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repared by solid state reaction synthesis from mixtures of La(NO3)3·6H2O, Ca
(NO3)2·4H2O, Co(NO3)3·6H2O, and IrO2 at stoichiometric ratio. Images from scanning electron microscopy on
the as-synthesized powders exhibited particles in irregular shape at 100–250 nm in size. X-ray diffraction
analysis confirmed the formation of perovskite without the rutile signals from IrO2, suggesting successful
incorporation of Ir4+ at the Co cation sites. The carbon nanocapsules (CNCs) were used as an electrocatalyst
support. Electrodes for electrochemical measurements were fabricated by depositing mixtures of CNCs,
La0.6Ca0.4Co0.8Ir0.2O3, and polymeric binders on commercially available noncatalyzed gas diffusion electrodes.
In alkaline electrolyte, the La0.6Ca0.4Co0.8Ir0.2O3/CNCs demonstrated superior performances than those of
La0.6Ca0.4CoO3/CNCs and IrO2/CNCs in both charging and discharging current–potential polarization
measurements.

© 2008 Elsevier B.V. All rights reserved.
1. Introduction

Materials that promote both oxidation and reduction reactions on
the same electrode are known as bifunctional electrocatalysts. In
particular, considerable efforts have focused on identifying suitable
electrocatalysts for the oxygen reduction and evolution because of
potential applications in rechargeable metal–air and regenerative fuel
cell [1,2]. To date, ceramics including perovskites (ABO3), spinels
(AB2O4), and dioxides (AO2) have been evaluated for their electro-
chemical catalytic abilities [3]. Among them, the perovskites were
studied extensively in various compositions. For example, the
lanthanum cobaltate (LaCoO3) is recognized for relatively simple
synthesis and doping of various elements [4,5]. It was suggested by
Tiwari et al. that the B site cations (i.e., Co3+) in the LaCoO3 are
responsible for the observed catalytic behaviors in the oxygen
reduction [6]. Therefore, the replacement of Co3+ with ones revealing
better abilities is clearly a direction to pursue.

The iridium oxide (IrO2) has been used as the dimensionally stable
anode for chlor alkali cells [3]. The IrO2 is known for superb electrical
conductivities and corrosion resistances, attributes that are essential
in many electrochemical reactions. Previously, De Pauli and Trasatti
studied mixed oxides of IrO2 and SnO2, and reported impressive
performances for the oxygen evolution in acid electrolyte [7]. With a
rutile structure, the Ir4+ is surrounded by six neighboring oxygen
anions forming an octahedron, much like the environment Co3+

experiences in the perovskite matrix. Therefore, there arises sig-
nificant interest to synthesize perovskiteswith partial replacements of
Ir4+ at the Co cation sites and characterize their bifunctional behaviors.
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Recently we synthesized a metastable La0.6Ca0.4CoIr0.25O3.5– δ and
observed notable behaviors in both charging and discharging
reactions [8]. However, the exact nature of the improvements was
not clear because excess cations and anions were present in the
perovskite lattice. In this work, we synthesized stoichiometric La0.6-
Ca0.4Co0.8Ir0.2O3 by the solid state reaction route and evaluated its
bifunctional catalytic abilities.

2. Experimental

In the solid state reaction synthesis, a mortar and pestle were used
to grind and mix La(NO3)3·6H2O, Ca(NO3)2·4H2O, Co(NO3)3·6H2O, and
IrO2 at stoichiometric ratio (0.6:0.4:0.8:0.2). The mixtures were
subjected to a two-stage calcination in air at 400 °C for 4 h and
800 °C for 4 h, respectively. The catalytic layer of the gas diffusion
electrode (GDE) was fabricated by mixing 30 wt.% La0.6Ca0.4Co0.8Ir0.2O3,
30 wt.% polytetrafluoroethylene (PTFE, Dupont T-30), 10 wt.% poly vinyl
alcohol (PVA, Mw=2000−12,000), and 30 wt.% carbon nanocapsules
(CNCs) in excess deionized water to make a slurry. After mixing for
3 min, the slurry was brush-painted repeatedly onto commercially
available noncatalyzed GDEs (eVionyx Inc.) to reach a catalyst loading of
2.4 mg/cm2. Afterwards, the GDEs were heated at 350 °C for 30 min to
remove residual solvents. Lastly, the GDEs were rolled and pressed to
reduce their thickness to 300 μm.

