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ABSTRACT: Mesoporous, nanocrystalline metallic lead ruthenium
oxide (a pyrochlore) was synthesized through the formation of a
mesostructured cohydroxide network via liquid crystal templating, and
subsequent “soft” chemical oxidation that crystallizes the oxide at low
temperature. The stable S+I− interaction chemistry responsible for the
templating methodology is elucidated. The formation of a disordered
mesoporous structure with a pore volume of 0.18 cm3/g and walls
comprised of nanocrystallites was confirmed by X-ray diffraction and
conductivity, N2 isotherm measurements, and TEM observations. The
resistivity of mesoporous oxide at room temperature was 0.046 Ω·cm, only 2 orders of magnitude less than the single crystal
value, and one of the only two porous metallic oxides that are known to date. The electrocatalytic properties of this material for
oxygen reduction and evolution in aqueous and nonaqueous media were evaluated by cyclic voltammetry, chronoamperometry,
and linear sweep voltammetry. These techniques show that the synthesized pyrochlore lowers the overall oxidation voltage by 0.7
V relative to carbon in nonaqueous, Li+-containing electrolyte. This is the result of its ability to both completely oxidize Li2O2 (at
a relatively low potential) and electrocatalytically oxidize all known side-products formed from electrolyte decomposition in the
Li−O2 battery. This further helps to explain the nature of “electrocatalysis” in this system.

■ INTRODUCTION

Metallic mesoporous oxide frameworks are among the most
fascinating emerging materials in solid-state chemistry because
their nanoscaled wall structure and high surface areatogether
with a high electronic conductivityenable various potentially
revolutionary applications in electronic circuits, sensors, energy
conversion and storage devices.1−6 However, only a handful
have been reported to date. These include rutile-type MoO2,
prepared via a replica synthesis from a hard silica template;5 a
Magneĺi phase Ti4O7, prepared via carbothermal polymer-
mediated reduction (which is strictly speaking, nanostruc-
tured);7 and the pyrochlore Pb2Ru2O6.5, first reported two years
ago.8 It is of interest to understand this family better in order to
explore the effect of confined electron transport that could lead
to many other novel properties.
Pyrochlores represent a particularly interesting class of

oxides, where the compositions A2B2O7−δ (A = Pb or Bi, B =
Ru or Ir) exhibit metallic conductivity,9−14 that ranges up to 4.3
× 103 S/cm at 300 K for single crystals of Pb2Ru2O6.5.

9 The
structure of these pyrochlores is typically viewed as two
interwoven metal oxide substructures with an overall
composition of A2B2O6O′1−δ. Corner-shared noble metal−
oxygen octahedra (BO6) generate a cage-like structure which
provides a continuous conduction path for the electrons,
whereas the A element is linearly connected in the structure
with special oxygen (O′) atoms to form O′−A−O′ linkages.10
These special oxygen sites can be partially or completely absent
(Figure 1), which gives rise to oxygen nonstoichiometry within

the structure. Although these pyrochlore structures generally
belong to the cubic space group Fd3 ̅m, in case of Pb2Ru2O6.5
where half of the special oxygen is systematically absent, the
ordered vacancy structure results in additional symmetry and a
space group assigned to P4̅3m.11 It is also well known that the
noble metal in B-site can be partially replaced by the A-site
cation which generates so-called expanded pyrochlores with a
composition of A2[B2−xAx]O7−δ, where x ranges from 0 to
1.10,12,13 They adopt the space group Fd3 ̅m and are usually
prepared by low-temperature solution-based methods. Partial
substitution leads to a decrease in their electronic conductivity,
although they still display metallic behavior.12 The bulk oxides
were shown to have very good bifunctional properties for
oxygen electrocatalysis, reducing activation energies for both
oxygen reduction and evolution reactions (ORR and OER,
respectively) in rotating ring disk-electrode studies using KOH
as an electrolyte.13,15−18 The fundamental properties of the Pb
congener have been explored in both acidic and basic aqueous
media,19 and it has been used practically as catalysts in aqueous-
based metal−air batteries, fuel cells, and electrolyzers.14,15,20−23

