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Figure Sl. Analysis of surfactant-free mesoporous lead ruthenate pyrochlore. (a) 
Thermogravimetric (black) and differential thermal (red) analysis (TGA/DTA) and (b) FTIR 
patterns for (i) mesoporous lead ruthenate with surfactant within the pores and (ii) after ethanol 
treatment, showing the surfactant is extracted. The weight decrease and exothermic heat 
signature around 200oC are absent in the TGA/DTA curves for the surfactant-free sample. In the 
FTIR spectra, two strong absorption peaks at around 2900 cm-1 (νC-H) and 1450 cm-1 (δC-H), 
1380 cm-1 (C-N-C) are absent for the surfactant-free sample. 
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Figure S2.  TEM/EDX of mesoporous  surfactant-free mesoporous lead ruthenate 
pyrochlore, Pb2[Ru1.6Pb0.4]O6.5.  (a) TEM image showing the disordered pore structure.  (b) 
SEM micrograph and the corresponding EDX analysis of a large particle.  The average Pb/Ru 
ratio of 1.58 is in good agreement with that derived from the XRD lattice parameters (1.60) as 
explained in the text. The relationship between the lattice parameter and the composition of the 
extended pyrochlore is well described in the literature.  For example, papers by H. S. Horowitz et 
al. (Mat. Res. Bull. 1981, 16, 489-496) and by T. Akazawa et al. (J. Cryst. Growth 2004, 271, 
445-449), suggest a = 10.252 + 0.330x for Pb2[Ru2-xPbx]O6.5.   

Figure S3.  Four-point probe conductivity 
measurement of mesoporous lead ruthenate 
pyrochlore. The sample was gently pressed to 
form a rectangular bar with cross-sectional 
area of 0.01242 cm2 and length of 0.19 cm. 
The average resistivity is 0.046 Ω•cm or 21.7 
S/cm. 
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Figure S4.  Nanocrystalline lead ruthenate pyrochlore Pb2[Ru1.73Pb0.27]O6.5. (a) XRD pattern 
(Cu-Kα); (b) SEM image and corresponding EDX analysis; (c) TEM micrograph with a single 
crystallite highlighted for clarity; and (d) nitrogen sorption isotherm from which the surface area 
of 66 m2/g was derived.  A Pb/Ru ratio of 1.31 was calculated from the a parameter of the cubic 
Fd-3m cell which is in reasonable agreement with the EDX result.  Because of the high degree of 
overlap in the EDX spectra, the Pb/Ru ratio from the XRD measurement is more accurate.  
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Figure S5.  First cycle discharge curves of four Li-oxygen cells containing the mesoporous 
lead ruthenate pyrochlore catalyst and effect of current density on capacity.   (a) The four 
cells exhibit very similar discharge potentials and capacities, demonstrating reproducibility. The 
electrolyte is 1M LiPF6 in TEGDME and the current rate is 70 mA/g. (b) Discharge-charge 
curves of Li-oxygen cells in 1M LiPF6 /TEGDME at two different current rates, employing the 
mesoporous pyrochlore catalyst. The discharge capacity remained effectively unchanged despite 
doubling of the current density. 
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Figure S6.  Average discharge potentials of Li-oxygen cells with/without lead ruthenate 
pyrochlore catalysts.  The pyrochlore catalyst raises the ORR potential on discharge by about 
40~50 mV compared to the pure carbon electrode.  
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Figure S7.  Reactivity and stability of the mesoporous lead ruthenate catalyst. (a) First 
electrochemical discharge curves of cells containing mesoporous lead ruthenate catalyst, (i) 
under oxygen; and (ii) under argon.  The axis for curve (ii) is in mAh/g (pyrochlore). The 
pyrochlore material itself accounts for 1% of the overall capacity of the Li-O2 cell (100 mAh/g 
capacity of the 7000 mAh/g total).  Based on the amount of pyrochlore in the electrode, however, 
the uptake corresponds to the reduction of Ru4.625+ to Ru3+.  (b) The potential sweep 
measurement of lead ruthenate pyrochlore catalyst with two different potential ranges in 1M 
LiPF6 in TEGDME.  The onset of irreversible pyrochlore reduction is evident at 1.8V, but the 
reduction of the Ru is quasi-reversible if the potential does not go lower than 2.0V, which is the 
voltage cut-off used in our study. The current rate in (a) is 70 mA/g of carbon and the scan rate 
for (b) is 0.02 mV/sec.   
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Figure S8.  X-ray diffraction patterns comparing a pristine electrode (i), and a fully 
discharged electrode using the nanocrystalline pyrochlore catalyst, (ii).   In addition to 
reflections from the nanocrystalline pyrochlore catalyst, Li2O2 is present in the discharged 
electrode as marked with the red dotted line; note that LiOH is absent.   
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Figure S9.  a) FESEM image of the MP pyrochlore/carbon membrane after discharge.   The 
Li2O2 aggregates are visible as ~ 600 -700 nm toroids littering the surface of the porous 
membrane after discharge to 5000 mAh/g capacity, one of which is magnified in inset (i).  Inset 
(ii) shows a magnified Li2O2 toroid in the initial stages of formation, illustrating its 
nanocrystalline aggregate structure, and inset (iii) is the corresponding EDX map depicting its 
high oxygen fraction.    b) FESEM image of the MP pyrochlore/carbon membrane a) after 
discharge and c) on charge at the same (higher) magnification.  The Li2O2 toroids have 
completely disappeared, leaving the porous carbon membrane. 
 

b c 

i 

iii 

ii 

a 

400 nm 400 nm 

2 µm 



NATURE CHEMISTRY | www.nature.com/naturechemistry 10

SUPPLEMENTARY INFORMATIONDOI: 10.1038/NCHEM.1499

10 
 

 
 
 
 

 

 

Figure S10. Differential capacity curves in LiPF6/TEGDME on the 2nd cycle for (i) 
mesoporous and (ii) nano-crystalline pyrochlore. The Li-air cells containing lead ruthenate 
pyrochlore catalysts show well-defined ORR and OER potentials (around 2.67 and 3.88 V, 
respectively) on galvanostatic cycling. 



NATURE CHEMISTRY | www.nature.com/naturechemistry 11

SUPPLEMENTARY INFORMATIONDOI: 10.1038/NCHEM.1499

11 
 

 
 
 

 
 
 

 
 
Figure S11.  Deconvolution of the electrocatalytic oxidation curve of Li2O2 and background 
contribution. (i) original curve for the electrocatalytic oxidation sweep of electrode with Li2O2, 
(ii) background curve measured for the catalyst/carbon electrode without Li2O2 and (iii) the 
curve resulting from subtraction of (ii) from (i) to give the electrocatalytic oxidation sweep of 
electrode with Li2O2 without electrolyte contribution.  Electrolyte decomposition becomes 
dominant after 4.45 V. 
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Figure S12.  Structural and electrochemical characterization of the α-MnO2 nanowire 
catalyst. (a) XRD pattern and SEM morphology (inset). (b) Discharge-charge profiles up to the 
3rd cycle of α-MnO2 nanowire (black) and mesoporous pyrochlore (red). For the α-MnO2 
catalyst, the discharge capacity decreases significantly with cycling and the charge potential (4.3 
V) is much higher than that for pyrochlore catalyst (3.9 V). 
 


