
ORIGINAL PAPER

Behavior of (La,Sr)CoO3- and La2NiO4-based ceramic
anodes in alkaline media: compositional
and microstructural factors

S. K. Poznyak & V. V. Kharton & J. R. Frade &

A. A. Yaremchenko & E. V. Tsipis & S. O. Yakovlev &

I. P. Marozau

Received: 15 March 2007 /Revised: 23 April 2007 /Accepted: 3 May 2007 / Published online: 13 June 2007
# Springer-Verlag 2007

Abstract The behavior of dense ceramic anodes made of
perovskite-type La1�x�ySrxCo1�zAlzO3�d (x=0.30–0.70;
y=0–0.05; z=0–0.20) and K2NiF4-type La2Ni1�xMexO4þd

(Me=Co, Cu; x=0–0.20) indicates significant influence of
metal hydroxide formation at the electrode surface on the
oxygen evolution reaction (OER) kinetics in alkaline
solutions. The overpotential of cobaltite electrodes was
found to decrease with time, while cyclic voltammetry
shows the appearance of redox peaks characteristic of Co
(OH)2/CoOOH. This is accompanied with increasing
effective capacitance estimated from the impedance spec-
troscopy data, because of roughening of the ceramic
surface. The steady-state polarization curves of
La; Srð ÞCoO3�d in the OER range, including the Tafel
slope, are very similar to those of model Co(OH)2–La(OH)3
composite films where the introduction of lanthanum
hydroxide leads to decreasing electrochemical activity.
La2NiO4-based anodes exhibit a low electrochemical
performance and poor stability. The effects of oxygen
nonstoichiometry of the perovskite-related phases are rather
negligible at high overpotentials but become significant
when the polarization decreases, a result of increasing role
of oxygen intercalation processes. The maximum electro-
catalytic activity to OER was observed for A-site-deficient
La0:3Sr0:7ð Þ0:97CoO3�d, where the lanthanum content is

relatively low and the Co4+ concentration determined by
thermogravimetric analysis is highest compared to other
cobaltites. Applying microporous layers made of template-
synthesized nanocrystalline La0:3Sr0:7ð Þ0:97CoO3�d leads to
an improved anode performance, although the effects of
microstructure and thickness are modest, suggesting a
narrow electrochemical reaction zone. Further enhancement
of the OER kinetics can be achieved by electrodeposition of
cobalt hydroxide- and nickel hydroxide-based films.
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Introduction

Electrochemical evolution and reduction of oxygen in
alkaline media are of considerable interest for numerous
technological applications, including secondary metal–air
batteries, water electrolysis, low-temperature fuel cells,
electrosynthesis, and metal processing. Very high electro-
catalytic activity for the oxygen evolution reaction (OER)
in alkaline solutions is known for numerous transition metal
oxide-based materials, in particular for Ni- and Co-
containing perovskite-related compounds [1–7]. However,
despite the extensive investigations in this field, literature
data on the relationships between the electrochemical
behavior and composition of perovskite-related phases,
such as La1�xSrxCoO3�d, are often contradictory. For
instance, early works [5, 6, 8–12] were centered on the
behavior of ceramic La1�xSrxCoO3�d electrodes prepared
by the standard solid-state reaction route, which is
associated with significant variations in the porosity and,
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thus, specific surface area. Bockris and Otagawa [5] and
Matsumoto et al. [6] observed that the electrocatalytic
activity of La1�xSrxCoO3�d (x=0–0.4) increases with x.
Later, highly dispersed La; Srð ÞCoO3�d film electrodes
fabricated using a low temperature sol–gel process and
carbonate precipitation method were studied in a wider
compositional range [13–16]; the true electrochemical
activity assessed taking the real surface area into account
was found to decrease when strontium content increases
[16]. A similar discrepancy in the literature data relates to
the OER order with respect to the hydroxide concentration.
This value was reported as 1.8 for La1�xSrxCoO3�d (x=0.2,
0.4) [6] and 0.6–0.8 for La0:5Sr0:5CoO3�d [11], whereas
other authors [5, 8, 13–16] observed the reaction order
close to unity. Such discrepancies may result from the use
of different synthesis methods and processing conditions.
Information on the role of microstructural factors, particu-
larly possible compositional changes in the ceramic anodes
near the interface [9, 10], is still scarce. Therefore, although
a large surface area is desirable for practical applications,
optimization of the electrode compositions requires to
reassess electrochemical properties of high-density ceramic
materials, all synthesized by the same method and studied
under similar conditions. The compositions with maximum
performance can then be used to develop highly porous
electrode structures.

The present work was focused on the comparative
analysis of electrochemical behavior of dense anodes
including perovskite-type La1�x�ySrxCo1�zAlzO3�d (x=
0.30–0.70; y=0–0.05; z=0–0.20) and La2Ni1�xMexO4þd

(Me=Co, Cu; x=0–0.20) with K2NiF4 structure, and
multilayered electrodes comprising microporous template-
synthesized La; Srð ÞCoO3�d deposited onto dense cobaltite
ceramics, in alkaline media. The K2NiF4-type nickelates
were selected for the study, as La2NiO4þd is the only
thermodynamically stable compound in the La–Ni–O
system at atmospheric oxygen pressure and elevated
temperatures necessary to sinter high-density ceramics

[17, 18], although the conductivity and nickel oxidation
state in these phases are lower compared to LaNiO3-based
compounds. To provide similar morphology of dense
ceramic anodes, the corresponding materials were all
synthesized by the glycine-nitrate process (GNP), a self-
combustion technique using glycine as a fuel and
chelating agent and nitrates of metal components as the
oxidant [19]. This method is well known as suitable to
obtain fine and homogeneous multicomponent oxide
powders [19]. The same technique and the cellulose-
precursor method [20] were employed for the synthesis of
nanocrystalline powders, used for the fabrication of
porous layers.