The observed oxygen electrocatalysis is believed to originate
from the multivalent characteristics of the redox-active metals
and the compensating effect of the oxygen vacancies that lead
to variable stoichiometry.13,19
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In this work, we describe the detailed synthesis and
characterization of an electronically conducting mesoporous
mixed metal oxide based on the pyrochlore structure and its
electrochemical properties for oxygen reduction and evolution.
There has been relatively little research reported on solution-
based in situ crystallization of amorphous mesoporous
networks, with the exception of zeolites, where the organic
template directs the formation of an ordered metal−oxide
framework.24,25 In most other cases, heat treatment of an
initially formed amorphous frameworkapplied to crystallize
the productresults in the collapse of pore structure either by
the decomposition of the precursors or by crystallite growth.
To overcome this problem, hard templates such as silica5,26 or
carbons27 have been employed that can endure the structural
stress and strain developed during the heat treatment and help
maintain the wall structure. The reactivity of the initial
precursors with the template structure is often a limiting
parameter for this method (resulting in silicate or carbide
formation). As well, the cumbersome process of etching the
template and nanocasting the precursors to form the
mesopores of the template presents a processing challenge. In
this work, we used a fundamentally different approach.
Crystallization of an initial amorphous hydroxide precursor
framework is effected using an oxidizing agent, sodium
hypochlorite (NaOCl) to catalyze condensation of the
hydroxide to the oxide. By gently increasing the transition
metal oxidation state, as opposed to condensation with heat,
the oxide crystallizes around the surfactant template. The
organic template is removed by extraction with solvent once the
oxide has been formed, similar to other template reactions.
Here, we expand on our preliminary report that first
demonstrated the excellent properties of mesoporous
A2Ru2O6.5 oxides (A = Pb, Bi) as catalysts (or “promoters”)
for aprotic Li−air batteries8 to delve into the synthetic materials
chemistry factors that govern formation of the porous oxide
with a nanocrystalline wall structure. We report a deeper
understanding of the origin of the observed electrocatalysis in
Li+-containing nonaqueous electrolytes on this same “model
catalyst” material.

■ MATERIALS AND METHODS

Materials Synthesis. To prepare the templated, meso-
structured crystalline lead ruthenate, 0.900 g of 25% (w/w)
aqueous hexadecyl-trimethylammonium chloride (Fluka,
C16TMA+Cl−) solution, 3.303 g of ruthenium(III) nitrosyl
nitrate solution (1.53 wt % Ru, Sigma-Aldrich), 0.134 g of lead
subacetate (Pb(OAc)2·2Pb[OH]2) and 5.0 g of deionized water
were mixed in a 20 mL PTFE container and stirred for 1 h at
room temperature. The solution was transferred to a 100 °C
oven and stored for 3 h in a sealed flask. In a separate beaker,

3.3 g of 2 M aqueous NaOH solution was prepared and added
dropwise into the stirred lead ruthenate solution immediately
after it was taken out from the oven. The mixture was stirred
for 3 h at room temperature and then 0.57 mL of sodium
hypochlorite solution (11.9% active Cl, Sigma-Aldrich) was
added dropwise into the reaction flask. The reaction was stirred
for an additional 12 h with the flask tightly sealed. We note that
it takes several hours until the crystalline phase appears after
the addition of NaOCl. During this stage, the hydroxide
framework is first transformed into an amorphous oxide and
then the amorphous oxide crystallizes as the reaction proceeds
further. Therefore, it is important to maintain a sufficiently fast
stirring speed so that the local concentration of NaOCl is
constant. If the local concentration of NaOCl is too high, this
induces preferential growth of crystalline phase in that region,
which does not favor the porous structure. The solid product
was filtered, washed with copious amounts of deionized water,
and dried in a vacuum oven at room temperature. To extract
surfactant from the mesopores, the powder was dispersed in 5
mL of water and stirred while 7 mL of ethanol was slowly
added over the period of 3 h. The resulting power was filtered
and dried on a vacuum line at room temperature.
For comparison, to prepare an amorphous lead/ruthenium-

surfactant hydroxide nanocomposite, the sodium hypochlorite
solution was not added to the reaction mixture, and the material
was instead heated in a convection oven for 12 h at 100 °C to
obtain a yellowish powder. To prepare an amorphous lead/
ruthenium-surfactant oxide nanocomposite, less than 0.57 mL
of sodium hypochlorite solution was added to the lead-
ruthenate solution in the above synthesis. On the other hand,
adding more than 0.60 mL of sodium hypochlorite resulted in
extensive crystalline growth and destruction of the porous
mesostructure.

