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 Oxide Catalysts for Rechargeable High-Capacity Li–O 2  
Batteries  
 Nano-crystalline mixed metal oxides with an expanded pyrochlore struc-
ture are synthesized by a chemical precipitation route in alkaline media. 
The high concentration of surface active sites afforded by their high surface 
area, intrinsically variable oxidation state and good electron transport lead 
to promising electrocatalytic properties for oxygen evolution in Li-O 2  cells, 
yielding rechargeable discharge capacities over 10 000 mAh g  − 1  and lowering 
anodic overpotentials signifi cantly. The discharge capacity of the Li-O 2  cell 
is increased further when a small amount of gold is deposited on the pyro-
chlore oxide, which serves as a more effi cient oxygen reduction catalyst. The 
amount of catalyst necessary for oxygen evolution performance is reduced to 
as little as 5 wt% by supporting the highly-divided pyrochlore oxide crystal-
lites on carbon using  in-situ  deposition methods. 
  1. Introduction 

 The rechargeable Li-O 2  cell represents an emerging energy 
storage system which has promise as a result of its very high 
theoretical gravimetric energy density and ability to use oxygen 
as a “fuel” [  1  ,  2  ]  In practice, energy densities of over 3 kWh g  − 1  are 
expected, signifi cantly higher than that of conventional Li-ion 
cells based on intercalation chemistry, which typically provide 
about 0.6 kWh g  − 1  for layered oxides such as Li[Co 1/3 Ni 1/3 Mn 1/3 ]
O 2  coupled to a graphitic negative electrode. [  1  ]  Nonetheless, poor 
power capabilities and cycling stability are among the major 
drawbacks in the current incipient state of the technology. 
Progress has been hampered by a lack of understanding of the 
factors responsible for high capacity and effi cient oxygen evolu-
tion, as most studies carried out to characterize detailed aspects 
of this battery system since it was fi rst reported in 1996 [  3  ]  have 
only been conducted in the last few years. Numerous inroads 
have been made, however. It has been established that oxygen 
is catalytically reduced to an intermediate, lithium superoxide, 
which subsequently (chemically or electrochemically) reacts to 
form lithium peroxide during discharge. [  4  ,  5  ]  The reaction and 
subsequent decomposition of many common electrolyte sys-
tems with the superoxide radical is now established as one of 
the most prominent problems that needs to be addressed. [  6–9  ]  
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Propylene carbonate is reported to undergo 
ring opening  via  nucleophilic addition of 
O 2   −   on the CH 2  group on the ring near the 
carbonyl moiety, for example. [  7  ]  Such reac-
tivity can lead not only to the early deple-
tion of the electrolyte but to discharge 
products other than Li 2 O 2 ; their specifi c 
nature depends on the electrolyte system 
that is deployed, and affects the kinetics of 
the subsequent charging process. The elec-
trolyte system must also be robust enough 
to resist a highly oxidizing environment 
during charge without decomposition. 

 Even with an ideal electrolyte system 
which produces Li 2 O 2  and no side products, 
another major issue is rechargeability: the 
high activation energy involved in oxygen 
evolution from Li 2 O 2  on charge leads to a large anodic overpo-
tential, which prompts the need for a highly effi cient catalyst at 
high Li 2 O 2  loadings. This arises mainly due to the insolubility 
of Li 2 O 2  and its apparently insulating nature. [  1  ]  Transition metal 
oxides [  10  ,  11  ]  and noble metals [  12–14  ]  adopted from oxygen reduc-
tion (ORR) or oxygen evolution (OER) catalysts of conventional 
fuel cells, metal-air batteries have been investigated. Although 
the understanding of metal oxide electrocatalysts in aqueous 
systems has been developed over decades, [  15  ]  this process is 
just underway for aprotic Li-air cells, and the criteria for a good 
ORR or OER catalyst are not yet established. 