Experimental

In the course of GNP, glycine was added into aqueous
solutions containing metal nitrates in the stoichiometric
proportion. The glycine/nitrate molar ratio was 1.5–2.0 of
stoichiometric, calculated assuming that the only gaseous
products of reaction are N2, CO2, and H2O. After drying
and combustion, the resultant powders were annealed at
900–1,100 °C for 2 h to remove organic residuals, ball-
milled, and then pressed (120–250 MPa). Ceramics with a
density higher than 93% of their theoretical density
calculated from X-ray diffraction (XRD) data were sintered
in air at 1,250–1,430 °C for 5 h. The samples were finally
annealed in air at 1,000 °C for 3–4 h and slowly cooled to
retain equilibrium with atmospheric oxygen at low temper-
atures. For the preparation of porous layers, the cation-
deficient La0:3Sr0:7ð Þ0:97CoO3�d perovskite exhibiting a
relatively high conductivity (Table 1) in combination with
a good electrocatalytic activity for the OER was selected.
The nanocrystalline powders of La0:3Sr0:7ð Þ0:97CoO3�d

were synthesized using three different cellulose precursors
namely, jeans type, cotton-textile type, and cotton bandage

Table 1 Properties of the
ceramic electrode materials
at room temperature

Composition Phase
impurities

Structure Unit cell parameters
(nm)

δ Conductivity
(S cm−1)

La0:3Sr0:7CoO3�d – Perovskite a=0.3836 0.076 2.1×103

La0:3Sr0:7Co0:8Al0:2O3�d – Perovskite a=0.3846 0.150 5.4×102

La0:3Sr0:7ð Þ0:97CoO3�d – Perovskite a=0.3837 0.104 3.6×103

La0:5Sr0:5CoO3�d – Perovskite a=0.5424, α=59.930 <0.003 4.0×103

La0:55Sr0:40CoO3�d CoO Perovskite a=0.5418, α=60.140 – 3.8×103

La0:65Sr0:30CoO3�d CoO Perovskite a=0.5409, α=60.270 <0.003 5.0×103

La0:7Sr0:3CoO3�d – Perovskite a=0.5404, α=60.430 <0.003 4.2×103

La2NiO4þd – K2NiF4-type a=0.3865, c=1.2691 0.150 39
La2Ni0:9Co0:1O4þd – K2NiF4-type a=0.3864, c=1.2664 0.169 3.8
La2Ni0:8Cu0:2O4þd – K2NiF4-type a=0.3858, c=1.2787 0.124 24
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type (designated as A, B, and C); the technique is described
elsewhere [20]. All materials were annealed at 900 °C for
2 h and dispersed in ethanol. The porous layers, hereafter
referred to as A/La1�xSrxCoO3�d, B/La1�xSrxCoO3�d, or
C/La1�xSrxCoO3�d, were applied onto polished dense
ceramic substrates and then sintered at 1,200 °C for 2 h.
The same procedure was used to prepare porous layers of
the GNP-synthesized powder (referred to as GNP/
La1�xSrxCoO3�d) and the anodes with two porous layers.
The electrodes of latter series, tested to assess the effects of
near-surface microstructure, comprise one layer made of a
nanocrystalline powder (synthesized from the cellulose
precursor, type A) and a top layer of grained cobaltite
denoted as G- La0:7Sr0:3ð Þ0:97CoO3�d.

Characterization of the materials included XRD, scan-
ning and transmission electron microscopy coupled with
energy dispersive spectroscopy (SEM/EDS and TEM/
EDS), determination of the specific surface area by the
Brunauer, Emmett, and Teller (BET) technique, and
measurements of total conductivity (four-probe direct
current); description of the experimental techniques and
equipment is found elsewhere ([20–23] and references
cited). Thermogravimetric analysis used to estimate oxygen
stoichiometry from the weight changes was performed on a
Setaram SetSys 16/18 instrument; the measurements regime
included heating (3 °C/min) in flowing air up to 900 °C,
flushing of the apparatus with argon for 1 h, and then
reduction at 900 °C in flowing 10%H2–90%N2 mixture.
The cation composition of selected samples was confirmed
by the inductively coupled plasma spectroscopic analysis
(Jobin Yvon, model JY 70 plus).

For the electrochemical measurements, dense ceramic
disks were polished with SiC abrasive paper and diamond
pastes, followed by ultrasound washing with acetone and
distilled water. To provide ohmic contact, Pt paste was
deposited on the back side of the disks and annealed at
1,000 °C, then a copper current collector was connected to
the Pt layer using a silver paste, and the electrode back side
was isolated by an Araldite epoxy resin. The measurements
were performed using an Autolab PGSTAT20 potentiostat
and a conventional three-electrode two-compartment Pyrex
glass cell. A Pt foil and an Hg/HgO/KOH (1 M) electrode
were used as the counter and reference electrodes, respec-
tively. The current-interrupt internal resistance (IR) compen-
sation technique was employed to measure ohmic drop
between the Luggin capillary and working electrode; the IR-
free polarization curves were obtained subtracting ohmic
drop from the measured potential. For the electrochemical
impedance spectroscopy, a Gamry PCI4/750 potentiostat
(frequency range 0.01 Hz to 50 kHz, 10 points per decade,
10 mV signal amplitude) and a Pt foil counter electrode with
the surface area 25–30 times larger than that of the working
electrode were used.

