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a b s t r a c t

The amorphous citrate precursor method was employed to prepare perovskite of La0.6Ca0.4Co0.8Ir0.2O3

as a bi-functional electrocatalyst for oxygen reduction and evolution in an alkaline electrolyte. The
X-ray diffraction pattern of the as-synthesized powders exhibited a majority phase identical to that
of La0.6Ca0.4CoO3, indicating successful incorporation of Ir4+ at the Co cation sites. Scanning Electron
Microscope images demonstrated a foam-like microstructure with a surface area of 13.31 m2 g−1. For
electrochemical characterization, the La0.6Ca0.4Co0.8Ir0.2O3 particles were supported on carbon nanocap-
sules (CNCs) and deposited on commercially available gas diffusion electrodes with a loading of

−2

lkaline electrolyte
xygen reduction
xygen evolution

2.4 mg cm . In current–potential polarizations, La0.6Ca0.4Co0.8Ir0.2O3/CNCs revealed more enhanced bi-
functional catalytic abilities than La0.6Ca0.4CoO3/CNCs. Similar behaviors were observed in galvanostatic
profiles for oxygen reduction and evolution at current densities of 50 and 100 mA cm−2 for 10 min.
Moreover, notable changes from zeta potential measurements were recorded for La0.6Ca0.4Co0.8Ir0.2O3

relative to La0.6Ca0.4CoO3. In lifetime determinations, where a repeated 3 h sequence of oxygen reduc-
tion/resting/oxygen evolution/resting was imposed, La0.6Ca0.4Co0.8Ir0.2O3/CNCs delivered a stable and
sustainable behavior with moderate degradation.
. Introduction

Oxygen molecules are abundant and reactive with most ele-
ents in forming useful compounds. Therefore, reduction and

volution of oxygen electrochemically play critical roles in many
ndustrial devices such as batteries and fuel cells, and in the pro-
ess of water electrolysis [1–3]. For example, in water electrolysis,
acile oxygen evolution is desired to minimize energy consumption.
n contrast, in rechargeable alkaline systems such as nickel–zinc
nd nickel–cadmium batteries, parasitic oxygen evolution during
harging is purposely retarded for concerns in safety and coulombic
fficiency [4]. On the other hand, in the operation of direct methanol
nd solid oxide fuel cells, rapid oxygen reduction is necessary to
educe undesirable polarization loss [5,6]. In general, electrochem-
cal reduction and formation of oxygen require a variety of catalysts
o expedite the associated reaction steps. An extensive review on
xygen electrochemistry has been provided by Kinoshita [7].
Electrocatalysts are typically designed for a single purpose only
nd suited for particular combinations of electrode and electrolyte.
owever, in systems such as rechargeable metal–air, air–metal
ydrides, and regenerative fuel cells, a bi-functional electrocatalyst
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is warranted [8–10]. Materials with bi-functional catalytic abilities
are capable of promoting oxygen reduction and evolution on the
same electrode. Selection criteria for reduction electrocatalysts are
relatively simple for metals, oxides, and polymers [11–13]. However,
for the oxygen evolution reaction, due to the relatively high oxida-
tive potentials involved, only a few oxides are sufficiently stable
over the long term [14]. So far, perovskites (ABO3), spinels (AB2O4),
and pyrochlores (A2B2O7) have been investigated with moderate
success [15–17]. Among them, perovskite is considered the lead-
ing candidate because of its reasonable electrical conductivity and
corrosion resistance.

In an alkaline electrolyte, perovskites of lanthanum cobaltate
(LaCoO3) and related compounds have received the most atten-
tion with regard to their catalytic actions [18–20]. According to
Tiwari et al., the catalytic ability for oxygen reduction is attributed
to the Co cation and simply by doping certain selective transition
elements at the Co cation sites, the catalytic ability can be varied
substantially [21]. Hence, we rationalize that the incorporation of
elements designated for the catalysis of oxygen evolution at the Co
cation sites could lead to enhanced bi-functional abilities. Earlier,

it was reported that the oxide of IrO2 is useful for oxygen evolution
[22]. Unfortunately, concerns over possible dissolution of Ir4+ in an
alkaline electrolyte limit this pursuit.

