiching the AEM between the electrodes. 
 Gas diffusion electrodes (GDE) were prepared by painting 
(using an airbrush) the catalyst ink over a gas diffusion layer 
(GDL). We used two different GDLs: 1) carbon paper (235 µm 
thick) for the cathode side, and 2) porous corrosion-resistant 
metal substrate for the anode side. The catalyst ink consisted of 
0.15 g catalyst, 3.2 g isopropanol/water (1/1 wt) and 1.286 g of 
5wt% solubilized AEM binder. The mixture was sonicated for 
10 minutes to get a homogeneous ink and was applied to the 
gas diffusion electrode using an airbrush. Platinum black 
(Sigma Aldrich, 10 m2g−1) was used as the hydrogen evolution 
(cathode) electrocatalyst, while iridium oxide (Proton OnSite) 
or the pyrochlore being evaluated was used as the oxygen 
evolution (anode) electrocatalyst. Electrodes with 3.0 mgcm−2 
of catalyst and 30wt% solubilized AEM binder were prepared 
in this work. The AEM and the electrodes were ion exchanged 
to the hydroxide form by immersion in 0.5M KOH overnight 
before electrolyzer testing. They were washed with abundant 
DI water and assembled quickly before testing, in a nitrogen 
environment within a glovebag (Sigma Aldrich), to minimize 
exposure to atmospheric carbon dioxide.  
 Ultrapure water was fed to the anode and recirculated to a 
storage tank, which was maintained at 50°C, at a flow rate of 
approximately 400 mLmin-1. The absence of water feed at the 
cathode facilitates the recovery of dry hydrogen. 
 Polarization curves were obtained at 50°C by stepping the 
current density from 100 mAcm−2 to 1000 mAcm−2 in 
increments of 100 mAcm−2. The system was held at each 
current density for 2 minutes to allow pseudostationary 
conditions. The acquisition was stopped when the voltage 
increased above 2.2 V.  
  
 
Results and discussion 

Characterization of the catalyst: X-Ray diffraction (XRD), 
B.E.T surface area and electronic conductivity. 

X-ray diffractograms (Fig. 1) were used to confirm the 
presence of pyrochlore phases and to obtain a quantitative 
estimate of their lattice parameters.  The peaks associated with 
Pb2Ru2O6.5 pyrochlore were seen at 2θ values of 30o, 35o, 50o, 
59, 62o, 73o, 81o and 84o representing the (222), (400), (440), 
(622), (444), (800), (662) and (840) Bragg’s reflections of the 
cubic (space group: Fd-3m) structure of pyrochlore. The 
position of the XRD peaks changed slightly for the other 
pyrochlores as a consequence of changes in lattice parameters.  

 

Figure 1. X-ray diffractograms of lead and bismuth ruthenate, lead and 
bismuth iridate and lead osmate pyrochlores. 
 
The reduction of unit cell dimensions is manifested as an XRD 
peak shift to higher angles. 45 The smallest unit cell 
corresponded to Pb2Ir2O6.5, and the largest to Bi2.4Ru1.6O7-y (see 
Table 1). The lattice parameters for lead and bismuth 
pyrochlores were in good agreement with the values reported 
by Horowitz and coworkers.41 The substitution of Ru by Bi 
(larger cation) in the octahedral B site position (Bi2.4Ru1.6O7-y) 
leads to enlargement of the cubic unit cell volume as previously 
reported.33 BiPbIr2O6.5 lattice parameters were also in good 
agreement with the data reported by Kennedy,45 but the lattice 
parameters calculated in this work for Pb2Ir2O6.5 and Bi2Ir2O7 
were approximately 0.02 nm lower than literature values.45 
 TEM analysis showed that the lead ruthenate pyrochlore 
comprised particle-like aggregates of approximately 50-100 
nm, which themselves were made up of smaller particles glued 
together (See Fig. S2). HRTEM also revealed (as expected) that 
some particles were crystalline. 
 