 Pyrochlores are well known for their excellent electrocata-
lytic activity in aqueous media, [  16  ]  but have not been investi-
gated as catalysts for Li-O 2  batteries. Pyrochlore is a generic 
term for materials having a chemical formula A 2 B 2 X 6 Z 1- δ   
which crystallize in the cubic space group Fd-3m. [  17  ]  Some 
pyrochlore oxides with composition A 2 B 2 O 6 O’ 1- δ   ( A   =  Pb 
or Bi,  B   =  Ru or Ir) exhibit the characteristics of a metallic 
oxide, [  18–20  ]  where single crystal conductivity is as high as 4.3  ×  
10 3  S cm  − 1  at 300 K for Pb 2 Ru 2 O 6.5 . [  18  ]  The pyrochlores can be 
viewed as a composite of two interwoven substructures, where 
corner-shared metal-oxygen octahedra ( BO 6  ) generate a cage-
like  B 2 O 6   framework that provides a conduction path for the 
electrons, while the  A  element is linearly connected to form 
 A-O’-A  linkages with special oxygen atoms ( O’ ) that create 
corner-shared  O ′ A 4   tetrahedra ( Figure    1   inset). Pyrochlores 
exhibit a highly fl exible stoichiometry and structure. The spe-
cial oxygen can be partially or completely absent, resulting in 
up to 7% oxygen vacancies in the lattice when  δ   =  0.5; or alter-
natively, the lattice can be fully oxygen stuffed to give the com-
position A 2 B 2 O 7 . Furthermore, a portion of the noble metal in 
the  B -site can be replaced by the  A -site cation resulting in an 
m 903wileyonlinelibrary.com
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     Figure  1 .     XRD patterns for a) lead ruthenium pyrochlore oxide (PbRO) and b) bismuth ruthe-
nium pyrochlore oxide (BiRO) synthesized  via  chemical oxidation. Inset shows the crystal 
structure of the pyrochlore A 2 B 2 O 7– δ   ( A   =  Bi, Pb;  B   =  Ru). The B 2 O 6  framework consisting of 
corner-shared BO 6  octahedra (blue) is superimposed by the A-O ′ -A structure. Loosely bound 
special oxygen O ′  (red) atoms can be partially or totally absent, generating oxygen vacancies.  

     Figure  2 .     HRTEM images for nanocrystalline (a) lead ruthenium oxide, 
PbRO and (b) bismuth ruthenium oxide, BiRO synthesized  via  chemical 
oxidation. Agglomerated nanocrystallites around 4  ∼  5 nm in dimension 
are evident in the micrographs.  
expanded pyrochlore, A 2 [B 2- x  A  x  ]O 7– δ   with  x  ranging from 0 to 
1. [  16  ,  19  ,  20  ]  Although partial substitution leads to a decrease in 
the electronic conductivity, [  20  ]  these modifi ed oxides, where 
 B   =  Ru, Ir show very good performance as bifunctional cat-
alysts for ORR/OER in the strong alkaline media used in 
Zn-air cells. [  21  ]  The catalytic capability is believed to originate 
from the variable-valent characteristics of the  B  cations and 
the oxygen vacancies. [  22  ]  These can be greatly enhanced by 
the cooperative effect from effi cient transport of electrons to the 
reaction site and a high surface area that provides good mass 
activity. Since the fundamental features of ORR and OER 
processes in the aqueous and in the non-aqueous electrolytes 
share similarities, [  23  ]  the nature of the pyrochlores suggests 
that these materials can be very interesting candidates as 
Li-O 2  catalysts. In contrast to fuel cell applications where only 
the properties for oxygen reduction are important, the cata-
lytic behavior for oxygen evolution is one of the major chal-
lenges in rechargeable Li-air cells, because the electrochemical 
decomposition of the solid lithium peroxide product involves 
a large anodic polarization even at moderate current density 
at very high discharge capacities. [  10  ,  11  ,  24  ]  Lowering the anodic 
overpotential during charge is of prime importance in order to 
avoid carbon corrosion and to diminish electrolyte oxidation. 
We report here the characteristics of bismuth and lead ruthe-
nium pyrochlore oxides as electrocatalysts for the non-aqueous 
Li-O 2  cell. We show they exhibit moderately good properties 
for ORR, although they are not as active as Au nanoparticles, 
and particularly good performance for OER as low as 3.85 V 
that results in high rechargeable capacities up to 1100 mAh g  − 1  
based on the overall catalyst/carbon/O 2  membrane mass 
(i.e.,  > 10 000 mAh/g carbon ).    
© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, We04 wileyonlinelibrary.com
 2. Results and Discussion  