Materials Characterization. Powder X-ray diffraction was
performed using a Bruker D8-Advance powder diffractometer
with Cu Kα radiation (λ = 1.5405 Å). Transmission electron
microscopy (TEM) was carried out on a HR-TEM, FEI Tecnai
G2 operating at 200 keV. Thermogravimetric analysis (TGA)
of the samples was performed using a TA Instruments SDT
Q600 system with air as the carrier gas (100 cc/min) at a
heating rate of 5 °C/min. Samples for scanning electron
microscopy (SEM) were sputter-coated with gold and imaged
using a LEO 1530 field-emission SEM equipped with an EDX
attachment (Zeiss). Nitrogen isotherms were measured using a
Quantachrome AUTOSORB-1 system and the Brunauer−
Emmett−Teller (BET) method was utilized to calculate the
surface area. Fourier transform infrared (FT-IR) spectra were
measured using a Bruker Vertex 70 FT-IR spectrometer in the
spectral range from 800 to 3200 cm−1. The resistivity of the
mesoporous oxide was measured through a four point probe

Figure 1. Cage-like structure of (a) the Ru2O6 framework created by alternating layers of a hexagonal ring of corner-sharing RuO6 octahedra viewed
along the [111] direction, (b) tetrahedral structure of Pb4O′, and (c) unit cell structure of the Pb2Ru2O6O′0.5 pyrochlore where Pb4O′ tetrahedra
preside within the cage made by RuO6 octahedra. Special oxygen atoms (O′) at the corners are not shown in the unit cell.
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method. The powder was dried in a vacuum oven at 100 °C for
18 h prior to the resistivity measurements to eliminate any
adsorbed water on the material. The mesoporous oxide was
gently pelletized into a long cuboid, and the wires were
attached with silver paste and annealed under an infrared lamp.
A high precision HP 34401A was used as a constant current
source and a Keithley 2400 Digital SourceMeter was used to
measure the voltage.
Non-Aqueous Electrocatalytic Studies. Catalyst inks

were prepared by homogeneously dispersing the prepared lead
ruthenium oxide (PRO) catalyst and/or Vulcan XC72 (Cabot
Corp.) carbon black in 1 mL of NMP solution containing Li+-
ion exchanged Nafion (Nafion-Li).28,29 Dispersions were
prepared with Nafion-Li:Carbon and Nafion-Li:PRO mass
ratios of 1:2 and 1:8, respectively. A glassy carbon electrode
(Pine Instruments, Co., 0.196 cm2) was coated with the ink and
dried at 100 °C for 24 h to obtain coating loads of 250 μg of
carbon/cm2 and 1 mg of PRO/cm2. The electrochemical
experiments were performed in an argon-filled glovebox, with a
three-electrode cell gas-flow enabled setup consisting of the
coated glassy carbon electrode as the working electrode and Li
foil as both the counter and reference electrodes. Cyclic
voltammetry, chronoamperometry, and linear sweep voltam-
metry experiments were controlled with a VMP3 potentiostat
and EC-Lab software (Bio-Logic Science Instruments). The
electrolyte used was 0.1 M lithium hexafluorophosphate (LiPF6,
Novolyte) in tetraethylene glycol dimethyl ether (TEGDME,
99%, Sigma-Aldrich, distilled) in all cases, and all experiments
were performed at room temperature. Additional information is
available in the Supporting Information.

■ RESULTS AND DISCUSSION

Synthesis and Characterization. The mesoporous
crystalline oxide framework was created via the cooperative
assembly of an initially amorphous lead/ruthenium hydroxide
precursor using a cationic organic surfactant, hexadecyl-
trimethyammonium chloride, C16TMACl. The overall synthesis
procedure is shown in Scheme 1. Crystallization of the wall
structure is effected by kinetic control of the reaction processes

that take place during the assembly, using an oxidizing agent,
sodium hypochlorite, (NaOCl) to increase the oxidation state
of the transition metal. The transformation of the initial
hydroxo bridges to oxo-bridges is induced by the increase in the
formal charge on the transition metal, which strongly polarizes
the coordinated oxygen atoms and thus destabilizes the O−H
bond to form the oxide by further chemical oxidation and
dehydration. The crystallization process is highly sensitive to
the concentration and ratio of the oxidizing agent, hypochlorite.
The transition metal cations with a high formal charge can only
be stabilized by oxo-bridges. The conversion of a cohydroxide
framework, (Pb,Ru)(OH)xOy, is critically dependent on the
oxidation state of the metal. When it reaches a certain value, the
structure is completely converted into an oxide framework,
even with the addition of a relatively small amount of oxidizing
agent. For the preparation of an amorphous hydroxide lead/
ruthenium-surfactant nanocomposite, for example, sodium
hypochlorite solution is not added to the reaction mixture,
but instead, the material is simply heated in a convection oven
for 12 h at 100 °C to obtain a yellowish powder. Adding less
than 0.57 mL of sodium hypochlorite solution above (ie, 0.50
mL) results in an amorphous Pb−Ru oxide. Conversely, adding
more than 0.60 mL of sodium hypochlorite solution results in
extensive crystalline growth and destruction of the meso-
structure.
The high sensitivity of the nature of the product to the

hypochlorite concentration can be explained by considering the
mechanism of the templating process. In the formation of the
mesostructured amorphous-surfactant hydroxide, we expect that
the hydroxyl polyanion complex [(Ru,Pb)(NO)x(OH)y]