 
Table 1. Properties of the pyrochlore OER electrocatalysts 

Catalyst Unit cell 
dimensions* 
a=b=c  (Å) 

Unit cell 
volume 

(Å3) 

Calculated 
density 
(g/cm3) 

B.E.T. 
surface area 

(m2/g) 

Electronic 
conductivity 

S/cm 

Pb2Ru2O6.5 10.34(9) 1108 8.64 99±4 120±30 

Bi2.4Ru1.6O7 10.44(4) 1139 9.04 7.8±0.2 63±5 

Pb2Ir2O6.5 10.07(6) 1023 11.73 1.2±0.1 73±7 

Bi2Ir2O7 10.11(4) 1035 11.74 0.4±0.1 56±6 

BiPbIr2O6.5 10.31(7) 1098 10.94 0.4±0.1 75±7 

Pb2Os2O6.5 10.36(2) 1112 10.73 0.8±0.3 53±7 

* cell type: cubic: a=b=g=90o, a=b=c; space group: Fd-3m; 8 molecules in 
the unit cell. 
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 The pyrochlores exhibited conductivities above 50 S/cm 
(metallic conductivity) with lead ruthenate having the largest 
conductivity (See Table 1). These conductivities were for the 
materials in powder form, which usually underestimate the 
value of the conductivity (the air inside the pores does not 
conduct), and were measured using a two-electrode 
conductivity cell.  For a hypothetical electrode with a thickness 
of 50 µm, the electrode electronic resistance will be less than 
0.1 mOhm-cm2, well below permissible limits for high 
performance in a device.  
 The BET surface areas for the lead ruthenate pyrochlore 
were around 100 m2/g whereas specific surface areas for 
bismuth ruthenate, and lead and bismuth iridates and osmates 
ranged 0.4-8 m2/g. This result was a consequence of heating 
treatment employed during the synthesis of pyrochlores other 
than the lead ruthenate pyrochlore to enhance crystallinity, as 
described in the experimental section. 
 

OER activity 

Lead ruthenate and bismuth ruthenate pyrochlores had  
previously been identified as highly active catalysts for the 
ORR in alkaline media by several authors.33-35, 37	   Their 
exceptional ORR activity amongst metal oxides arises from 
their relatively high electronic conductivity, surface area, and 
their electronic properties.52-55 As confirmed here, their OER 
activity is even more exceptional, outperforming other mixed 
oxides and even commercial state of the art catalysts for water 
electrolysis. Fig. 2 compares the OER activity (half-cell 
polarization curves in RDE electrode) for the five pyrochlores 
examined in this work, showing the background corrected 
current density vs. IR corrected potential at 1,600 rpm. Pt black 
and IrO2 benchmark are also included in the graph for 
comparison purposes. The lead ruthenate pyrochlore displayed 
an OER onset potential as low as 1.4 V (vs. RHE) and OER 
current densities as high as 40 mAcm−2 disk, despite the low 
catalyst loadings.  In most of the works reported in the 
literature, the catalyst loadings were in the interval 6-60 
mgcm−2,.33, 35 Herein, we decided to prepare electrodes with 
catalyst loadings between 100 to 200 µg/cm2 disk to minimize 
the mass transport losses within the electrode, and to get more 
accurate kinetic currents, less influenced by mass transfer 
and/or cell resistance losses.50. The background contributions 
from the glassy carbon (GC) electrode can be considered 
insignificant since the OER on GC substrate was very low even 
at 1.9 V vs. RHE (see baseline in Fig. 2), and because the 
catalyst deposited onto the GC electrode covers it completely 
(see Fig. S5). The oxygen bubbling on the surface of the 
electrode was very intense during the experiment, and was used 
as a direct confirmation that the measured current was due to 
OER.  
 The OER activity was calculated from polarization curves 
taken at a rotation rate of 1,600 rpm to minimize mass transport 
losses as a consequence of bubbles present in the surface of the 
electrode.  