 2.1. Synthesis and Characterization 
of Bismuth and Lead Pyrochlores 

 The bismuth and lead ruthenate pyrochlores 
were prepared by chemically oxidizing the 
metal (M  =  Bi or Pb, Ru) precursors with 
sodium hypochlorite in alkaline solution at low 
temperature (see the Experimental Section). 
This synthesis differs from the ammonia pre-
cipitation route previously described, [  19  ]  and 
offers a greater degree of control over crystal-
lite size. The increase in average oxidation 
state of ruthenium catalyzes the condensation 
of the hydroxo-bridges (-OH-) in the hydrox-
ides to form oxo-bridges (M-O-M), resulting in 
the desired metal oxides as nano-crystals. The 
indexed X-ray diffraction (XRD) patterns of the 
synthesized materials (Figure  1 ) confi rm that 
pyrochlores are crystallized with cubic lattice 
parameters  a   =  10.446 Å for bismuth ruthe-
nium oxide and  a   =  10.340 Å for lead ruthe-
nium oxide, in good accord with the previously 
reported values. [  19  ]  The coherence length deter-
mined from the XRD peak broadening in the 
[111] direction is close to 4 nm for both mate-
rials, which is very small, but not surprising based on the low tem-
perature synthesis. High resolution TEM imaging confi rmed the 
presence of 4  ∼  5 nm nanocrystallite domains which are coalesced 
into larger polycrystalline agglomerates ( Figure    2  a,b). For lead 
ruthenium oxide (PbRO), crystallization was achieved at room 
temperature - the fi rst time this has been accomplished to our 
knowledge - whereas bismuth ruthenate (BiRO) required a slightly 
elevated temperature (70  ° C) to initiate crystallization. The pyro-
chlores showed an increase in the lattice parameter due to  B -site 
substitution of noble metal with the post transition metal. [  19  ,  20  ]  
The well described linear relationship between the lattice param-
eters (as determined above) and composition of extended pyro-
chlores in the literature, [  18  ,  19  ,  25  ]  allow us to estimate formulae of 
Bi 2 [Ru 1.53 Bi 0.47 ]O 7- δ   (Bi/Ru  =  1.61) and Pb 2 [Ru 1.73 Pb 0.27 ]O 6.5  (Pb/
Ru  =  1.31) for PRO and BRO respectively. EDX analyses agree very 
inheim Adv. Energy Mater. 2012, 2, 903–910
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     Figure  3 .     Discharge-charge profi les of Li-O 2  cells with the metal oxide cat-
alysts shown in the legend;–PbRO (blue);–BiRO (red);– α -MnO 2  (green);–
carbon (black) for (a) the fi rst cycle; (b) the second cycle; (c) the third 
cycle. The upper voltage window was 4.3 V for the pyrochlore catalysts, 
but higher (4.5 V) for  α -MnO 2  and carbon owing to the much greater 
diffi culty of charging.  
well with these values (Supporting Information (SI), Figure S1): 
ratios of Bi/Ru and Pb/Ru were 1.59 and 1.34 respectively. The 
two expanded pyrochlores are somewhat different in their proper-
ties despite a similarity in composition. Whereas microcrystalline 
lead ruthenium pyrochlore has a substantial oxygen vacancy con-
centration and borderline metallic conductivity (about 625 S cm  − 1  
with a slightly positive temperature coeffi cient of resistivity for x  =  
0.31, which is close to our composition), the oxygen vacancy con-
tent for bismuth ruthenium pyrochlores is quite low according to 
previous estimates ( δ  is close to zero), and they display semicon-
ductor behavior with a conductivity of 116 S cm  − 1  at x  =  0.52. [  20  ]  
The surface areas of our materials derived from BET measure-
ments (SI, Figure S2) also differ for PbRO and BiRO although 
both were very high, 66 m 2  g  − 1  and 103 m 2  g  − 1 , respectively, 
refl ecting their nano-crystalline properties. These give rise to a 
high fraction of electrochemically active sites exposed on the sur-
face which are considered very benefi cial for electrocatalysis.    