Results and discussion

Materials characterization

XRD analysis confirmed formation of single perovskite-
type phases in La1�xSrxCoO3�δ (x=0.3–0.7), La0:3Sr0:7ð Þ0:97
CoO3�δ, and La0:3Sr0:7Co0:8Al0:2O3�δ powders and
ceramics. For La0:55Sr0:40CoO3�δ and La0:65Sr0:30CoO3�δ,
minor impurity reflections corresponding to cobalt oxide
(1–2%) were observed. The ABO3 perovskite structure of
all cobaltite materials containing more than 50% Sr in the A
sublattice was identified as cubic; for cobaltites with lower
Sr content, the lattice is rhombohedrally distorted. The
ceramics of La2Ni1�xMexO4þδ (Me=Co, Cu) were all
found to be single phase, with tetragonal K2NiF4-type
structure. These results and the values of unit-cell param-
eters, oxygen nonstoichiometry, and Co4+ concentration in
the cobaltite solid solutions (Table 1 and Fig. 1) are in a
good agreement with literature (e.g., [17, 18] and references
therein). SEM inspection showed that all dense ceramic
materials have a similar microstructure; the average grain
size was 2–10 μm. Except for La0:55Sr0:40CoO3�d and
La0:65Sr0:30CoO3�d where cobalt oxide segregation occurs
in the form of small grains, EDS analysis confirmed
homogeneous cation distribution within the limits of exper-
imental uncertainty.
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Fig. 1 Dependence of the [Co4+]/[Co] ratio on strontium content in
lanthanum–strontium cobaltite materials at room temperature, calcu-
lated from the TGA data
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The microstructures obtained during fabrication of micro-
porous layers are illustrated by Figs. 2, 3, and 4. As expected
[20], the materials synthesized from cellulose precursors
retain microstructure of initial fibers (Fig. 2a, e, and i). The
use of A- and B-type precursors results in similar, uniform
microstructures of the porous layers and in a similar
shrinkage (Fig. 2b–d and f–h, respectively), although the
latter provides a moderately larger surface area. The specific
surface-area values for the porous layers, made of the A- and
B-type precursors, were 0.28 and 0.43 m2/g, corresponding-
ly. The use of the cotton bandage precursor (type C) leads to
weakly consolidated cobaltite fibers (Fig. 2i) and to a
significant shrinkage of the porous layer during sintering
(cf. Fig. 2c, g, and k); this is associated with cracking
(Fig. 2j) and lower porosity of cobaltite grains (Fig. 2l).

Figure 5 presents the bright- and dark-field TEM images of
as-synthesized materials, all after annealing at 900 °C for 2 h.
For the A- and B-type precursors, the particles consist of an
amorphous matrix with embedded nuclei of perovskite phase,
approximately 10–40 nm. Their crystallization occurs hence

during sintering of the porous layers. The powders prepared
using C-type cellulose precursor and GNP are both character-
ized with almost completely crystallized grains; one example of
the electron diffraction pattern is shown in the inset of Fig. 5c.

Inspection of the multilayered anodes, comprising a
layer of grained G- La0:7Sr0:3ð Þ0:97CoO3�d deposited onto
another (A-type) porous layer, showed a good cohesion
between the particles (Fig. 3). In contrast to the materials
prepared using cellulose precursors, where the grains have a
specific fiber-like shape (Fig. 2d and h), GNP results in
roundish particles with an essentially uniform grain size
(Fig. 4). At the same time, the specific surface area of the
porous layer fabricated using GNP, 0.34 m2/g, remains
similar to that of other layers.

Cyclic voltammetry

As the electrocatalytic activity to OER can be evaluated by
measuring steady-state anodic voltammograms and normaliz-
ing these data to real area, an attempt to assess the roughness

Fig. 2 SEM micrographs of La0:3Sr0:7ð Þ0:97CoO3�δ porous layers
prepared using different cellulose precursors: a, e, i as-synthesized
materials after annealing at 900 °C for 2 h, b, f, j top view of the

porous layers after sintering at 1,200 °C, and c, d, g, h, k, l cross-
sections with two different magnifications. The images a–d, e–h, and
i–l correspond to the A-, B-, and C-type precursors, respectively
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factor (σ) of polished ceramic electrodes was made to
calculate the true current density. In theory, such estimations
could be made from the values of capacitive current,
measured by cycling the potential in a narrow range within
a double-layer region near the rest potential, i.e., in the
region free of pseudo-capacitive and faradaic currents [5, 13–
15, 24]. However, for the title materials, the capacitance
values corresponding to the charging current (Ccap, Table 2)
are composition-dependent and differ substantially from
60 μF cm−2, a commonly used estimate of the double-layer
capacitance of an ideal oxide surface, Cdl [25]. This suggests
that the simple ratio σ=Ccap/Cdl cannot be assumed in the
present case. Most likely, such behavior is due to faradaic
contributions to the current recorded near the open-circuit
potential (Eocp), particularly associated with the electrochem-
ical oxygen intercalation processes. For both perovskite-type

cobaltites and K2NiF4-type nickelates in alkaline media,
oxygen can be electrochemically intercalated into the lattice
[7, 26–28]; this process was found reversible even at room
temperature [28]. Indeed, the apparent Ccap values correlate
with the oxygen deficiency of single-phase cobaltite materi-
als (Tables 1 and 2), indicating an increase in faradaic
currents when the oxygen-vacancy concentration increases.
For dense electrodes, therefore, the current vs potential
curves were normalized to the geometrical area.