Due to the similarity in the atomic size and valence, we sur-
mise that the Ir cation could occupy the Co cation site in a

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:ppwu@mail.nctu.edu.tw
dx.doi.org/10.1016/j.jpowsour.2008.12.101
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erovskite matrix. As a result, the perovskite structure is expected
o provide necessary stability in the alkaline electrolyte, while
he Ir and Co cations are responsible for catalyzing oxygen evo-
ution and reduction, respectively. Previously, we synthesized
on-stoichiometric La0.6Ca0.4CoIr0.25O3.5−ı by a mechanical alloy-

ng method and reported rather unique bifunctional catalytic
ehaviors [23]. However, due to the distorted perovskite lattice,
he exact nature of the observed performance enhancement could
ot be identified. Our recent attempt to prepare stoichiomet-
ic La0.6Ca0.4Co0.8Ir0.2O3 using a solid state reaction method also
ecorded notable catalytic improvements [24]. Nevertheless, the
esulting catalytic performances were not optimized, and complete
lectrochemical evaluations were lacking because excess sintering
ed to undesirable large particles.

In this work, we synthesized powders of La0.6Ca0.4Co0.8Ir0.2O3
sing an amorphous citrate precursor (ACP) approach and evalu-
ted their bi-functional catalysis in an alkaline electrolyte using
arbon nanocapsules (CNCs) as the catalyst support. An iden-
ical process was performed on La0.6Ca0.4CoO3 for comparison
urposes.

. Experimental

The amorphous citrate precursor method was adopted to
repare stoichiometric La0.6Ca0.4Co0.8Ir0.2O3 perovskite in which
a(NO3)3·6H2O, Ca(NO3)2·4H2O, Co(NO3)3·6H2O, and IrCl3·xH2O
ere dissolved at a proper ratio in excess deionized water with

itric acid. The molar ratio of the citric acid to the metal ions was
:1. The mixtures underwent moderate heating and stirring at 80 ◦C
or 6 h to form a dry gel. Subsequently the gel was heat-treated at
50 ◦C for 4 h under a constant air flow to form powders.

The catalytic layer for the gas diffusion electrode (GDE) was
abricated by mixing 30 wt% La0.6Ca0.4Co0.8Ir0.2O3, 30 wt% polyte-
rafluoroethylene (PTFE, Dupont T-30), 10 wt% poly vinyl alcohol
PVA: MW = 2000–12,000), and 30 wt% CNCs in excess deionized
ater to make a slurry. After mixing for 3 min, the slurry was brush-
ainted repeatedly onto commercially available GDEs (eVionyx

nc.) to reach a catalyst loading of 2.4 mg cm−2. Next, the catalyzed
DEs were heated at 350 ◦C for 30 min to remove residual solvents.
astly, they were rolled and pressed into a thickness of 300 �m.

Phase identifications of the synthesized powders were con-
ucted by a Siemens D5000 XRD from 20◦ to 80◦ with a Cu
� of 0.154 nm. In addition, values for surface area and den-
ity were obtained by BET (Micromeritics Tristar 3000) and a
ycometer (Micromeritics AccuPyc 1340). The morphologies of the
a0.6Ca0.4Co0.8Ir0.2O3 particles were observed by a SEM (JEOL JSM-
700F). The zeta potential results were obtained by a NICOMO 380
LS.

Electrochemical characterizations were conducted with a
olartron SI1287 potentiostat for analysis in current–potential (i–V)
olarizations, galvanostatic measurements for oxygen reduction
nd evolution, and lifetime determination. An area of 3 cm2 on the
ackside of the GDE was exposed to ambient air during measure-
ents. A Ti mesh coated with RuO2/IrO2 was used as the counter

lectrode, and a Zn rod (99 wt%) was selected as the reference
lectrode. The Zn rod was chosen because its reading indicated
he operating voltage of a zinc–air cell. A 30 wt% KOH aqueous
olution was used as the electrolyte. The i–V polarization curves
ere measured at a scan rate of 1 mA s−1. Galvanostatic profiles

ere obtained for current densities of 50 and 100 mA cm−2 for

0 min. In the lifetime determination, the GDEs experienced repeat-
ng sequences of oxygen reduction (0.5 h), resting (1 h), oxygen
volution (0.5 h), and resting (1 h) at 25 mA cm−2 with a constant
nflow of CO2-filtered air. Identical procedures were conducted on
he ACP-derived La0.6Ca0.4CoO3 for comparison purposes.
Fig. 1. SEM images for the synthesized powders of (a) La0.6Ca0.4Co0.8Ir0.2O3 and (b)
La0.6Ca0.4CoO3.