 2.2. Electrochemical Properties of Unsupported Pyrochlore 
Oxides in Li–O 2  Cells 

 The performance of the bismuth and lead ruthenium oxides 
for ORR/OER in Li-O 2  batteries was evaluated in Swagelok-
type cells with 1M LiPF 6  in tetraethylene glycol dimethyl ether 
(TEGDME) as the electrolyte. The formation of Li 2 O 2  on dis-
charge in ether-based electrolyte systems was confi rmed previ-
ously, [  26–28  ]  and theoretical studies indicate such electrolytes 
are robust to superoxide attack. [  29  ]  Although it is suspected 
that ethers may suffer some reactivity on cycling, [  8  ,  27  ]  they suf-
fi ce for the preliminary catalytic studies reported here. We also 
employed  α -MnO 2  as a “reference” catalyst in nanowire form, 
as it is known for its high catalytic activity based on previous 
studies. [  11  ]  Phase-pure nanowires were prepared by hydro-
thermal chemistry following standard literature methods. [  30  ]  
A porous carbon/catalyst membrane cathode with a pore 
volume around 4 cm 3  g  − 1  was fabricated by adapting literature 
techniques. [  8  ,  31  ]   Figure    3  a,b shows the discharge-charge profi les 
of the 1 st  and 2 nd  cycles of the Li-O 2  cells. In the voltage window 
2.0–4.3V, the cells with the bismuth and lead oxide catalysts (BiRO, 
PbRO) exhibit a capacity around 6500 and 5600 mAh g  − 1  on the 
fi rst cycle, respectively. This is twice that of the cell containing 
only Ketjen carbon black as an ORR catalyst (3000 mAh g  − 1 ). 
Curtailing the capacity at 2000 mAh g  − 1  (or even 5000 mAh g  − 1 ) 
allowed the cells to function for up to 11 cycles (SI, Figure S3), 
with cell failure occurring owing to a gradual build-up of imped-
ance layers on both electrodes. Without capacity curtailment, 
the discharge capacities on the 2 nd  cycle (Figure  3 b) are even 
higher, reaching 7700 and 7000 mAh g  − 1  respectively. In case of 
BiRO, the capacity reaches a maximum value of 9900 mAh g  − 1  
at the 3 rd  cycle, and the PbRO stabilizes to 8000 mAh g  − 1  
(Figure  3 c). These values approach the theoretical maximum 
capacity ( ∼ 10,000 mAh g  − 1 ) expected from the 4 cm 3  g  − 1  pore 
volume of the cathode fi lm, presuming that all of the pores are 
fi lled with Li 2 O 2  (see experimental section). The catalytic activity 
and additional surface sites provided by catalyst itself are most 
probably responsible for the increased capacity of the metal 
oxide catalyzed cells. In terms of the capacity based on (carbon  +  
catalyst) which contributes to the total number of surface sites 
© 2012 WILEY-VCH Verlag GAdv. Energy Mater. 2012, 2, 903–910
for Li 2 O 2  deposition, cells with and without BiRO catalyst exhibit 
3850 mAh g  − 1  on the fi rst cycle (vs. 3000 mAh g  − 1  for carbon)–
and up to 5000 mAh g  − 1  on the third cycle. The additional dis-
charge capacity, over 850 mAh g  − 1 , arises from the moderate 
ORR activity of the catalyst itself. The reason for the increased 
capacity for BiRO compared to PbRO (despite its slightly lower 
electronic conductivity) is either due to its larger surface area 
and/or a difference in oxidation state that may affect the cata-
lytic properties. The ruthenium oxidation state in expanded 
PbRO is approximately  + 4.6, whereas in BiRO, it is close to  + 4.3, 
assuming a composition of Bi 2 [Ru 1.53 Bi 0.47 ]O 7 . Changes in the 
oxidation state following the fi rst cycle may also give rise to 
the increase in capacity on subsequent cycling that we observe, 
although changes in pore morphology may also be responsible. 
Unfortunately, it is not possible to normalize the capacity based 
on surface area in these Li-O 2  cell measurements, since the frac-
tion of available surface area cannot be determined within the 
complex porous membrane structure. The results do suggest 
that PbRO (with a 1.5 fold lower surface area) exhibits a higher 
inherent activity. Studies are underway to quantify these factors.  
mbH & Co. KGaA, Weinheim 905wileyonlinelibrary.com
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     Figure  4 .     XRD patterns of discharged electrodes, a) with bismuth ruthe-
nium oxide pyrochlore catalyst, BiRO; and b)  without  bismuth ruthenium 
oxide pyrochlore catalyst; the refl ections of Li 2 O 2  produced from the ORR 
reaction are indicated in both patterns as red markers, along with those of 
the residual pyrochlore catalyst marked in (a) with blue dotted lines.  
 The average discharge voltage for ORR depends slightly on 
the type of catalyst. The highest discharge voltage–and hence 
the lowest polarization - comes from the cathode with the 
BiRO catalyst (2.73 V) which is evident in Figure  3 b. Amor-
phous carbon itself is known to be a good catalyst for oxygen 
reduction in nonaqueous media, apparently involving the 
transient formation of superoxide on the carbon surface. [  23  ]  
However, when a hard acid like Li  +   is present, the super-
oxide anion becomes labile and LiO 2  reacts to form the more 
stable peroxide, which makes the overall process less revers-
ible. [  4  ,  5  ]  The identity of the discharge product was analyzed 
by XRD patterns of discharged electrodes ( Figure    4  ), which 
shows the formation of nano-crystalline Li 2 O 2  regardless of 
the catalyst. The broader X-ray diffraction peaks for Li 2 O 2  
in the presence of the pyrochlore catalysts (Figure  4 a) com-
pared to carbon imply that the ORR may proceed with dif-
ferent kinetics, which can affect the ORR potential as well 
as discharge capacity. Although  α -MnO 2  showed excellent 
catalytic activity in a carbonate-based electrolyte system, [  11  ]  
the discharge potential of  α -MnO 2  nanowires (surface area 
of  ∼ 20 m 2  g  − 1 ) is lower than that of the pyrochlore catalysts 
in TEGDME even though the fi rst cycle capacity is rather 
similar.  