For the electrodes with porous cobaltite layers, the cyclic
voltammograms (CVAs) measured in a narrow potential
range near Eocp display significant asymmetry of the anodic
and cathodic branches, again indicating a superimposition
of the faradaic and charging currents. In this case, the true
current density was hence estimated using the BET data.

The results presented below show that after operation
under OER conditions, the performance of lanthanum–

strontium cobaltite anodes becomes governed by the mixed

Fig. 4 SEM micrographs of the GNP-synthesized La0:3Sr0:7ð Þ0:97
CoO3�δ porous layer deposited onto dense La0:5Sr0:5CoO3�d substrate

Fig. 3 SEM micrographs of three-layer electrode, where the top layer
made of coarse-grained particles (G- La0:3Sr0:7ð Þ0:97CoO3�δ) is depos-
ited on the microporous layer of La0:3Sr0:7ð Þ0:97CoO3�δ synthesized
from the A-type cellulose precursor
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hydroxide film formed on the surface. To access hydration-
related effects, a series of lanthanum–cobalt and nickel
hydroxide films were separately studied. Notice that nickel
and cobalt oxides and hydroxides are well known to
possess a high electrocatalytic activity for the OER [1–4];
when two or more metal oxides and/or hydroxides are present
at the electrode surface, various synergetic effects are often
observed [29–32]. In particular, the presence of strontium has
a clearly positive influence on the activity of cobalt oxide-
based electrodes [32]. In this work, the metal hydroxide
layers were prepared on a Pt substrate by cathodic deposition
from the corresponding metal nitrate solutions, where the
process occurs because of increasing pH during the electro-
chemical reduction of nitrate ions [33]:

NO�
3 þ H2Oþ 2e� ! 2OH� þ NO�

2 ð1Þ

This method is convenient to prepare mixed hydroxide films
and has serious advantages with respect to alternative
procedures [33, 34]. Figure 6a presents the CVAs of Co
(OH)2 and Co(OH)2–La(OH)3 composite films formed on Pt.
Cobalt hydroxide exhibits a couple of redox peaks A2/C2 at
0.18 and 0.15 V, respectively, and a smaller anodic peak A1 at
0.08 V. The A2/C2 peaks can be assigned to the reaction [35]:

Co3O4 þ OH� þ H2O $ 3CoOOHþ e� ð2Þ

The first anodic peak A1 with weakly defined cathodic
counterpeak might be associated with oxide formation:

3 Co OHð Þ2 þ 2OH� $ Co3O4 þ 4H2Oþ 2e� ð3Þ
No extra signals are observed for codeposited Co(OH)2

and La(OH)3, while the magnitude and the ratio of peaks
characteristic of the Co species are altered, probably
because of morphological changes and intimate electronic
interaction of the components. A similar couple of distinct
peaks appear for the cobaltite electrodes after their long-
term operation under OER conditions. Figure 6a presents
one typical example, for dense La0:5Sr0:5CoO3�d after
galvanostatic testing during 40 h. This indicates that cobalt
oxide–hydroxide species are present at the ceramic electrode
surface. No peaks are observed for as-prepared dense
cobaltite electrodes in the potential range of 0.1–0.5 V.
Analogously, applying microporous layers did not result in
appearance of any signals when varying the potential from
Eocp to the onset of OER (Fig. 6b). On the contrary, when
modifying the porous cobaltite layers with nickel–ferric
hydroxide films, two coupled redox peaks become visible
in the CVAs. These resemble the peaks characteristic of
nickel hydroxide on metallic Ni [36, 37] and are thus

Fig. 5 TEM images of as-synthesized La0:3Sr0:7ð Þ0:97CoO3�δ powders
prepared using different precursors: a A type, b B type, c C type, d GNP
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ascribed to the quasi-reversible Ni(II)↔Ni(III) oxide
transformation process.

Anodic polarization

Figure 7 shows typical anodic voltammograms for as-
prepared dense cobaltite ceramics, measured sweeping the
potential from Eocp to more positive values. After initial
sharp rise near Eocp (0.07–0.15 V), the current increases
moderately in the potential range up to approximately 0.5 V
where the OER starts. In this range, the current magnitude
rises substantially when strontium content increases above
50%. The maximum current density (j>10−4 A cm−2) is
observed for La0:3Sr0:7Co0:8Al0:2O3�d, the composition
having a higher oxygen nonstoichiometry compared to
other Co-containing perovskites (Table 1). Notice that
prolonged testing under the conditions of extensive oxygen
evolution (E>0.65 V) leads to a significant decrease in the
current at 0.1–0.5 V. However, the current in this potential
range increases again after keeping the electrode under
open-circuit conditions.