 

 

Figure 2. OER polarization curves for a) lead and bismuth ruthenate 
pyrochlores (Pb2Ru2O6.5, Bi2.4Ru1.6O7), b) lead and bismuth iridate 
pyrochlores (Pb2Ir2O6.5, Bi2Ir2O7, PbBiIr2O6.5) and lead osmate 
pyrochores (Pb2Os2O6.5) in 0.1 M KOH at room temperature. IrO2 and 
Pt black were used for comparison purposes. IR correction of the 
potential was done from capacitance-corrected positive-going scans at 5 
mV s−1 using high frequency cell resistance measured by impedance 
spectroscopy. Catalyst loadings were approx. 200µg/cm2. Glassy carbon 
area was 0.196 cm2. 
 
 
Capacitance corrected currents and the catalyst loading in the 
electrode were used to calculate mass activities (Fig. 3) The 
low loadings of the catalyst allowed a good estimate of mass 
activity. The OER activity for Pb2Ru2O6.5 calculated from the 
data of Horowitz and coworkers33 (the catalyst loading was 
60mg/cm2, and the experiment was done in 3M KOH at  75oC) 
was ~5A/g at 1.4V (vs. RHE), which was considerable lower 
than our results for the same catalyst (35 A/g at 1.4V vs RHE). 
From the data of Prakash and coworkers35 we estimated an 
OER activity for Pb2Ru2O6.5 between 0.1-0.5 A/g (at 1.3V-
1.5V), which was also considerably lower than the results 
obtained in this work. 
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Figure 3. OER mass (im) and specific (is) activities for Pb2Ru2O6.5, 
Bi2.4Ru1.6O6.9, Pb2Ir2O6.5, Bi2Ir2O7, PbBiIr2O6.5, Pb2Os2O6.5, IrO2 and Pt 
black. Activities were measured at 1.5 V vs RHE (IR corrected 
potential). Error bars represent standard deviations from at least three 
independently repeated measurements. 
 
 
 The OER activity of IrO2 (state-of-the-art catalyst used in 
commercial PEM electrolyzers) was also measured using the 
thin film method. The activity was 11±2 A/g (at 1.5 V vs. 
RHE), slightly higher than previously reported OER activities. 
Suntivich and coworkers reported an OER activity for IrO2 of  
7 A/g (at 1.5 V vs. RHE), but their catalyst had a surface area 
of 71 m2/g whereas the catalyst tested in this work had a surface 
area of 185 m2/g.56 The OER activity was also calculated per 
gram of platinum group metal (PGM) and normalized based on 
the price of PGM to show the exceptional activity of ruthenate 
based OER catalysts, and its suitability for commercial 
applications (see Figs. S3 & S4). The activity of lead ruthenate 
pyrochlore OER catalyst (based on PGM content or PGM 
price) was 3-4 orders of magnitude higher than that of the state-
of-the-art iridium oxide OER electrocatalyst. 
 The catalysts evaluated in this work had varying surface 
areas as a consequence of differences in the synthesis methods 
used to prepare the crystalline materials (See Table 1), making 
the comparison of the mass activities difficult. Lead and 
bismuth   iridate and osmate pyrochlores required several 
heating cycles to obtain crystalline phases. The reaction rates in 
heterogeneous catalysts are commonly expressed as surface 
area–normalized rates (specific activity, is) to remove the 
surface area dependence and to allow a proper comparison of 
the intrinsic catalytic activities. The specific activity (OER 
current per catalyst surface area) offers a means to compare 
catalysts with varying surface areas since OER is a 
heterogeneous reaction occurring at the surface of the catalyst, 
and the reaction rate depends on the total amount of surface 
active sites available. Fig. 3 shows the specific-surface activity 
(mass activity divided by the catalyst BET surface area) for the 