 More signifi cant differences are seen on charge. The electro-
chemical decomposition of Li 2 O 2  shows that for both pyrochlore 
catalysts, while the OER potential is at 4.0 V on the fi rst cycle, it 
is lowered to 3.85 V on the 2 nd  cycle. This is concomitant with 
the increase in ORR capacity noted on the 2 nd  cycle, and sug-
gestive of an oxidation state change as mentioned above. The 
charging curve for the carbon-alone cathode (no pyrochlore) 
shows a very short plateau at 4.0V on the fi rst cycle, but most 
of the oxidation occurs well above 4.0 V. On the second cycle 
the plateau completely disappears, replaced with a continuously 
increasing charge profi le. We believe that much of the capacity 
related with the activity well above 4.0V is not from OER. It 
may either involve carbon corrosion that permanently modifi es 
© 2012 WILEY-VCH Verlag Gmwileyonlinelibrary.com
the carbon surface by the introduction of oxygen functional 
groups [  32  ,  33  ]  and/or electrolyte oxidation  via  reaction with the 
Li 2 O 2  at these high potentials, which deposits decomposition 
products on the surface. TEGDME decomposition has been 
implicated in fundamental studies that probe its stability on 
cycling to high potential. [  8  ]  Carbon corrosion is suggested to not 
be a major contributor based on DEMS studies that examine 
the oxidation product from the deposition of small amounts of 
Li 2 O 2  on discharge. [  26  ]  At the larger capacities employed here, 
it may be a factor in the absence of a catalyst, however. This is 
under investigation. Whatever the cause, the discharge curve for 
the 2 nd  cycle for the carbon-only cathode shows a dramatic loss 
of catalytic activity - i.e. much decreased capacity and higher 
discharge potential (Figure  3 b). However, in the presence of 
the pyrochlore catalysts, the discharge-charge curves on the 2 nd  
cycle exhibit even better performance than the 1 st  cycle. This 
demonstrates the high catalytic activity of the bismuth and lead 
ruthenium oxide catalysts because almost all of the ORR/OER 
activity at the 2 nd  cycle presumably occurs by their action. The 
charging curves for the Li-O 2  cell with the  α -MnO 2  nanowire 
catalyst have similar characteristics on the 1 st  and 2 nd  cycles 
as those with carbon alone, although  α -MnO 2  produces much 
more discharge capacity. However, it does not show much cata-
lytic OER activity on the 2 nd  cycle, implying that either  α -MnO 2  
nanowires are not highly effective catalysts for Li 2 O 2  oxidation 
in this electrolyte, or that other factors are at play (such as cata-
lyst deactivation arising from a number of possible processes). 
We note there have been confl icting reports on the effi cacy of 
 α -MnO 2 . [  34  ,  35  ]    

 2.3. Effect of Gold Coating on ORR 

 A signifi cant increase in the discharge capacity was effected 
using a composite catalyst: gold-deposited pyrochlore 
(Au-PbRO). Gold is known as a very good ORR catalyst in 
aqueous media through promoting ORR via the peroxide 
route, since the early studies of Yeager. [  23  ]  As lithium peroxide 
is the desired product for nonaqueous Li-O 2  batteries, gold is 
expected to be a good candidate for ORR in this system as 
well. Recent studies have proven this, demonstrating its cata-
lytic activity in various non-aqueous electrolytes, including 
pure DME. [  12–14  ,  36  ,  37  ]  Based on the premise that platinum 
nano-particles are a good catalyst for OER, previous investi-
gators have combined the two metals to form a bifunctional 
PtAu catalyst. [  14  ]  Recent data suggests that Pt may not be an 
ideal component since it is reported to decompose ethers 
such as DME on charge, [  33  ]  but the concept is nonetheless 
appealing. We were motivated to use a similar approach by 
combining gold with the pyrochlore oxide catalysts in place 
of Pt. In principle, gold nanoparticles can promote the ORR 
reaction together with the pyrochlore on discharge, and on 
charge, pyrochlore can act as a good catalyst for OER where 
it exhibits its best properties. We initially carried out these 
studies with PbRO; BiRO gives the same results and hence 
they are not shown here. The SEM image of gold-deposited 
lead ruthenium oxide reveals that gold particles around 
100 nm in diameter are homogeneously distributed on the 
PbRO (SI, Figure S4a), accounting for a 21 wt% loading by 
bH & Co. KGaA, Weinheim Adv. Energy Mater. 2012, 2, 903–910
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     Figure  5 .     XRD patterns for composite catalysts: a) Au deposited on PbRO 
(Au-PbRO) and b) PbRO deposited on carbon (PbRO-C). For Au-PbRO, 
21 wt% of gold was deposited on nanocrystalline lead ruthenium oxide 
using chloroauric acid. For PbRO-C,  ∼ 10 nm lead ruthenium oxide nanoc-
rystals were deposited on the carbon black surface, accounting for a mass 
of 30 wt%.  

     Figure  6 .     Discharge-charge profi les for Li-O 2  cells with cathode mem-
branes incorporating the catalysts as shown: lead ruthenium oxide 
(PbRO) in the voltage window 2.0–4.25 V; Au-deposited lead ruthenium 
oxide (Au-PbRO) between 2.0–4.3 V, and gold deposited silica (Au-SiO 2 ) 
as a “blank” experiment, between 2.0–4.4 V window; (a) fi rst cycle; 
(b) second cycle using a current density of 70 mA g  − 1 .  
EDX analysis (SI, Figure S4b). The XRD pattern ( Figure    5  a) 
shows the existence of nano-crystalline gold in the mixture 
as expected. To compare the electrocatalytic effect of the 
gold catalyst alone, gold was also deposited on  ∼ 200 nm 
silica beads (abbreviated as Au-SiO 2 ) using a similar coating 
process as for the pyrochlore. Silica was used because it is an 
inert material that simply functions as a support. All mate-
rials were dried at 400  ° C under vacuum prior to electrode 
assembly.    