Figure 8a and b compares the IR-free quasi-steady-state
polarization curves for the anodic evolution of oxygen on
different dense electrodes. Before the measurements, each
electrode was preanodized during 30 min under a constant
current density, 30 mA cm−2 for cobaltites and 10 mA cm−2

for nickelates, to stabilize the electrode surface. For most
cobaltites (Fig. 8a), the OER up to 0.2 A cm−2 is
characterized by a single Tafel line; the slope is close to
60 mV dec−1, in agreement with data on similar compounds
[5, 6, 8–11, 13, 14]. One exception relates to La0:3Sr0:7
Co0:8Al0:2O3�δ where the Tafel slope at overpotentials
above 0.75 V is similar to other cobaltites but increases
up to 90 mV dec−1 on decreasing polarization. In the low-
overpotential range, the latter material appears to be the
most active in comparison to other Co-containing perov-
skites. Such a behavior may be associated with oxygen

intercalation competing with the OER. At higher over-
potentials, the electrocatalytic activity decreases as La0:3ð
Sr0:7Þ0:97CoO3�δ > La0:3Sr0:7CoO3�δ > La0:3Sr0:7Co0:8Al0:2
O3�δ >La0:55Sr0:40CoO3�δ �La0:5Sr0:5CoO3�δ > La0:65Sr0:30
CoO3�δ > La0:7Sr0:3CoO3�δ. In the case of K2NiF4-type
nickelate materials (Fig. 8b), the OER starts at E>0.8 V,
and a straight Tafel line is observed up to high current
densities, while the overpotentials are substantially higher
than those of cobaltites. The Tafel slopes for the nickelate-
based anodes are also higher, about 80 mV dec−1. The
apparent activation enthalpies for anode polarization,
(ΔHel)E, were found essentially overpotential independent.
One example is presented in Fig. 9, which shows the
Arrhenius plots for dense La0:5Sr0:5CoO3�d electrode at two
fixed potentials selected in the Tafel region. In the case of
La0:5Sr0:5CoO3�d, ΔHel is about 72 kJ mol−1, close to
literature data [6] on La0:8Sr0:2CoO3�d (76.4 kJ mol−1) and
La0:6Sr0:4CoO3�d (74.3 kJ mol−1).

Figure 8c and d presents the IR-corrected Tafel plots for
the multilayer electrodes prepared depositing nanostruc-
tured cobaltite powders onto dense ceramics; the current
density is calculated for the geometric electrode area.
Applying porous layers leads to significantly lower OER
overpotentials, as expected. For all electrodes, the Tafel
slope is close to 60 mV dec−1 (Table 3), in agreement with
the references [5, 6, 8, 9, 11, 13–16]. The microstructural
differences between porous layers (Figs. 2 and 4) have a
modest influence on the polarization; the corresponding
overpotential changes are comparable to the reproducibility
error for similar samples prepared under identical condi-
tions (Fig. 8c). Analogously, increasing thickness of the
microporous layer has an almost negligible effect; the
deposition of passivated G- La0:7Sr0:3ð Þ0:97CoO3�d layer
increases polarization at high current densities (Fig. 8d).
At the same time, the microporous layers applied onto
La0:3Sr0:7CoO3�d ceramics provide lower overpotentials
compared to La0:5Sr0:5CoO3�d, because of higher electro-
chemical activity of the former composition. These results

Table 2 Parameters of OER
kinetics for the cobaltite- and
nickelate-based electrodes in
1 M KOH solution at 25 °C

a The numbers correspond to
the low (left) and high (right)
overpotential ranges (see text).

Electrode material Tafel slope, (mV dec−1) Current density (mA cm−2) Ccap (μF cm−2)

at E=
0.56 V

at E=
0.76 V

La0:3Sr0:7CoO3�d 59 2.45×10−2 48.6 1.22×102

La0:3Sr0:7ð Þ0:97CoO3�d 58 4.26×10−2 91.2 1.61×103

La0:3Sr0:7Co0:8Al0:2O3�d 90/60a 2.69×10−1 47.1 1.46×103

La0:5Sr0:5CoO3�d 59 9.1×10−3 18.3 21
La0:55Sr0:4CoO3�d 57 1.15×10−2 18.5 22
La0:65Sr0:3CoO3�d 57 7.2×10−3 17.4 46
La0:7Sr0:3CoO3�d 61 8.5×10−3 16.6 12
La2NiO4þd 77 – – –
La2Ni0:9Co0:1O4þd 80 – – –
La2Ni0:8Cu0:2O4þd 83 – – –
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show that the electrochemical reaction is essentially
localized in a narrow zone near the interface between
porous and dense components; a significant part of the
microporous layer has a minor contribution to the OER
rate. The latter phenomenon may originate from trapping
gas bubble formation and electronic transport limitations in
the porous layer; in addition, mass-transport limitations

may appear when the current increases. Nonetheless, the
average current densities normalized to the specific surface
area measured by the BET technique are substantially
higher than those reported for La; Srð ÞCoO3�d films
prepared using sol–gel routes [15, 16]. As an example, for
highly dispersed La0:5Sr0:5CoO3�d films with a roughness
factor of 2,580, the true current density at 0.4 V was
38.4 μA cm−2 [16]. The corresponding values, estimated
from the apparent current densities (Table 3) and BET
surface area for the cellulose precursor- and GNP-synthe-
sized La0:3Sr0:7ð Þ0:97CoO3�d layers, vary in the range 140–
630 μA cm−2.