5−y

initially self-assembles with the positively charged C16TMA+

via a stable S+I− interaction.30−32 Figure 2a shows the FTIR
spectrum of this material, where the functional groups from
both the surfactant (C−H, C−N−C) and the metal precursors
(OH, NO) are clearly observed. The surfactant so strongly
interacts with the hydroxide precursors that it cannot be
removed by a simple extraction process in alcohol, in fact.
Figure 2b describes the nature of the coordination chemistry in
aqueous solution, based on the fact that generally speaking,
transition metal cations with a high formal charge Z can be
stabilized only by oxo-bridges (−O−) with neighboring cations
in alkaline solution.33 The role of the sodium hypochlorite,
which has a high reduction potential, 0.81 V vs NHE in alkaline
solution (eq 1),34 is to oxidize the surfactant-templated
[(Ru,Pb)(NO)x(OH)y]

5−y and gently increase its average
oxidation state. This triggers the condensation to the oxide,
via conversion of the hydroxo-bridges (−OH−) initially formed
between the transition metals to oxo-bridges.33 The formal
charge increase on the transition metal strongly polarizes the
oxygen atoms coordinated to them and, thus, destabilizes the
O−H bond, making the partial charge δ(H2O) more positive.
For example, considering ruthenium hydroxide alone, the
partial charge (δ(H2O)) increases from 0.088 to 0.153 as the
ruthenium formal oxidation state increases from +3 to +4.5.
Here, the hydroxo form is very unstable due to the high average
electronegativity. The overall condensation process is described
by equation 2

+ + → + ° =− − − − EClO H O 2e Cl 2OH 0.81 V2 (1)

· +

→ + +

+ −

+ −

2(Pb Ru )(OH) 1.5OCl

Pb Ru O 1.5Cl 5H O

3
5

2 2
4.5

6.5 2 (2)

Scheme 1. Schematic for the Synthetic Procedure for
Mesoporous Lead Ruthenate Pyrochlorea

aChemical oxidation of self-assembled hydroxide framework leads to
the mesostructured nanocrystalline oxide framework at room temper-
ature.
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TEM images of the mesoporous networks corresponding to
the formation of the initial amorphous hydroxide material and
the final crystalline oxide are shown in Figure 3. The

amorphous cohydroxide (Figure 3a) is characterized by a
well-connected three-dimensional disordered-pore network
with a uniform wall thickness and surfactant-filled channels
that are almost spherical. The initial cohydroxide mesostructure
is well maintained in the crystallized pyrochlore even in the
absence of the template (Figure 3b). The selected area electron
diffraction (SAED) pattern in Figure 3b reveals the crystalline
nature of the wall structure; the nanocrystallites that comprise
the wall are similar in dimension to its thickness (see below).
The low angle X-ray diffraction pattern of the initially formed

metal hydroxide (Figure 4a) shows a single broadened peak at
2θ = 1.89°, corresponding to a mesophase pore−pore
dimension, d, of 4.7 nm that is created by the presence of
the locally uniform wall and channel structures. The more
oxidized pyrochlore oxides exhibit an increase in the mesophase
dimension, namely d = 6.1 nm (2θ = 1.45°) for the mesoporous
crystalline oxide. This is likely because the intermolecular force
balance between the initial hydroxide and surfactant is modified
by the increased formal charge of the transition metal, resulting
in an increased channel size for the oxide. The wide-angle X-ray
diffraction pattern for the crystallized pyrochlore shows very
broad reflections reflecting the nanosized character of the
crystallites although they can be easily indexed in the P4 ̅3m
space group with a lattice parameter a = 10.232 Å, characteristic
of the stoichiometric compound (Pb2Ru2O6.5; a = 10.252 Å).7,8

This implies that the substitution of lead into ruthenium site,
which is a common phenomenon when the material is prepared
through a low temperature solution route, is absent.8,10