 Figure 6   shows the discharge-charge profi le of the 1 st  and 2 nd  
cycles of the Li-O 2  cell containing the Au-PbRO catalyst, com-
pared to cells with PbRO, and the Au-SiO 2  catalyst. The cell with 
Au-PbRO exhibits a single discharge plateau around 2.65 V and 
a very high capacity of 12,500 mAh g  − 1 , more than twice the 
discharge capacity of the pyrochlore catalyst alone. Comparing 
to Au-SiO 2 , the fi rst discharge capacity (7800 mAh g  − 1 ) is higher 
than either carbon alone ( ∼ 3000 mAh g  − 1 , Figure  3 a) or the 
pyrochlore catalyst alone, and the overpotential on discharge 
is also slightly lower than the latter. These results collectively 
support the previously reported ORR activity of supported gold 
nanoparticles. The charge potential for Au-SiO 2  is signifi cantly 
higher than the pyrochlore catalyst, however, and the discharge 
capacity starts to fade immediately after the fi rst cycle. This 
owes to the ineffectiveness of Au for OER, which has also been 
demonstrated by the IBM group. [  33  ]  The combined Au-PRO cat-
alyst exhibits a Li 2 O 2  charging potential near 4.05 V on the fi rst 
cycle, slightly higher than observed for the pure lead ruthenium 
oxide catalyst. We expect that increased overpotential related to 
mass transport issues as a result of the doubled Li 2 O 2  content 
is a major factor. However, the contribution of the PbRO still 
leads to almost full decomposition of the reaction product, pro-
viding a rechargeable capacity of 12 000 mAh g  − 1  over the ini-
tial cycles. The charging potential starts to gradually increase 
on subsequent cycles which–as explained above - owes to mass 
transport issues arising from the lowered discharge electrode-
posit conductivity and some electrolyte oxidation at the higher 
© 2012 WILEY-VCH Verlag GAdv. Energy Mater. 2012, 2, 903–910
potentials required for charge. This also shows that very high 
discharge capacities lead to other concerns.    

 2.4. Pyrochlore Supported on Carbon 

 While catalysts clearly play an important role in increasing 
the discharge capacity and reducing the anodic overpotential, 
it is highly desirable to maximize their mass activity. This 
can minimize their fraction of the total cathode weight while 
still maintaining good electrochemical performance. The fab-
rication of homogeneously nanosized particles is a common 
method used to optimize catalytic effects because the kinetics 
of most catalytic reactions are surface area dependent. How-
ever, the high surface energy that results from a large surface 
area often leads to signifi cant particle agglomeration, inhib-
iting homogenous dispersion and full utilization of the cata-
lytic sites. This is evident in the HRTEM micrographs of the 
polycrystalline lead and bismuth ruthenium oxides (Figure  2 ).
Although the primary crystallite or domain size is around 
4–5 nm, most of the surface area of each crystallite is not 
exposed owing to particle coalescence. To overcome this 
problem, we developed a method for wet coating the lead 
ruthenate nano-particles onto the carbon surface. The thermo-
gravimetric analysis (TGA) for the metal oxide coated sample 
(PbRO-C) under air (SI, Figure S5) shows that the metal oxide 
mbH & Co. KGaA, Weinheim 907wileyonlinelibrary.com
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     Figure  8 .     Discharge-charge profi les on the fi rst, second and third cycles 
for Li-O 2  cells with cathode membranes incorporating the catalysts as 
shown: lead ruthenium oxide (PbRO) in the voltage window 2.0–4.25 V; 
5 wt% lead ruthenium oxide deposited on carbon (PbRO-C) between 
2.0–4.3 V. The current density was 70 mA g  − 1  (carbon).  

     Figure  7 .     SEM images for (a) bare and (b) lead ruthenium oxide deposited carbon black 
(PbRO-C), showing their almost identical morphological features. (c) Bright fi eld TEM image 
of lead ruthenium oxide-deposited on carbon black (PbRO-C). The black PbRO nanocrystallites, 
≤10 nm in diameter, are evident as well-dispersed particles on the carbon surface.  
content is 30 wt%, and the XRD pattern shown in Figure  5 b 
confi rms the formation of the lead ruthenate pyrochlore phase. 
Although the amorphous carbon background dominates the 
diffraction pattern owing to the low metal oxide loading, and 
is responsible for the large very broad feature at about 30 ° , 
the refl ections of the pyrochlore are clearly visible. These 
indicate a crystalline domain size a little larger than for the 
unsupported oxide (Figure  5 a) based on the comparative width 
of the (222) refl ection. The lead ruthenate pyrochlore nano-
particles are well dispersed at high pH because their surface 
is negatively charged, [  22  ]  and the small (50 nm) carbon black 
particles provides an effi cient surface for catalyst binding. The 
SEM images ( Figure    7  a,b) show that even after signifi cant par-
ticle deposition, the original morphology of the carbon black 
is well maintained, which implies that lead ruthenate parti-
cles are well dispersed on the surface. Lead ruthenate nano-
particles less than 10 nm are clearly visible in the TEM images 
(Figure  7 c), confi rming their homogenous distribution on the 
carbon surface.  