pyrochlores. Lead ruthenate pyrochlore had the highest specific 
activity (3.0 Am−2), followed by bismuth ruthenate pyrochlore 
at approximately 2-fold lower), and the iridate-based 
pyrochlores that had specific activities 6-10 times lower than 
that of lead ruthenate pyrochore. IrO2 had a surface-specific 
activity of 0.06 Am−2, which was 50 times lower than that of 
lead ruthenate. Our measurements for IrO2 consistently yielded 
a slightly higher surface-specific OER activity than those found 
in previous reports (0.04 Am−2).56 We attribute it to the ability 
of our method and the conditions used (catalyst loading, film 
thickness, rotation rate, etc.) to measure the true kinetic currents 
during RDE experiments. 
 Given these experimental results, we attempted to 
rationalize and better understand the trends seen. Suntivich and 
coworkers49, 50, 56 proposed the filling of eg antibonding orbitals 
as an activity descriptor for OER and ORR in perovskite 
catalysts. They hypothesized that the antibonding orbital (eg) 
occupation influences the strength of the bond between the B 
cation and oxygen species involved as intermediates in the 
OER.. The metal in the active center that they studied was one 
among Co, Mn, Fe, Cr or Ni (4th period, 3d electrons) and they 
found a typical volcano-type dependence for the activity vs. the 
filling of antibonding orbitals. In octahedrally coordinated 
species, as in the case of B cation in perovskites and 
pyrochlores, there are three bonding orbitals (t2g) and two 
antibonding orbitals (eg) resulting from the octahedral crystal 
field splitting of the d orbitals.  Suntivich and co-workers found 
that the maximum activity corresponded to an eg filling near 
1.2. The reaction mechanism proposed by Suntivich and co-
workers involves the formation of several oxygen intermediates 
bonded to the B site in the mixed oxide catalyst (perovskite or 
pyrochlore), and the intermediate filling of the antibonding eg 
orbitals represents an intermediate bonding energy for the 
oxygen species. More electrons in the antibonding orbitals (eg) 
leads to destabilization of the complex, and a weaker bond 
between the oxygen intermediates and the B cation. If the bond 
is weak, the oxidation of the intermediates proceeds at lower 
rates because they can desorb from the active site before they 
are completely oxidized to O2. This reaction mechanism is a 
well-known and generally accepted mechanism for OER in 
metal oxides (See Fig. 4). 43, 56 Indirect confirmation that the B 
cation is responsible for OER activity was found in experiments 
performed with pyrochlores prepared with partial substitution 
of the B cation. In a series of experiments, we synthesized lead 
rich ruthenium pyrochlores (Pb2Ru2O6.5, Pb2.3Ru1.7O6.5, 
Pb2.5Ru1.5O6.5, Pb2.7Ru1.3O6.5, and Pb2.9Ru1.1O6.5) and evaluated 
their OER activity. The specific OER activity decreased for 
pyrochlores with lower Ru content, evidencing that Ru was the 
active element in the catalyst (see Fig. S6).  
 To investigate the validity of the same activity descriptor (eg 
antibonding orbital filling) for pyrochlore based catalysts, we 
calculated the filling of antibonding orbitals for the ruthenate 
and iridate based pyrochlores. The 4d and 5d orbitals are more 
extended compared to 3d orbitals, and hence hybridization of 
the transition metal d orbitals and oxygen 2p orbitals is much 
more pronounced than the d-d orbital interactions, resulting in 
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an increase of octahedral crystal field splitting. In general, for 
octahedral complexes with strong field ligands or 4d/5d 
transition metals (Ru and Ir are 4d and 5d respectively) there is 
a large octahedral crystal field splitting energy, and the 
electronic configuration is always low spin (filling of lower 
energy orbitals occurs first). The oxidation state of Ru and Ir in 
the pyrochlores was between 3.6+ and 5+ resulting in empty 
antibonding orbitals (eg) for all the cases (See ESI for details of 
the calculations). Since the activity of the pyrochlores was 
greater than those of the perovskites (from literature), it is clear 
that this descriptor was not sufficient to describe the trends in 
activity. This result suggested that other electronic properties of 
the catalyst affect the bond strength between the B site and the 
intermediate oxygen species.  
 Rossmeisl and coworkers demonstrated using DFT 
calculations that the binding energies of HO, O and HOO on 
metal oxide surfaces (IrO2, RuO2 and TiO2) are linearly 
correlated, and can be used to predict OER activity on metal 
oxide surfaces. They found that the activity had a maximum for 
RuO2, which had an adsorbate bonding energy that was just 
appropriate; not too strong that the oxygen could not desorb 
after the oxidation steps; not too weak that the intermediates 
desorbed before the final product is formed.  Hammer and 
Nørskov57 showed that the binding energies (obtained DFT 
calculations) for oxygen and transition metals change along the 
periodic table following two general trends: 1) the farther to the 
left in the periodic table, the stronger the bond; and 2) the 
farther down in the periodic table, the weaker the interaction. 
As we move to the left side of the periodic table, the d bands 
move up in energy (see Table S1) and more antibonding 
adsorbate-transition metal states become empty, resulting in a 
stronger bond between the metal and the adsorbate. The second 
effect arises from the interaction between the oxygen 2p 
orbitals (it can also be applied to oxygen intermediates or other 
adsorbates in the general case) and transition metal (B-site) d 
orbitals. The repulsive interaction raises the energy by an 
amount that is proportional to the square of the adsorbate–metal 
d coupling matrix element (V2, tabulated in Table S1). The 
stronger the overlap, the larger the repulsion (the larger V2