Figure 8e compares the IR-free anodic polarization
curves for La0:5Sr0:5CoO3�d, cobalt hydroxide, and co-
balt–lanthanum-mixed hydroxide films. Co(OH)2 exhibits a
linear Tafel dependence; the slope is approximately 50 mV
dec−1. The introduction of lanthanum hydroxide increases
both the OER overpotential and, for 50% La cations, rises
the slope. The mixed La(OH)3–Co(OH)2 films where the
La/Co cation ratio is 0.5 shows a Tafel slope of approx.
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60 mV dec−1 as for La0:5Sr0:5CoO3�δ (Table 2). These
results and very similar peaks in the voltammograms
(Fig. 6a) provide strong evidence that the operation of
lanthanum–strontium cobaltite electrodes in alkaline media
leads to the formation of mixed hydroxide films, determin-
ing the anode performance. On the other hand, additional
studies are necessary to evaluate the effects of strontium
hydroxide formation, although the literature data [32]
suggest that the latter may promote OER on cobalt oxide–
hydroxide film. In the case of La2NiO4-based electrodes
where the concentration of lanthanum and the capacity for
oxygen intercalation [7, 17, 25] are both higher, no
quantitative comparison with nickel hydroxide-based films
can be made. The reasons include progressive surface
changes of La2Ni Með ÞO4þd ceramics, discussed below, and
a greater role of the intercalation processes compared to
perovskite-type cobaltites. Note that for the nickel hydrox-
ide film, the Tafel slope is 66 mV dec−1 at overpotentials

lower than 0.7 V and increases on increasing polarization
because of changing Ni oxidation state (Fig. 8e).

The deposition of the Ni(OH)2–Fe(OH)3 film onto the
surface of microporous cobaltite layers leads to a substan-
tially higher electrochemical activity (Fig. 8f). For example,
at j=100 mA cm−2, the decrease in the overpotential is
about 0.13 V; the Tafel slope decreases from 57 down to
29 mV dec−1. A similar change in the Tafel slope, observed
on iron doping of nickel hydroxide films, was explained by
changing OER mechanisms [30]. On increasing solution
temperature up to 80 °C, the OER overpotential of surface-
modified electrodes with porous La0:3Sr0:7ð Þ0:97CoO3�d

layers becomes as low as 0.21 V at apparent current density
of 100 mA cm−2; the activation enthalpy is 79.3 kJ mol−1

(Fig. 10).

Stability

The stability of ceramic electrodes was evaluated analyzing
time degradation of the anode potentials under galvano-
static conditions, with subsequent SEM/EDS inspections.
The typical E vs time dependencies at the initial stage, after
starting the operation of as-prepared electrodes, are given in
Fig. 11a–d. The maximum changes are observed during
first 5–10 min, then the anode potentials tend to stabilize,
although a moderate decrease can be detected during 2–7 h
for dense cobaltite electrodes because of the formation of
thin hydroxide films on their surface. Nevertheless, in this
case, the SEM/EDS analysis revealed no substantial
alterations of the surface morphology. On the contrary, the
morphology of nickelate-based anodes suffers dramatic
changes even after short-term tests. Relatively thick dark brown
films are formed on the nickelate surface after 10–15 min
anodic polarization at j=10 mA cm−2; scraps of these layers
exfoliate from the surface, thus increasing the roughness
(Fig. 12). At the same time, EDS inspection showed that the
Ni/La ratio in the surface layers is essentially unchanged with
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Fig. 9 Arrhenius plots for the oxygen evolution reaction on dense
La0:5Sr0:5CoO3�δ electrode in 1 M KOH solution

Table 3 Parameters of OER
kinetics for the cobaltite elec-
trodes with porous layers in
1 M KOH solution at 25 °C

a The values are related to the
geometric electrode area.

Porous layer and
dense support

Sheet density of
the porous layers
(mg cm−2)

Tafel slope
(mV dec−1)

Apparent current densitya at
0.4 V overpotential (mA cm−2)

GNP/La0.5Sr0.5CoO3 20 64 42.8
A/La0:5Sr0:5CoO3�δ 21 65 30.2
B/La0:5Sr0:5CoO3�δ 18 66 19.5
C/La0:5Sr0:5CoO3�d 21 62 38.0
A/La0:3Sr0:7CoO3�d 22 57 59.6
A/La0:3Sr0:7CoO3�d 42 59 81.3
Grained G-

La0:7Sr0:3ð Þ0:97CoO3�δ/A/
La0:3Sr0:7CoO3�δ

19/76 63 36.5
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respect to the bulk composition. Taking into account the data
on oxygen intercalation into La2NiO4þd [7, 26, 28], the latter
phenomena were attributed to the surface oxidation of
La2Ni1�xMexO4þd and phase decomposition, resulting in
the formation of NiOOH and La(OH)3. The large range of
possible oxygen-nonstoichiometry variations [7, 17, 26] and
the higher concentration of lanthanum in La2Ni1�xMexO4þd

in comparison to perovskite-type cobaltites explain the differ-
ences in anodic behavior of these compounds.