3. Results and discussion

Fig. 1 presents the SEM images of the as-synthesized
La0.6Ca0.4Co0.8Ir0.2O3 and La0.6Ca0.4CoO3 powders. As shown in
Fig. 1(a), La0.6Ca0.4Co0.8Ir0.2O3 appeared in a foam-like structure
with the presence of micropores of 245 nm size. Individual parti-
cles were not discernible, and the aggregates had irregular shapes.
The picture for La0.6Ca0.4CoO3 (shown in Fig. 1(b)) reveals a simi-
lar morphology, with larger pores of 445 nm. The appearance of a
foam-like microstructure is not unexpected because our sintering
process was carried out under relatively mild conditions, i.e., 650 ◦C
for 4 h. We understand that sintering at higher temperatures could
produce larger particles with excessive coalescence. Measurements
from the BET and pycometer on the La0.6Ca0.4Co0.8Ir0.2O3 powders
were 13.31 m2 g−1 and 5.45 g cm−3, respectively. On the other hand,
the surface area and density of La0.6Ca0.4CoO3 were 9.20 m2 g−1 and
5.54 g cm−3, respectively.

XRD results for the as-synthesized La0.6Ca0.4Co0.8Ir0.2O3 and
La0.6Ca0.4CoO3 powders are provided in Fig. 2. As shown in
Fig. 2(a), La0.6Ca0.4Co0.8Ir0.2O3 exhibited a crystalline perovskite
phase (ABO3) with relevant diffraction peaks properly indexed.
Unfortunately, there were minor signals possibly from the oxides
of La2O3 (2� = 36.84◦) and Co3O4 (2� = 65.08◦). Nevertheless, we
did not observe any diffraction peak from IrO2, suggesting that

4+
the incorporation of Ir at the Co cation sites was achieved as
expected. The diffraction peaks of La0.6Ca0.4Co0.8Ir0.2O3 matched
nicely with those of the standard La0.6Ca0.4CoO3 perovskite (JCPDS-
36-1389). Fig. 2(b) exhibits the XRD pattern for the as-synthesized
La0.6Ca0.4CoO3, which also coincided perfectly with the standard
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respectively. The GDE catalyzed by IrO2/CNCs showed slightly bet-
ter behavior than La0.6Ca0.4CoO3/CNCs but was still outperformed
by La0.6Ca0.4Co0.8Ir0.2O3/CNCs. The results from the i–V measure-
ments for oxygen reduction and evolution were encouraging. With
ig. 2. X-ray diffraction patterns of the synthesized powders of (a)
a0.6Ca0.4Co0.8Ir0.2O3 and (b) La0.6Ca0.4CoO3.

a0.6Ca0.4CoO3 perovskite (JCPDS-36-1389). Similarly, we observed
n extra diffraction peak at 36.90◦. The simultaneous presence
f these noises indicated that the undesirable phase comes from
esidue inherent to the ACP synthesis.

We selected the CNCs as the catalyst support because pre-
iminary results from our evaluations indicated rather promising
otentials as opposed to those of VXC72R [25]. The CNCs were pro-
uced by a flame combustion method using mixture gases of C2H2
nd O2 [26]. The resulting particles were considerably uniform in
ize and were thus favored for the GDE fabrications. Previously,
örissen suggested that carbon supports that have excessive sur-
ace areas are prone to oxidation loss during oxygen evolution [10].
n contrast, for oxygen reduction purposes, carbon supports hav-
ng large surface areas are preferred. As a result, a compromise is
ecessary for GDEs with bi-functional purposes. The CNCs have a
oderate surface area of 333 m2 g−1. Therefore, we conducted sub-

equent experiments using the CNCs as the catalyst support for our
i-functional studies.