ad), 
and the weaker the bond between the intermediate oxygen 
species and the transition metal (B= Ru, Ir or Os). 
 To test if these rules applied here, we compared OER 
activity of lead and bismuth ruthenate, iridate and osmate 
pyrochlores.31, 58-60 Osmium (Xe 4f14 5d6 6s2) is below 
ruthenium in the periodic table (Kr 4d7 5s1), but belongs to the 
same group so it is expected to have lower binding energies for 
oxygen intermediates than ruthenate-based pyrochores, and 
therefore lower OER activity than ruthenate-based pyrochlores, 
as we found experimentally. The catalyst had a mass activity (at 
1.5 V vs. RHE) of 0.08±0.03 A/g and a surface activity of 
0.1±0.05 A/m2 (See Fig. 3).  
  

 

Figure 4. Proposed reaction mechanism for the OER on pyrochlore 
electrocatalyst. The scheme is similar to the mechanisms proposed by 
Goodenough and coworkers,37 and by Suntivich and coworkers56 for 
OER in metal oxides. The reaction proceeds via 4-electron transfer 
steps, and the rate limiting steps are the O-O bond formation (2) and the 
proton removal of the oxyhydroxide group (3). 
 
 
Iridium has smaller adsorbate (s or p)–metal d-coupling matrix 
element (V2

ad) than osmium (See Table S1 in the ESI) and 
hence the repulsion between the d orbitals of transition metal 
and 2p orbitals of oxygen raises less than the energy of the d 
orbitals and results in a stronger bond between oxygen and the 
B metal. The binding energy between the oxygen and 
ruthenium is more close to iridium than osmium and hence the 
OER activity of iridate-based  pyrochlores should be more 
close to those of ruthenate-based pyrochlores than osmate-
based pyrochlores. The experimental results corroborate these 
predictions (see specific-surface activities in Fig. 3 and table 
S1). The specific-activity of iridate-based pyrochlores was 
between 0.3-0.5 A/m2, lower than ruthenate-based pyrochlores 
(3.0-1.3 A/m2) but slightly higher than for osmate-based 
pyrochlores (~0.1 A/m2). (Note: the activities were calculated at 
a potential of 1.5 V vs. RHE). 
 

Evaluation of the OER catalyst performance in a solid-state 
alkaline water electrolyzer 

The polarization curves obtained for MEAs fabricated with 
Pb2Ru2O6.5, Bi2.4Ru1.6O7 and IrO2 catalysts (OER) are shown in 
Fig 5. The electrolyzer was operated with ultrapure water (18.2 
MΩ-cm). The alkaline conditions result from the presence of 
the alkaline membrane (AEM) and solubilized AEM binder in 
the electrodes (there was no addition of free base).  
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Figure 5. Electrolyzer polarization curves (at 50°C) for MEAs prepared 
with Pb2Ru2O6.5, Bi2.4Ru1.6O7 and IrO2 OER catalysts. Platinum black 
was used as hydrogen evolution catalyst (HER). Catalyst loadings were 
3.0 mgcm−2. 
 