Electrochemical characterizations were conducted by a Solartron
SI1287 potentiostat for analysis in current–potential (i–V) polariza-
tions with a scan rate of 1 mV/s for both charging and discharging
reactions. The electrolyte used was an aqueous solution containing
30wt.% KOH. An area of 3 cm2 on the backside of the GDEwas exposed
to ambient air duringmeasurements. A Ti mesh coated with RuO2/IrO2

was used as the counter electrode and a Zn rod was selected as the
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Fig. 1. The SEM image of La0.6Ca0.4Co0.8Ir0.2O3 after the solid state reaction synthesis.

Fig. 3. The discharging i–V polarization curves of the noncatalyzed GDE, and catalyzed
GDEs with electrocatalysts of La0.6Ca0.4CoO3, IrO2/CNCs, La0.6Ca0.4CoO3/CNCs, as well as
La0.6Ca0.4Co0.8Ir0.2O3/CNCs.
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reference electrode. Thus the potential reading reflects the operation
voltage of a zinc-air cell. In addition, the electrochemical measure-
ments were carried out on the La0.6Ca0.4CoO3 and IrO2 serving as the
reference. The La0.6Ca0.4CoO3 was synthesized from the amorphous
citrate precursor method (ACP) and its synthetic details were reported
elsewhere [9]. Phase identification of the as-synthesized powders was
conducted by a Siemens D5000 X-Ray Diffractometer with Cu Kα of
0.154 nm. Themorphologies of the La0.6Ca0.4Co0.8Ir0.2O3 particles were
observed by a SEM (JEOL JSM-6700F). The values for surface area and
density were obtained from TriStar 3000 (Micromeritics) and AccuPyc
1340 (Micromeritics), respectively.

3. Results and discussion

Fig. 1 provides the SEM image of the as-synthesized powders after the solid state
reaction. The picture exhibited aggregates with substantial sintering and their primary
particles were 100–250 nm in size. Fig. 2 presents the X-ray diffraction result of the as-
synthesized powders along with the standard peaks of IrO2 (JCPDS 15-0870) and
La0.6Ca0.4CoO3 (JCPDS 36-1389). Despite of minor signals labeled as Co3O4, the major
Fig. 2. The X-ray diffraction patterns of (a) the as-synthesized La0.6Ca0.4Co0.8Ir0.2O3,
(b) La0.6Ca0.4CoO3 from JCPDS 36-1389, and (c) IrO2 from JCPDS 15-0870.
diffraction peaks of the as-synthesized powders were consistent with those of hexagonal
La0.6Ca0.4CoO3. The signals from IrO2 were notably absent. Calculation of the lattice
parameters using high angle diffraction peaks arrives at 13.25 Å and 5.44 Å for c and a
axis, respectively. These values are slightly larger than those of La0.6Ca0.4CoO3 (c=13.09 Å
and a=5.43 Å) from standard JCPDS. The volume expansion is not unexpected because the
size of Ir4+ (0.76 Å) is larger than that of Co cation (Co3+=0.69 Å and Co4+=0.67 Å). In
addition, the EDXmapping of the as-synthesized powders indicated uniform distributions
of Ir. Our results suggest successful incorporation of Ir4+ at the Co cation sites, confirming
the formation of La0.6Ca0.4Co0.8Ir0.2O3. In addition, the values of density and surface area
for the La0.6Ca0.4Co0.8Ir0.2O3 powders were recorded at 5.73 g/cm3 and 3.1 m2/g. In
contrast, the La0.6Ca0.4CoO3 from the ACP route was measured at 5.54 g/cm3 and 9.2 m2/g,
respectively.