Elemental analysis by energy dispersive X-ray spectroscopy
(EDX) for the mesoporous powder sample further confirms
that the ratio between Pb/Ru is close to 1.0 (Supporting
Information Figure S1), in accordance with the results from
XRD.
The surfactant within in the framework was easily removed

by simply stirring the powder in an ethanol/water mixture for 3
h. We speculate that the chloride ion generated at the oxide-
surfactant interface by eq 2 may associate with the C16TMA+ as
the negatively charged hydroxyl framework is oxidized to the
neutral oxide, weakening the interaction of the surfactant and
enabling its removal as C16TMACl. Thermogravimetric (TGA)
and differential thermal analysis (DTA) (Figure 5a) confirms
surfactant removal as the intense exothermic peak in the DTA
curve and corresponding weight loss in the TGA curve at 200
°C is nearly absent in the ethanol-treated sample. The FT-IR
spectra further support this conclusion. The functional groups
of the surfactant are barely evident after the extraction process
(Figure 5b). We note that the extraction of surfactant from the
mesopore was carried out without any significant collapse of the
porous structure, as the distinct single peak in the low angle X-
ray diffraction pattern still remains after surfactant removal for
both amorphous and crystalline oxides in Figure 6a.
Excess oxidizing agent results in substantial crystalline growth

and the destruction of the porous structure as evidenced by the
sharp reflections in the XRD pattern shown in Figure 6b. The
increased lattice parameter (10.310 Å) for this material suggests

Figure 2. (a) Infrared spectra for mesostructured surfactant-templated lead ruthenate cohydroxide framework and (b) a diagram showing a synthetic
strategy for lead ruthenate pyrochlore oxide at low temperature.

Figure 3. TEM images for (a) mesostructured surfactant-templated
lead ruthenate cohydroxide and (b) surfactant-free crystalline lead
ruthenate pyrochlore.

Figure 4. (a) Low angle and (b) wide-angle X-ray diffraction patterns
for (i) mesostructured surfactant-templated lead ruthenate cohydr-
oxide framework, (ii) amorphous mesostructured lead ruthenate, and
(iii) crystalline mesostructured lead ruthenate. The mesodimension
increases after chemical oxidation as evidenced by shift to lower angle
of the lone peak in the low angle diffraction pattern. This is probably
caused by repulsive interactions between the surfactant and oxide
structure.
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that the ruthenium site is partially occupied by lead cations to
form an expanded pyrochlore. This lead cation is considered to
be tetravalent with a greater ionic radius (0.775 Å) than that of
Ru4+ (0.62 Å), resulting in an increase in the lattice parameter.
The extent of substitution, x, in Pb2+2[Ru2−xPb

4+
x]O6.5 was

estimated to be ∼0.18 based on the well-established correlation
between the lattice parameter and the extent of substitution
established in the literature.8 The composition of the
pyrochlore prepared with excess oxidizing agent is thus
described as Pb2[Ru1.82Pb0.18]O6.5.
The nitrogen isotherms of the surfactant-free amorphous and

crystalline pyrochlore oxides are shown in Figure 7a, b. Typical
type IV isotherms with hysteresis type 3 (H3) were observed
for both oxides,35 which is common for materials with a
disordered micro/mesoporous network. A pore volume of 0.15
and 0.18 cm3/g was measured for the amorphous and
crystalline materials respectively, and a BET surface area of
155 m2/g for both. These values are extremely large for a heavy
metal oxide and indicate the success of the approach to
establish mesoporosity. The pore size distribution calculated
based on the Barett−Joyner−Halenda (BJH) algorithm shows
the pore size is centered at 3.4 and 3.8 nm for the amorphous
and crystalline materials, respectively. This suggests they exhibit
the same overall porous structure, but crystallization of the wall
opens up the pore dimensions slightly. Considering the fact
that the mesophase pore−pore dimension of the crystalline
material is 6.1 nm, the wall structure is therefore comprised of a
few unit cells of pyrochlore, which can be also inferred from the
broadening in the reflections in the wide-angle X-ray diffraction
pattern (iii) in Figure 4b. The physical parameters of the
mesostructured hydroxide, amorphous oxide, and crystalline
lead ruthenate pyrochlore oxides estimated from X-ray
diffraction and N2 isotherm measurements, are summarized in
Table 1. For the mesostructured hydroxide, the surface area and
pore volume are not reported because we could not completely
extract the surfactant by simple stirring in an ethanol/water
mixture.
The resistivity of the surfactant-free mesoporous lead

ruthenate pyrochlore framework was 4.6 × 10−2 Ω·cm at
room temperature, a factor of 200 more than values reported
for expanded Pb−Ru ruthenium pyrochlores. Considering the
nanoscale wall structure, and the less developed crystallinity of
the mesoporous material, the value is quite reasonable and
comparable to the resistivity of other mesoporous metallic
oxides reported in the literature, which are at least several
orders higher3,4 except for rare exceptions.5 As the conductivity
can be affected by the presence of surface-adsorbed water
molecules,36 precautions were taken to remove adsorbed water
using an additional drying step at 100 °C under vacuum (see

Figure 5. (a) Thermogravimetric (TGA) and differential thermal analysis (DTA) curves and (b) FT-IR spectra: (i) crystalline lead ruthenate
pyrochlore containing surfactant; (ii) crystalline lead ruthenate pyrochlore after surfactant removal; (iii) amorphous, porous lead ruthenate
cohydroxide after partial removal of surfactant.