The MEAs were prepared with a commercial AEM and binder, 
and the catalyst loading for both the anode (pyrochlore or 
iridium oxide) and cathode (platinum black) was 3.0 mg-cm−2. 
The lead ruthenate MEAs exhibited 0.1-0.15 mV lower 
overpotential than the MEAs fabricated with IrO2 as the anode 
catalyst. This result confirms the exceptional OER activity of 
lead ruthenate pyrochlores ascertained via RDE experiments.  
The performance of the anion exchange membrane water 
electrolyzer was similar to performances reported by Hickner 
and co-workers61 and Xiao and coworkers62, with their own 
membranes, where current densities of 400 mA cm-2 at 1.8 V 
were achieved.   
 Additionally, the water electrolyzer performance in this 
work exceeded the performance by Faraj and coworkers where 
the authors used a radiation grafted low-density polyethylene 
AEM containing a quaternary ammonium group with a 
potassium carbonate doped water feed to boost system ionic 
conductivity, and to provide pH buffering (around 10).63 
Nevertheless, the performance reported herein is significantly 
lower than the performance of state-of-the–art PEM 
electrolyzers, which can be operated at 1.9 V at current 
densities as high as 1800 mA cm-2.7, 8 The main reasons for the 
gap in performance are larger polarization losses at the cathode 
(hydrogen evolution reaction is more sluggish in alkaline 
media) and the significantly lower ionic conductivity of the 
AEM compared to commercially available proton exchange 
membranes.64 

Stability of OER catalyst during operation in a solid-state 
alkaline water electrolyzer 

The stability of the catalysts was evaluated during continuous 
operation in the electrolyzer at 200 mA cm-2 for 200 h. Fig. 6 
shows a comparison of the stability of MEAs prepared with 

lead ruthenate and iridium oxide. We used iridium oxide in the 
comparison because it is well known from studies with PEM 
electrolyzers and also from commercial applications that 
iridium oxide is a very stable OER catalyst. The electrolyte 
employed was 1% KHCO3 (in water) instead of ultrapure water 
and the temperature of the experiment was 35°C. Other 
experimental conditions similar to those used to obtain the 
polarization curves (see previous section and experimental 
section). We added 1% KHCO3 to the water to enhance the 
ionic conductivity in the electrodes and minimize the effect of 
AEM binder loss / degradation on the overall performance. 
	   Minimizing those losses will allow a better comparison of 
the stability of the electrocatalyst during operation of the solid-
state water electrolyzer for an extended time period. We already 
know from previous work that the MEA performance degrades 
quickly when operated with ultrapure water.65, 66 The 
performance degradation in these studies was located mainly on 
the anode side, and arose from the degradation of the AEM 
binder. By including a salt in the electrolyte, we can operate the 
electrolyzer at relatively low overpotentials without relying on 
the solubilized AEM binder for ionic transport in the electrodes. 
 The solid-state water electrolyzer prepared with lead 
ruthenate pyrochlore electrocatalyst showed stable operation for 
at least 200 h (see Fig. 6). The cell voltage increased slightly 
during the first 100 hours (∼20 mV) but later remained almost 
constant at 1.75 V. The MEA fabricated with iridium oxide was 
also stable for the same period of time, but the operating 
voltage (as expected from the lower activity shown in Figs. 
2&3) was 0.1-0.15 V higher at the same current density.  
Polarization curves and stability experiments confirmed the 
exceptional activity and stability of lead ruthenate pyrochlore as 
OER catalyst for solid-state alkaline water electrolyzers. 