Previously, we have identified the CNCs to be an excellent substrate for catalyst
support [10,11]. The CNCs (330m2/g) were produced by incomplete combustion of C2H2

and O2 with the resulting particles size between 10 and 30 nm. Detailed processing
parameters for the CNCs fabrication were reported by Liu and Li [12]. Fig. 3 exhibits the
i–V polarizations in discharging mode conducted on the GDEs that were catalyzed by
La0.6Ca0.4CoO3, IrO2/CNCs, La0.6Ca0.4CoO3/CNCs, and La0.6Ca0.4Co0.8Ir0.2O3/CNCs. In
addition, the noncatalyzed GDE was evaluated as the reference. In i–V profiles, the
voltage readings started from 1.20 V and decreased gradually with increasing current.
Among these discharging curves the La0.6Ca0.4Co0.8Ir0.2O3/CNCs demonstrated the
highest catalytic ability, delivering 0.948 V at 100 mA/cm2. This is a significant 57 mV
enhancement over that of La0.6Ca0.4CoO3/CNCs. Interestingly, the La0.6Ca0.4CoO3/CNCs
behaved better than IrO2/CNCs at high current density. In contrast, the unsupported
La0.6Ca0.4CoO3 showed rapid deteriorations in i–V measurement, approaching that of
noncatalyzed GDEs at current density above 175 mA/cm2. Synergistic effect of
perovskites with carbonaceous materials was observed previously [13]. This behavior
is expected because the carbon produces peroxide ions in the reduction reaction and
presence of perovskites promotes decomposition of the peroxide ions.

The i–V polarizations in charging mode for the IrO2/CNCs, La0.6Ca0.4CoO3/CNCs,
La0.6Ca0.4Co0.8Ir0.2O3/CNCs, as well as noncatalyzed GDE are provided in Fig. 4. In
charging reaction the oxygenwas produced and released from the GDEs. Generally, the
oxygen evolution exhibits a much severe polarization loss as compared to that of
Fig. 4. The charging i–V polarization curves of the noncatalyzed GDE, and catalyzed
GDEs with electrocatalysts of IrO2/CNCs, La0.6Ca0.4CoO3/CNCs, and La0.6Ca0.4Co0.8Ir0.2O3/
CNCs.
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oxygen reduction at identical current density. From the diagram, the voltage started
from 1.60 V and moved to higher values with increasing current density. The GDE
catalyzed by La0.6Ca0.4Co0.8Ir0.2O3/CNCs demonstrated impressive catalytic perfor-
mances, showing a charging voltage of 2.39 V at 150 mA/cm2. For current density
between 0 and 150 mA/cm2, the La0.6Ca0.4Co0.8Ir0.2O3/CNCs exhibited a consistent
performance improvement of 110 mV over that of La0.6Ca0.4CoO3/CNCs. Although the
IrO2/CNCs was superior than that of La0.6Ca0.4CoO3/CNCs, its performance was still
inferior to that of La0.6Ca0.4Co0.8Ir0.2O3. In contrast, the noncatalyzed GDE revealed
negligible catalytic abilities with a sharp rise in the charging voltage. Our results
confirmed the addition of Ir4+ in the lanthanum cobaltate is beneficial for bifunctional
catalytic abilities. We would like to emphasize that in our measurements the surface
area of La0.6Ca0.4Co0.8Ir0.2O3 is smaller than that of La0.6Ca0.4CoO3. Therefore, we are
confident that the observed enhancements in i–V performances are due to the intrinsic
superiority of La0.6Ca0.4Co0.8Ir0.2O3.

4. Conclusions

Powders of La0.6Ca0.4Co0.8Ir0.2O3 were synthesized by solid state
reaction route. The SEM image revealed particles in irregular shape
between 100 and 250 nm in size. Results from X-ray on the as-
synthesized powders confirmed formation of perovskite phase with
minor peaks of Co3O4. In electrochemical characterizations, the
La0.6Ca0.4Co0.8Ir0.2O3/CNCs exhibited improved performances over
those of La0.6Ca0.4CoO3/CNCs and IrO2/CNCs for both charging and
discharging polarizations in alkaline electrolyte.
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