Fig. 3 shows the oxygen reduction i–V curves for the
on-catalyzed GDE and catalyzed GDEs with La0.6Ca0.4
o0.8Ir0.2O3/CNCs, La0.6Ca0.4CoO3/CNCs, and La0.6Ca0.4Co0.8Ir0.2O3.
lso shown is the commercial catalyst (MnOx) from eVionyx

nc. The profiles exhibited typical i–V polarizations in which the
otential values decreased steadily from 1.60 V with increasing cur-
ent densities. Among these samples, La0.6Ca0.4Co0.8Ir0.2O3/CNCs
emonstrated the highest performance, delivering 1.047 and

−2
.932 V at 100 and 200 mA cm , respectively. In contrast,
a0.6Ca0.4CoO3/CNCs maintained a potential of 0.891 and 0.723 V
t identical current densities. There was a substantial 209 mV
nhancement at 200 mA cm−2 for La0.6Ca0.4Co0.8Ir0.2O3/CNCs.
oreover, La0.6Ca0.4Co0.8Ir0.2O3/CNCs performed better than
Fig. 3. Oxygen reduction i–V polarization curves of MnOx , non-catalyzed GDE,
and catalyzed GDEs with La0.6Ca0.4Co0.8Ir0.2O3/CNCs, La0.6Ca0.4CoO3/CNCs, and
La0.6Ca0.4Co0.8Ir0.2O3.

MnOx. In contrast, the GDE with unsupported La0.6Ca0.4Co0.8Ir0.2O3
demonstrated rapid voltage deterioration with increasing current
densities. This behavior is consistent with earlier observations in
which a synergistic effect was observed for GDEs catalyzed by
perovskites supported on carbons [7]. Lastly, the non-catalyzed
GDE showed negligible catalytic behaviors, as expected.

The oxygen evolution i–V curves for the non-catalyzed
GDE, as well as GDEs catalyzed by La0.6Ca0.4Co0.8Ir0.2O3/CNCs,
La0.6Ca0.4CoO3/CNCs, and IrO2/CNCs are provided in Fig. 4. Since
the oxygen evolution is kinetically challenging, the polarization
loss is expected to be more severe as compared to the oxygen
reduction at identical current densities. As shown, the voltage
started at 1.60 V and moved rapidly to higher values with increas-
ing current densities. Apparently, the non-catalyzed GDE showed
limited oxygen evolution performance. In contrast, the GDE cat-
alyzed by La0.6Ca0.4Co0.8Ir0.2O3/CNCs demonstrated remarkable
catalytic abilities, exhibiting voltages of 2.046 and 2.178 V at 50
and 100 mA cm−2, respectively. At identical current densities, the
voltage readings from La0.6Ca0.4CoO3/CNCs were 2.171 and 2.347 V,
Fig. 4. Oxygen evolution i–V polarization curves of non-catalyzed GDE and catalyzed
GDEs with La0.6Ca0.4Co0.8Ir0.2O3/CNCs, La0.6Ca0.4CoO3/CNCs, and IrO2/CNCs.
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Fig. 5. Zeta potential responses for La0.6Ca0.4Co0.8Ir0.2O3 and La0.6Ca0.4CoO3.

he introduction of Ir at the Co cation sites, we not only observed
mprovements in the catalysis for the oxygen evolution but also
nexpectedly acquired better oxygen reduction behaviors.

Additional supporting evidence could be provided by the mea-
urement of zeta potentials. As pointed out by Bockris and Otagawa,
he point of zero charge (pzc) is an indicator of intrinsic catalytic
roperties because the surface characteristics of oxide powders
etermine their pzc values [27]. Hence, the zeta potential measure-
ents were conducted on La0.6Ca0.4Co0.8Ir0.2O3 and La0.6Ca0.4CoO3
ith the results exhibited in Fig. 5. As shown, the pzc values for

a0.6Ca0.4Co0.8Ir0.2O3 and La0.6Ca0.4CoO3 were determined to be
1.23 and 8.652, respectively. Our results were consistent with what
ockris and Otagawa had predicted: that the perovskites with pzc
t high pH values were likely to reveal better catalytic abilities for
he oxygen evolution reaction [27].

Galvanostatic measurements for the oxygen reduction reac-
ion were carried out at current densities of 50 and 100 mA cm−2

or the GDEs catalyzed with La0.6Ca0.4Co0.8Ir0.2O3/CNCs and
a0.6Ca0.4CoO3/CNCs. Fig. 6 demonstrates their respective profiles

or 10 min. For both samples, the voltage plateaus were flat and their
alues agreed well with those reported in earlier i–V polarization
urves (shown in Fig. 3), indicating that the catalytic perfor-
ances of La0.6Ca0.4Co0.8Ir0.2O3/CNCs and La0.6Ca0.4CoO3/CNCs

ig. 6. Oxygen reduction galvanostatic curves for La0.6Ca0.4Co0.8Ir0.2O3/CNCs
t current densities of 50 mA cm−2 (�) and 100 mA cm−2 (©), as well as
a0.6Ca0.4CoO3/CNCs at current densities of 50 mA cm−2 (�) and 100 mA cm−2 (×).
Fig. 7. Oxygen evolution galvanostatic curves for La0.6Ca0.4Co0.8Ir0.2O3/CNCs
at current densities of 50 mA cm−2 (�) and 100 mA cm−2 (©), as well as
La0.6Ca0.4CoO3/CNCs at current densities of 50 mA cm−2 (�) and 100 mA cm−2 (×).