 

Figure 6. Durability of lead ruthenate pyrochlore during operation of a 
solid-state alkaline water electrolyzer at 200 mAcm−2. The electrolyte 
was 1%KHCO3 (in water) and the temperature was approx. 35°C. 
Cathode catalyst was Pt black (3.0 mgcm−2), and anode catalyst were 
lead ruthenate pyrochlore or iridium oxide (3.0 mgcm−2).  
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Conclusions 

In this work we synthesized a series of electrically conducting 
metal oxides with the pyrochlore structure (A2B2O7-y, with 
A=Pb or Bi and B= Ru, Ir or Os). The synthesis methods 
included precipitation/crystallization in alkaline medium for the 
synthesis of lead and bismuth ruthenates, and solid-state 
reaction for the synthesis of lead and/or bismuth iridates and 
osmates. The methods were chosen to achieve well-crystallized 
oxides with pyrochlore structure. The electrocatalytic activity 
of the catalysts for the oxygen evolution reaction (OER) in 
alkaline medium was studied using an RDE in 0.1M KOH. 
Lead and bismuth ruthenate pyrochlores showed significantly 
lower overpotentials for the OER than state-of-the-art IrO2 
catalysts. Mass activities (at 1.5 V vs. RHE) of 202±20 Ag−1, 
10±2 Ag−1 and 11±2 Ag−1 were found for Pb2Ru2O6.5, 
Bi2.4Ru1.6O7, and IrO2 respectively.  Specific activities (at 1.5 V 
vs. RHE) of 3.0±0.2 Am-2, 1.3±0.2 Am-2 and 0.06±0.01 Am-2 
were determined for Pb2Ru2O6.5, Bi2.4Ru1.6O7, and IrO2. 
 Lead and bismuth iridate and osmate pyrochlores were also 
synthesized and evaluated as OER catalysts. Mass activities for 
iridate-based catalyst were in the interval 0.1-0.6 Ag−1. Very 
low B.E.T. surface areas (~1 m2g−1) and relatively low specific 
activities contributed to the low mass activities of iridate-based 
pyrochlores. Specific activities for iridate-based pyrochlores 
(0.3-0.5 Am-2) were 5-10 times lower than for lead ruthenate 
pyrochlores. Lead osmate showed the lowest OER activity 
among all the pyrochlores, with mass and specific activities of 
0.08±0.03 Ag−1 and 0.10±0.07 Am-2. 
 We proposed that the reaction path for the OER involved 
several oxygen intermediate species (-O2-, -OOH, -OO2-, -OH) 
bonded to the B-cation in the pyrochlore, and that the catalytic 
activity depended on the bonding strength between the B-cation 
site (Ru, Ir or Os) and the oxygen species.  This hypothesis is 
supported by the fact that OER activity correlated with Ru 
concentration in lead ruthenate pyrochlores prepared with 
varying amounts of Ru. The specific OER activity showed 
dependence on the occupancy of the 3d orbitals (group) and on 
the period in the periodic table occupied by the B-cation. The 
maximum specific activity was found for ruthenate-based 
pyrochlores, and was explained by an optimum interaction 
between oxygen intermediates and B-metal that results in a 
bond of the appropriate strength. The OER activity decreased 
for pyrochlores with B cations having more d electrons than 
Ru, and when the B cation occupied period 6. 
 The OER activity can be rationalized using the electronic 
properties of the corresponding B metal of the pyrochlore: 1) d 
bands’ center energy and 2) square of the adsorbate–metal d 
coupling matrix element. As the d bands shift up in energy, the 
antibonding orbitals become depopulated, resulting in a 
stronger bond. Similarly, the interaction between the metal d 
electrons and the oxygen 2p states raises the energy by an 
amount that is approximately proportional to the square of the 
adsorbate–metal d coupling matrix element; the stronger the 
overlap, the larger the repulsion, and the weaker the bond 
between the oxygen intermediates and the transition metal.  

 Lead and bismuth ruthenate pyrochlore catalysts were tested 
in a solid-state alkaline water electrolyzer. The overpotentials 
were 0.1-0.2 V lower than for IrO2 and the performance was 
stable was for at least 200 h. 
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