Figure 6. (a) Low angle X-ray diffraction patterns before (black thin
line) and after (blue thick line) surfactant removal for (i) the
amorphous and (ii) the crystalline lead ruthenate oxides. The higher
electron density contrast in the surfactant-free sample leads to an
increase in peak intensity; (b) X-ray diffraction patterns for (i)
mesoporous crystalline lead ruthenate pyrochlore and (ii) lead
ruthenate pyrochlore (with excess oxidizing agent). A crystalline
growth occurs upon more oxidizing agent. Solid lines are from the
reported powder diffraction for the extended pyrochlore
Pb2[Ru1.69Pb0.31]O6.5 for comparison (JCPDS 34-0472).
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Materials and Methods section). The resistivity of the expanded
lead ruthenate pyrochlore critically depends on the extent of
substitution, because as this increases, the pyrochlore exhibits a
transition from metal-like to semiconductor-like behavior. The
Ru2O6 framework based on corner-sharing RuO6 octahedra
provides a conduction path for electrons, and the Pb-
substitution on the Ru site provides a percolation path
among the connected RuO6. In the amorphous material,
conductivity is mostly governed by the short-range ordered
structure and disordering in the cationic sites, which gives much
higher resistivity compared with its crystalline counterpart. The
less developed crystallinity and the defective structure (cation

mixing) of the mesoporous pyrochlore oxide lead to
substantially higher resistivity.

Electrochemistry. The ORR and OER catalytic activities
measured in alkaline medium (0.1 M KOH) using rotating disk
electrodes are displayed in Figure 8. For comparison, other
model catalysts were explored. Pt/C was included as a reference
for ORR activity and NiCo2O4

37,38 was used because it is
known to be among the best bifunctional ORR/OER
candidates. Figure 8a shows the linear sweep voltammograms
for oxygen reduction. The ORR activity (as determined by the
limiting current density and onset potentials) of the lead
ruthenium oxide (PRO) surpasses that of NiCo2O4 and
approaches the Pt/C reference. Namely, the onset potential
for ORR is at −0.2 V vs Ag/AgCl for the PRO catalyst, which is
slightly lower than that of Pt/C (−0.1 V vs Ag/AgCl) but
higher than the NiCo2O4 (−0.3 V vs Ag/AgCl). The Vulcan
XC72 used as a support for the Pt/C catalyst (and as a
conductive additive with PRO and NiCo2O4) has very poor
activity, and through Kouteky−Levich analysis (not shown),
ORR was found to proceed through a 2 e− pathway on the
carbon. On the other hand, a 4 e− pathway was observed for
Pt/C and the oxides. Figure 8b shows the oxidative linear
sweep voltammograms, where the onset of oxygen evolution
occurs at 0.47 V vs Ag/AgCl for PRO, 0.61 V vs Ag/AgCl for

Figure 7. Nitrogen sorption isotherms and the corresponding BJH pore size distribution from desorption branch after ethanol treatment for (a) the
mesoporous amorphous lead ruthenate pyrochlore and (b) mesoporous crystalline lead ruthenate pyrochlore oxide.

Table 1. Physical Properties of (A) Mesostructured Co-
Hydroxide Precursors, (B) Mesoporous Amorphous Lead
Ruthenate, and (C) Mesoporous Crystalline Lead Ruthenate
Pyrochlore

materials
d spacing
[nm]

surface area
[m2/g]

pore size
[nm]

pore volume [
cm3/g]

A 4.7 4
B 5.7 155 3.4 0.15
C 6.1 155 3.8 0.18

Figure 8. Linear sweep voltammograms of the lead ruthenate oxide (PRO) catalyst compared to Pt/C, NiCo2O4, and Vulcan XC72 in O2-saturated
0.1 M KOH at a scan rate of 5 mV/s and a rotation rate of 1600 rpm. The curves in (a) and (b) show the oxygen reduction and evolution reactions,
respectively.
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NiCo2O4, and 0.66 V vs Ag/AgCl for Pt/C. The far superior
OER activity of the PRO owes to its high conductivity, high
surface area, and the existence of higher and lower valent oxides
(Pb2 [Ru2‑xPbx]O6.5) in the potential region of oxygen
evolution.13 These attributes of the pyrochlore can extend its
electrocatalytic performance to a plethora of oxidation reactions
and also provide a practical alternative to Pt/C in aqueous
media for ORR. It also shows the promise of the material as a
catalyst for aqueous Li−O2 batteries.
Our group has utilized this material as a support in the

nonaqueous lithium oxygen battery, where it exhibits enhanced
cycle life and a significant lowering of the charge potential.8,39

There has been much debate on the precise function of
electrocatalysts in the aprotic Li−O2 battery.