 Because PbRO-C has almost the same morphological fea-
tures as carbon alone, giving rise to internal porosity that 
serves to house the Li 2 O 2 , mixing of the two components 
during the electrode fabrication process is much more effec-
tive than a physical combination of the pyrochlore with 
carbon as described above (Section 2.2). Consequently a much 
smaller fraction of catalyst produced a similar electrochem-
ical result.  Figure    8   shows the discharge-charge curves for the 
Li-O 2  cells with PbRO-C catalyst, and comparison to PbRO. 
For the PbRO catalyst, carbon was mixed with the catalyst in a 
1: 1 mass ratio and for the PbRO-C catalyst, an electrode with 
a 5:1 composition was manufactured by mixing carbon with 
PbRO-C catalyst. The latter amounts to a total weight loading 
of ruthenate pyrochlore of 5 wt% on the electrode. The cells 
with the PbRO-C catalyst yields a much higher discharge 
capacity with similar discharge (2.65 V), and charge (4.05 V) 
overpotentials than the unsupported PbRO catalyst despite 
© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weiwileyonlinelibrary.com
the much smaller weight fraction of cata-
lyst. This is due to a combination of a larger 
exposed catalytic surface area owing to the 
highly-dispersed nano-particles; and a more 
effective pore formation for Li 2 O 2  deposition 
resulting from the mixing of carbon and 
catalyst with similar size and morphology. 
The higher fraction of peroxide deposition 
results in more signifi cant overpotential on 
charge owing to mass transport limitations, 
however. The calculated discharge capacities 
per gram of total electrode mass (based on 
the total cathode mass including carbon, cat-
alyst, binder  and  O 2 ) were  ∼ 1100 mAh g  − 1  total  
for the PbRO-C and Au-PbRO catalysts, 
compared to a maximum of 900 mAh g  − 1  total  
for the unsupported pyrochlore catalyst. On 
this basis, the benefi ts of the carbon sup-
ported PbRO catalyst are clear, compared to 
the other two materials.     
 3. Conclusion 

 We prepared nanocrystalline lead and bismuth ruthenium 
oxides with extended pyrochlore structures by a new synthetic 
route employing a simple chemical oxidation of aqueous pre-
cursor solution. These materials show intriguing OER proper-
ties for the Li-O 2  cell, producing rechargeable capacities well 
over 10 000 mAh g  − 1  and lowering anodic overpotentials sig-
nifi cantly. This good catalytic behavior is facilitated by their 
signifi cant concentration of surface active sites afforded by 
their high surface area, intrinsic variable redox states, and 
facile electron transport owing to their conductive character. 
The ORR performance of the Li-O 2  cell was signifi cantly 
improved by introducing gold nanoparticles onto the surface 
pyrochlore composite catalyst. The amount of catalyst can be 
greatly reduced by homogenously coating ruthenium pyro-
chlore nano-crystallites onto the carbon surface, providing the 
nheim Adv. Energy Mater. 2012, 2, 903–910
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most effective (per total mass of cathode) material for the Li-O 2  
cell membrane assembly.   

 4. Experimental Section  
 Synthesis of nano-crystalline lead ruthenium oxide : A 0.16 M solution of 

ruthenium nitrosyl nitrate solution (3.303 g), lead subacetate (0.134 g) 
and deionized water (6.0 g) were mixed and stirred for 1 h. A 2.0 M 
NaOH solution (3.3 mL) was added and a clear solution was obtained. 
A 2.0 M NaOCl solution (0.50 mL) was added dropwise into the reaction 
container with vigorous stirring. The solution was stirred for a further 
24 h during which time a precipitate formed. The solid was fi ltered, 
washed, and dried in a vacuum oven at 100  ° C for 12 h. 

  Synthesis of nano-crystalline bismuth ruthenium oxide . Bismuth nitrate 
pentahydrate (0.364 g) and ruthenium nitrosyl nitrate (3.303 g) were 
dissolved in water (1.0 g) to form a clear solution by adding concentrated 
nitric acid (0.6 g). Then, 10 mL of a 2 M NaOH solution was slowly 
added to the stirred solution to form a solid precipitate, and the mixture 
was held at 70  ° C for 3 h. Standard sodium hypochlorite solution, 
NaOCl (0.7 mL, 2 M) was added dropwise into the reaction vessel with 
vigorous stirring and the solution was stirred for a further 24 h at 70  ° C. 
The resultant solid was fi ltered, washed, and dried under vacuum dried 
in a vacuum oven at 100  ° C for 12 h.  