were stable and sustainable. In addition, the voltage readings from
La0.6Ca0.4Co0.8Ir0.2O3/CNCs were consistently higher than those
of La0.6Ca0.4CoO3/CNCs for both current densities. Fig. 7 presents
the oxygen evolution galvanostatic profiles for the GDEs catalyzed
with La0.6Ca0.4Co0.8Ir0.2O3/CNCs and La0.6Ca0.4CoO3/CNCs at cur-
rent densities of 50 and 100 mA cm−2 for 10 min. Again, the voltage
readings agreed nicely with earlier i–V polarization curves (shown
in Fig. 4), and their responses were relatively steady.

Notably, La0.6Ca0.4Co0.8Ir0.2O3/CNCs behaved much better than
La0.6Ca0.4CoO3/CNCs for both current densities. Unfortunately, at a
current density of 100 mA cm−2, severe voltage fluctuations were
taking place for both samples. This is not unusual since for the
oxygen evolution reaction formation and detachment of oxygen
bubbles at the electrode surface often resulted in the reactivation
of catalytic surfaces [28,29]. As a result, a periodic reduction of
overpotentials was observed.

To fairly evaluate the bi-functional abilities of La0.6Ca0.4Co0.8
Ir0.2O3/CNCs, the catalyzed GDE was subjected to repeated
sequences of oxygen reduction (0.5 h), resting (1 h), oxygen
evolution (0.5 h), and resting (1 h) for intermittent life time deter-

minations. Each cycle lasted 3 h, and the average voltage in
respective oxygen reduction and evolution steps was measured. The
results are shown in Fig. 8. For the oxygen evolution reactions, the
voltages drifted lower initially but moved up steadily at a rate of

Fig. 8. The cycle life performance of La0.6Ca0.4Co0.8Ir0.2O3/CNCs-catalyzed GDE.
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.59 mV cycle−1. At the 70th cycle, the voltage was 2.08 V. Similarly,
he voltages in the oxygen reduction reactions exhibited a grad-
al reduction upon cycling. The slopes of the voltage declines were
.61 mV cycle−1 in the first stage (0–40 cycles) and 4.24 mV cycle−1

n the second stage (40–70 cycles). At the 70th cycle, the volt-
ge was still 0.97 V. Since CO2-filtered air was used, the effect of
arbonation-induced electrode damage could be ruled out. We sus-
ect that the undesirable electrolyte flooding contributed partially
o the observed performance degradations because in our case only
thin layer of catalysts was deposited on the surface of the GDEs.

n addition, it is recognized that oxidation of the carbon supports
uring the oxygen evolution reaction might have led to the gradual

oss of catalytic abilities [30,31].

. Conclusions

The perovskite of La0.6Ca0.4Co0.8Ir0.2O3 was prepared by using an
morphous citrate precursor method. XRD analysis on the synthe-
ized powders confirmed the majority phase to be La0.6Ca0.4CoO3,
ndicating successful incorporation of Ir4+ at the Co cation sites.
EM images revealed a foam-like microstructure with numerous
ub-micron pores. In i–V polarizations, La0.6Ca0.4Co0.8Ir0.2O3/CNCs
xhibited more enhanced bi-functional catalytic abilities than
a0.6Ca0.4CoO3/CNCs. Similar behaviors were observed by gal-
anostatic measurements for oxygen reduction and evolution
eactions. In lifetime determinations, where repeated cycling of
xygen reduction/resting/oxygen evolution/resting was imposed,
a0.6Ca0.4Co0.8Ir0.2O3/CNCs demonstrated stable and sustainable
erformances with moderate degradation. Our results provided
onclusive evidence that the doping of Ir in the perovskite structure
f La0.6Ca0.4CoO3 significantly enhances its bi-functional abilities in
he alkaline electrolyte.
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