40,41 All studies on
this topic so far have been carried out using carbon as a
conductive catalyst support. Here, we perform a comparative
examination of “electrocatalysis” between carbon and the lead
ruthenium oxide pyrochlore which has been proven to be an
efficient catalyst for aqueous ORR/OER (Figure 8), in order to
rule out any synergistic effect of the carbon/catalyst. Figure 9
shows the cyclic voltammograms of carbon (Figure 9a) and the
pure mesoporous pyrochlore (Figure 9b) in 0.1 M LiPF6/
TEGDME electrolyte. On carbon black, a clear distinction
between ORR/OER and the argon background (dashed curve)

is observed. The pyrochlore, on the other hand, shows minimal
differences under these nonsteady-state conditions. This is
attributed to the surface metal oxide redox couples giving rise
to large pseudocapacitance behavior (which occurs under argon
as well). Due to the high surface area of this pyrochlore oxide
(155 m2/g), excellent pseudocapacitance can be also
anticipated in aqueous media.
To further probe the ORR/OER performance in non-

aqueous media, a combination of chronoamperometry (Figure
10a, ORR) and linear sweep voltammetry (Figure 10b, OER)

were applied.41 Lithium peroxide was deposited onto thin films
of the Vulcan XC72 and pyrochlore (on glassy carbon
substrates) by applying a reduction potential of 2.25 V vs Li/
Li+ for 30 min. After the oxygen reduction step, the system was
allowed to rest for 1 h to ensure that any LiO2 remaining in
solution or on the surface had fully converted to Li2O2 via the
disproportionation reaction (2LiO2 → Li2O2 + O2).

42 The
capacitance contribution mentioned above can be observed

Figure 9. Cyclic voltammetry on Vulcan XC72 (a) and lead ruthenium
oxide pyrochlore (b) in nonaqueous O2-saturated 0.1 M LiPF6/
TEGDME electrolyte at a scan rate of 5 mV/s. The dashed lines are
the experimental background CVs performed under argon flow.

Figure 10. Comparison of the catalytic activity of Vulcan XC72
(black) and lead ruthenium oxide pyrochlore (red) for the oxygen
reduction (a) and evolution (b) reactions in nonaqueous O2-saturated
0.1 M LiPF6/TEGDME electrolyte. The oxygen reduction activity in
(a) was probed using chronoamperometry with an applied voltage of
2.25 V vs Li/Li+. The background I−T curves are displayed with
dashed lines and the experiments performed under O2 flow with solid
lines. The oxygen evolution activity in (b) was determined with linear
sweep voltammetry at a scan rate of 0.5 mV/s to 4.25 V vs Li/Li+

(pyrochlore) and 4.75 V vs Li/Li+ (Vulcan XC72) after a layer of
Li2O2 (and potential side-products) was formed in (a).
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more clearly by the dashed I−T curves (2.25 V vs Li/Li+ under
argon flow) in Figure 10a. The Vulcan XC72 quickly reaches 0
mA but the pyrochlore takes a full 30 min to approach zero
current. Under an O2 flow, anodic linear sweep voltammom-
metry at 0.5 mV/s was used to oxidize the formed Li2O2

(Figure 10b). For the carbon black, at least three peaks are
clearly visible, suggesting that more than Li2O2 is being oxidized
(as fully explained below). On the pyrochlore only two peaks
are observed; one just above 3 V and a second peak at 4 V. The
shift in the main oxidation peak centered at 4.7 V for Vulcan
XC72 to 4.0 V for the lead ruthenate oxide indicates a
substantial electrocatalytic effect. It should be noted that the
overall electrical charge by integration of the peak area is
greater for the Vulcan XC72 because of the higher relative
amount of Li2O2 formed by ORR at 2.25 V.
To understand the electrocatalytic effect of the OER,

electrodes utilizing the Vulcan XC72 and pyrochlore as support
materials were combined with commercial powders of Li2O2

and the known side products of ORR from electrolyte
decomposition (lithium hydroxide, carbonate, and for-
mate).43,44 Charging of these electrodes under galvanostatic
conditions are shown in Figure 11. Sodium formate was used to
replace lithium formate because it can be obtained in the pure
anhydrous state. Charging of Li2O2 on carbon proceeds with a
high initial overpotential followed by a flat plateau at 3.7 V and

a rise to 4.6 V (electrolyte oxidation voltage) after 2e−/Li2O2 is
achieved. The overpotential is thought to be due to the direct
chemical oxidation of the carbon surface at the Li2O2/carbon
interface to form an insulating layer of lithium carbonate.45,46,47