 Synthesis of gold-deposited pyrochlore : Nanocrystalline lead ruthenate 
(50 mg) was suspended in water (10 mL). The solution pH was 
adjusted to 9.0 by slow addition of a 0.2 M (NH 4 ) 2 CO 3  solution, and 
0.01 M chloroauric acid (10 mL) was added dropwise to the solution 
with stirring. The solution was aged for one hour, and was then fi ltered, 
washed and dried at 100  ° C under vacuum for 12 h.  

 Synthesis of lead ruthenate/carbon composite : Carbon black (0.400 g) 
was dispersed in water (10 mL) to which NaOCl solution (0.5 mL, 2.0 M) 
was added. The mixture was stirred for 15 min, fi ltered and dried at 
100  ° C. The precursor solution was prepared by mixing ruthenium 
nitrosyl nitrate solution (1.321 g), and lead sub-acetate (0.054 g) in 
water (8.0 g) to form a solution which 2 M NaOH (3.0 mL) was added. 
This solution was poured into a Tefl on reactor containing 0.180 mg of 
NaOCl-treated carbon. The reactor was placed at 70  ° C for 24 h while 
being stirred under constant 1 atm oxygen. After it was cooled to room 
temperature, the product was fi ltered, washed and dried in a vacuum 
oven at 100  ° C for 12 h.  

 Characterization : Powder X-ray diffraction was performed on a 
Bruker D8-Advance powder diffractometer equipped with a Våntec-1 
detector, using Cu-K   α    1  radiation (  λ    =  1.5405 Å). Transmission electron 
microscopy was carried out on a Hitachi HD-2000 operating at 200 keV. 
TGA of the samples was performed using a TA Instruments SDT Q600 
system with air as the carrier gas (100 cc min  − 1 ) and a heating rate of 
5  ° C min  − 1 . SEM samples were sputter coated with gold and imaged 
using a LEO 1530 fi eld-emission SEM equipped with an EDX attachment 
(Zeiss). Nitrogen isotherms were measured using a Quantachrome 
AUTOSORB-1 system and Brunauer-Emmett-Teller (BET) method was 
utilized to calculate the surface area.  

 Electrochemical studies : Swagelok-type cells were assembled in an argon-
fi lled glove box  < 0.5 ppm H 2 O and  < 1 ppm O 2 ) using a porous carbon 
(Ketjen-black) cathode together with lithium anode and glass membrane 
separator, where the cathode side is exposed to a pressure-balanced 
chamber fi lled with 1 atm of oxygen gas (99.999%,  < 3 ppm H 2 O). 1 M 
LiPF 6  in TEGDME ( < 5 ppm H 2 O by Karl-Fischer titration) was used as 
an electrolyte; the TEGDME was dried over molecular sieves prior to 
use, and distilled under vacuum. Anodic potential sweep measurements 
of the electrolyte were also carried out to determine its stability, both 
under argon and under oxygen. These showed (SI, Figure S6) that the 
electrolyte was stable to about 4.3–4.4 V under O 2 . The porous cathode 
was fabricated following according to literature methods, [  11  ]  using a 
1:1:2.4 mass ratio of carbon black, catalyst and binder. Electrodes were 
dried in a vacuum oven (10  − 2  torr) overnight at 100  ° C. The pyrochlore-
deposited carbon catalyst was additionally mixed with carbon in a 1:5 
© 2012 WILEY-VCH Verlag GmAdv. Energy Mater. 2012, 2, 903–910
ratio to prepare the porous membrane. The overall carbon: pyrochlore 
ratio is to 57: 3, since the pyrochlore accounts for 30 wt% of the PbRO-C 
catalyst. Electrochemical studies were performed at room temperature 
(25  ° C) using a VMP3 operating in a galvanostatic mode at a rate of 
70 mA g  − 1  of carbon for both charge and discharge, between 2.0 and 4.5 V. 

 We note that the theoretical discharge capacity of the lithium-O 2  battery 
can be defi ned based on the reactant (O 2 , 1675 mAh g  − 1 ); the ideal discharge 
product (Li 2 O 2 , 1168 mAh g  − 1 ); or the electron storage capacity per mass 
of carbon which is often used. Calculation of the theoretical capacity with 
respect to the pore volume (estimated to be  ∼ 4 cm 3  g  − 1  from the volume 
of the pore-former solvent used to form the porous cathode), shows that 
completely fi lling that volume with Li 2 O 2  would add 8.6 g of mass based on 
its density of 2.3 g cm  − 3 , thus amounting to a capacity of 10 045 mAh g  − 1  
given that the theoretical capacity is 1168 mAh g  − 1  of Li 2 O 2  produced.   
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