Figure 11c shows selected results of the stability tests of
La0:5Sr0:5CoO3�d electrodes coated with various porous
layers, compared to the data on polished La0:5Sr0:5CoO3�d

ceramics. In contrast to dense anodes, the presence of
porous layers leads to a moderate reversible increase in the
potential under galvanostatic polarization during the first
10–20 min. The reversibility of such behavior is illustrated
by Fig. 13. During potential scan without preanodization, a
decrease in the current is observed at high overpotentials,

leading to deviations from the Tafel dependence; the second
scan after preanodization in the OER region gives a linear
Tafel plot with slightly lower currents, which can then be
increased keeping the electrode under open-circuit con-
ditions for 0.5–1 h (cf. curves 1–3 in Fig. 13). These effects
may result from partial blocking of the electrochemically
active area by O2 bubbles and/or from local pH changes in
the porous layer [38]. Whatever the mechanism, no
degradation is observed under galvanostatic polarization in
a concentrated (30% NaOH) alkaline solution, where the
potential even decreases with time (Fig. 11e); SEM
inspection revealed no essential microstructural alterations
after testing in strongly concentrated alkaline media. An
essentially stable performance was also found after the
deposition of the Ni(OH)2–Fe(OH)3 film on the surface of
microporous layer (Fig. 11f).

Electrochemical impedance spectroscopy

Selected Nyquist plots of the dense cobaltite and nickelate-
based electrodes in the OER potential range are presented
in Fig. 14a. These data can be described by an equivalent
circuit shown in Fig. 14b; the fitting results are shown in
Fig. 14a as solid lines. The effective capacitance Ceff and
faradaic admittance Yct=Rct

−1 (Fig. 15) were calculated
from the charge-transfer resistance Rct and constant phase
element parameters A and α, defined by the relationship
Ceff ¼ A� wa�1

max where ωmax is the frequency correspond-
ing to maximum −Zim. When collecting the data shown in
Fig. 15, one impedance spectrum was initially recorded for
the as-prepared La0:5Sr0:5CoO3�d at low anodic potential
(0.2 V), far from the OER range, then the potential was
shifted up to 0.5 V (the region near OER), increased up to
0.8 V, and scanned from 0.8 down to 0.5 V and in the
reverse direction, with a 20-min delay at each E value. The
capacitance Ceff is relatively low for the as-prepared
electrode at overpotentials below the OER region but
increases substantially after anodic polarization at E>
0.6 V, in particular because of hydroxide film formation.
The reversible decrease in Ceff on increasing overpotential
in the OER range may be associated with partial blocking
by oxygen bubbles. The Tafel slope calculated from the log
Yct vs E curve (Fig. 15) is about 60 mV dec−1, in excellent
agreement with the polarization curves. Similar trends are
observed for other cobaltite electrodes.

Near the open-circuit potential (0.04–0.15 V, depending
on the electrode material), the EIS measurements of
cobaltite anodes reveal several new features (Fig. 16a).
The Bode plots recorded at Eocp demonstrate two distinct
time constants. As the first high-frequency constant
disappears on further increase in the overpotential above
0.2 V, it can be assigned to the quasi-reversible Co2+/Co3+

redox process occurring at the cobalt oxide–hydroxide
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species in the outer layer of ceramic electrodes. This
process corresponds to the couple of peaks observed in
the CVAs after prolonged oxygen evolution (Fig. 6a). It is
also noteworthy that the first time constant becomes more
distinct for the electrodes aged under the OER conditions.
Another time constant, at intermediate and low frequencies,
is likely to result from oxygen electrointercalation into the
ceramic material. The corresponding EIS spectra were
successfully fitted using the equivalent circuit shown in
Fig. 16b. The capacitance values for the first time constant
were found low, 60–100 μF cm−2, close to the possible
double-layer capacitance of the electrode.

Final comments

The basic OER mechanisms, proposed for the conditions
when the surface of cobaltite- and nickelate-based electro-
des remains essentially unchanged in the course of
electrolysis [5, 6, 8, 10], suppose that the rate-limiting step
has a chemical nature associated with either desorption of
OH surface groups or proton transfer from these groups to
hydroxyl ions. The so-called peroxide mechanism [5, 8]
comprises the following steps:

BS þ OH� $ BS � OHþ e� ð4aÞ

BS � OHþ OH� ! BS . . . H2O2 þ e� ð4bÞ

H2O2ð Þphys þ OH� $ HO�
2

� �
phys

þ H2O ð4cÞ

H2O2ð Þphys þ HO�
2

� �
phys $ H2Oþ OH� þ O2 ð4dÞ

where BS is the B-site cation (Co or Ni) located at the
surface, and the step 4b is rate determining. According to
this mechanism, the OER rate should increase with
decreasing the BS−OH bond strength. This may explain
the variations of electrochemical activity in the
La; Srð ÞCoO3�d system (Fig. 8), as thermodynamic stability
of such cobaltites and hence the metal–oxygen bond energy
decrease on increasing concentration of Sr2+ ions and/or
cation vacancies in the lanthanum sublattice (e.g., [17, 18]
and references cited). In spite of the lower concentration of
B-site cations in La2NiO4þd compared to LaNiO3-based
perovskites, however, the assumptions [5, 8] cannot clarify
the great difference in electrochemical performance of
nickelate and cobaltite electrodes. Another possible reaction
pathway:

BS þ OH� $ BS � OHþ e� ð5aÞ

BS � OHþ OH� ! BS � O� þ H2O ð5bÞ

BS � O� $ BS � Oþ e� ð5cÞ

2BS � O $ 2BS þ O2 ð5dÞ

Fig. 12 SEM micrographs of La2NiO4þδ electrode: a after polishing,
b after galvanostatic polarization (j=10 mA cm−2, 10 min) in 1 M
KOH solution
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with the rate-determining step 5b, is also well-known in
literature [6, 10]. In this case, the electrocatalytic activity is
expected to increase with positive charge of the B-site
cations on the electrode surface, which facilitates proton
detachment from the surface BS−OH groups [6]. Indeed,
comparison of the data on oxygen nonstoichiometry, B-site
cation oxidation state, and electrochemical properties
(Figs. 1, 7 and 8a, b, and Table 1) may confirm relevance
of the latter factor in the high-overpotential range where
OER is prevailing. In fact, the highest activity in the OER
region is observed for La0:3Sr0:7ð Þ0:97CoO3�d where the

concentration of Co4+ is maximum; the lowest OER rate
was found for La2NiO4þd and La2Ni0:8Cu0:2O4þd where the
average oxidation state of B-site cations varies in the range
from +2.24 to +2.30. Decreasing overpotentials to the
values characterized by concurrence between the OER and
oxygen intercalation leads to an increasing role of other
factors, primarily oxygen storage capacity. Under
these conditions, the maximum currents are found for
La0:3Sr0:7Co0:8Al0:2O3�d where the oxygen deficiency is
maximum and for La2Ni0:8Cu0:2O4þd with minimum
occupancy of the interstitial positions available for oxygen
incorporation compared to other K2NiF4-type phases
(Table 1). Note that after the OER tests at high anodic
currents, a prolonged evolution of intercalated oxygen from
the hyperoxidized surface layers of highly deficient
cobaltites was observed, clearly visible as the gas bubble
formation during dozens of minutes under the open-circuit
conditions.

On the other hand, the relationships between cation
composition and OER performance of the title materials
may also be described by the formation of hydroxide
layers during oxygen evolution, indicated by the cyclic
voltammetry data (Fig. 6a). The similar electrochemical
behavior of La; Srð ÞCoO3�d ceramics and model hydroxide
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layers electrodeposited onto Pt (Fig. 8e) supports this
hypothesis. Because of high electrocatalytic activity of
cobalt oxide–hydroxide, no decrease in the performance of
La; Srð ÞCoO3�d electrodes is observed when surface de-
composition of the perovskite phase into hydroxides
occurs. Furthermore, the resultant roughening of the
electrode surface, accompanied with a significant increase
in the effective capacitance (Fig. 15), seems responsible for
decreasing overpotential with time (Fig. 11). If the activity
of cobaltite electrodes in the OER region is indeed
determined by the surface oxide–hydroxide layers, the
overpotential variations in La; Srð ÞCoO3�d system may be
associated with changing the La/Co concentration ratio.
The negative influence of La(OH)3 addition is unambigu-
ously revealed by the data on Co(OH)2–La(OH)3 compo-
sites (Fig. 8e). The same factor can be expected to impede
OER kinetics on La2NiO4-based electrodes; the low electro-
chemical performance of nickelates correlates also with the
behavior of Ni(OH)2, which is less active than Co(OH2).
Moreover, even the higher activity of La2Ni0:9Co0:1O4þd in
comparison with undoped La2NiO4þd (Fig. 8b) seems to

coincide with the cobalt-induced OER promotion on Ni
(OH)2 [39, 40].

Although the data obtained in this work are insufficient to
unambiguously identify the OER mechanisms on perovskite-
related ceramic anodes, the results show a key role of the
electrode surface hydration and make it possible to select
relevant trends necessary for future developments of highly
active electrodes. In particular, for perovskite-type materials
derived from La1�x�ySrxCoO3�d, the La/Co concentration
ratio should be as low as possible, and the lattice should be
La-deficient, within the solid solution formation limits.When
the cation deficiency and/or dopant content are excessive, the
secondary phase segregation leads to a change in the
perovskite composition and thus decreases electrochemical
performance. In the present work, this type of behavior is
illustrated by the examples of La0:55Sr0:40CoO3�d and
La0:65Sr0:30CoO3�d ceramics. The doping-induced oxygen
deficiency of cobaltite electrodes promotes oxygen interca-
lation but has no essential effect on the behavior under high
current densities in the OER region.

Finally, the maximum electrocatalytic activity is ob-
served for La0:3Sr0:7ð Þ0:97CoO3�d, the composition close to
the solid solution boundary. Further optimization of this
material may include a moderate increase in the A-site
deficiency, compensated by minor doping with higher-
valence cations into the cobalt sublattice to maintain
stability of the single perovskite-type phase. Attention
should be drawn to the surface modification methods,
including La depletion of the electrode surface layers to
avoid lanthanum hydroxide formation under OER condi-
tions, increasing specific surface area, and deposition of
cobalt-hydroxide-based films. In particular, a significant
decrease in the overpotentials was achieved applying
microporous layers made of the cellulose precursor- and
GNP-synthesized cobaltite, onto dense ceramics. However,
the current densities and Tafel slopes observed for the
layered anodes are weakly dependent of the thickness and
morphology of the porous components, thus indicating that
the reaction is localized in a narrow zone and making it
necessary to optimize microstructural and geometrical
parameters of the porous layers.
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