The only other compound which could be oxidized on carbon
below the voltage of electrolyte decomposition was formate.
This compound exhibited a plateau of 3.8 V and proceeded via
a 1 e− process (actual 0.9 e−), which has been observed
previously.48 In contrast, the pyrochlore electrode was capable
of oxidizing all of these compounds below the onset of
electrolyte oxidization (Supporting Information Figure S3b).
However, compared to carbon, the pyrochlore also oxidizes the
electrolyte at a lower voltage (by about 0.5 V). The Li2O2 was
oxidized with virtually no overpotential at 3.3 V, indicating a
lack of interfacial resistance.47 The hydroxide and formate
compounds were oxidized via 1 e− processes with a slight excess
of charge being necessary. The X-ray diffraction patterns of the
electrodes before and after charging the peroxide show that the
Li2O2 was completely oxidized by both electrode materials
(Figure 11c,d). These results indicate that the dominant
oxidation peaks observed in Figure 10b following discharge are
a result of the oxidation of not only Li2O2 but also a
combination of side products that form via electrolyte
decomposition by O2

−/LiO2. Electrochemical oxidation of the
electrolyte occurs only after these compounds are completely

Figure 11. Charging of prefilled electrodes in 1 M LiTFSI/TEGDME at 50 μA/cm2. The electrodes were filled with lithium hydroxide, lithium
carbonate, sodium formate, and lithium peroxide using Vulcan XC72 carbon black (a) and the PRO catalyst (b) as the support materials. The
powder XRD patterns of the Li2O2/Vulcan XC72 (c) and Li2O2/PRO (d) composites before and after charging show that the commercial Li2O2 is
completely oxidized on both materials. The unlabeled broad peaks in (d) are attributed to the pyrochlore structure as shown in Figure 4b(iii).
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oxidized (i.e., >4.7 V for Vulcan XC72 and >4.2 V for the
pyrochlore). In accord with the work by McCloskey et al.,40

these results clearly indicate that no catalysis is required for
Li2O2 oxidation, yet the byproducts from electrolyte decom-
position (formed during discharge) must be completely
oxidized to allow for efficient rechargeability of the Li−O2
battery and extended cycling. The pyrochlore is capable of fully
oxidizing all side-products with an observed electrocatalytic
lowering of overpotentials. Carbon, on the other hand, can only
oxidize Li2O2 and formate below the voltage at which
electrolyte oxidization occurs. The voltage plateau for Li2O2
oxidation is also lower on the pyrochlore catalyst than carbon,
which is attributed to the stable, electrically conductive oxide
interface. The oxidized and insulating carbon/Li2O2 interface
(Li2CO3) causes interfacial resistance and results in high
charging voltages.45,46,47

■ CONCLUSIONS
A mesoporous metallic lead ruthenium oxide framework with a
pyrochlore structure was synthesized by a soft-template route
using chemical oxidation of a hydroxide framework at low
temperature. Extraction of the surfactant was accomplished
without structural degradation to generate a disordered pore
structure with a high surface area of 155 m2/g, pore volume of
0.18 cm3/g, and a pore size distribution around 4 nm. Its
nanocrystalline wall structure, with a high room temperature
conductivity of 22 S/cm, was confirmed by X-ray diffraction
measurements and TEM observations. This material was
examined for the electrocatalytic oxygen reduction and
evolution reactions in aqueous and aprotic media with
application for lithium oxygen batteries. In the nonaqueous
electrolyte, it was found that the lead ruthenium oxide
pyrochlore lowers the overall charging oxidation voltage by
0.7 V relative to that of carbon. This is due to its ability to both
completely oxidize Li2O2 (at a relatively low potential) and
electrocatalytically oxidize all known side-products formed from
electrolyte decomposition in the Li−O2 battery. This further
helps to explain the nature of electrocatalysis in the Li−O2
battery and shows that high surface area, oxidatively stable
metallic oxides are desired as cathode supports in the cell.
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