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The Electrochemical activities of updoped (La2NiO4+δ) and Ba-doped lanthanum nicklate (La1,85Ba0.15NiO4+δ) materials were
estimated using impedance spectroscopy and digital image processing. Mixed conduction was evaluated with an ionic-
conducting, Gd2O3-doped CeO2 probe. Geometric constriction between the ionic probe and mixed-conducting materials
allowed for the relative contribution of ionic conduction with regard to electronic conductivity in terms of polarization losses
originating from the interface between the oxygen conductor and the mixed-conduction materials. The electrochemical loss in
doped La1,85Ba0.15NiO4+δ was significantly lower than that measured in updoped La2NiO4+δ. Therefore, Ba-doped lanthanum
nicklate appears to provide better ionic conduction compared to the updoped material.
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Introduction

Lanthanum nicklate (La2NiO4+δ)-based materials have
been receiving academic and industrial recognition in
the form of highly efficient electrochemical systems,
including solid oxide fuel cells and ceramic membranes
for oxygen separation and partial oxidation of hydrocarbons.
[1-3]. The unique features of these materials are due to
superior oxygen ion conduction in oxide-based crystal
structures [4-9]. It has been proposed that the defect
chemistry of La2NiO4+δ is based on the peculiar structure
of the alternatively stacked rock salt-type La-O and
Perovskite-type LaNiO3. The ionic defects in Perovskite-
type LaNiO3 are extremely small due to difficulty in
the formation of oxygen vacancies in the stoichiometric
ABO3 structure. The atomic structure of La2NiO4+δ allows
the introduction of negatively charged oxygen interstitials
at the center of the La tetrahedron and facile conduction
along the ab crystal planes [7, 9]. The layered structure
of La-O and LaNiO3 accommodates a high level of
oxygen-based imperfections, including oxygen interstitials.
High oxygen hyperstoichiometric and undoped La2NiO4+δ

systems have been reported to contain oxygen interstitials
and electronic holes as primary defects [4].

Mixed conduction phenomena have been measured either
via electrochemical titration or relaxation measurements

subjected to different electrochemical activities. The work
presented here proposes a facile characterization approach
toward a fast and relative comparison among mixed
conduction materials. We investigated the potential of
controlling mixed conduction through doping in La2NiO4-
based materials. The model system chosen was composed
of undoped La2NiO4 and doped La1.85Ba0.15NiO4. The
mixed conduction features were analyzed using impedance
spectroscopy in combination with microstructural features.
In particular, geometric constriction was employed to
evaluate the mixed conduction of La2NiO4-based materials.
The implications of impedance spectroscopy toward
screening and optimizing mixed conduction features and
the electrochemical potential of La2NiO4-based materials
for ceramic membranes and solid oxide fuel cells are
discussed.

Experimental Procedure

Undoped La2NiO4+δ and doped La1.85Ba0.15NiO4+δ powders
were synthesized from lanthanum acetate hydrate
(C6H9LaO6·H2O, 99.9%, Aldrich, USA), nickel acetate
tetrahydrate ((C2H3O2)2Ni·4H2O, 99.9%, Aldrich, USA)
and acetate ((CH3COO)2Ba, 99%, Aldrich, USA) using
a coprecipitation method. Calculated amounts of each
constituent material were dissolved in distilled water and
mixed homogeneously. Subsequently, a small amount of
ammonium hydroxide was added to adjust the pH to 10.
The controlled solution was dried under stirring conditions
and calcined at 1173 K for 10 h under ambient conditions.
Crystalline phases of the obtained powders were charac-
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terized using X-ray diffraction (XRD; D/MAX Ultima III,
Rigaku, Japan) equipped with a Cu target. The calcined
powder was pressed into discs and then placed into the
measuring apparatus. The detailed electrode configuration
is shown in Fig. 1. The impedance spectra were measured
using a Solartron 1260 frequency response analyzer (FRA).
After installation into the apparatus, the specimens were
annealed at 900 oC for 5 h to guarantee intimate contact
between the electrolyte and La2NiO4-based materials. The
impedance spectra were measured in air at temperatures
between 600 and 800 oC. The obtained impedance infor-
mation was analyzed using an equivalent circuit model.

Results and Discussion

Electrochemical characterization

To investigate the electrochemical performances of the
La2NiO4-based materials, the electrode configuration
involved a two-point impedance configuration, as shown
in Fig. 1. In particular, geometric constriction was employed
to amplify the bulk and interfacial responses originating
from the micro-contacted region with the Gd2O3-doped
CeO2 (GDC) used as the ionic conducting probe. Direct
contact between the GDC hemispherical portion and the
La2NiO4-based material produced a significant geometrical
constriction in the movement of oxygen ions, leading to
higher resistance in the GDC bulk materials and at the
electrode/electrolyte interface.

Based on the electrode configuration in Fig. 1, the
electrochemical impedance was acquired as a function
of temperature between 600 oC and 800 oC in undoped
La2NiO4+δ and doped La1.85Ba0.15NiO4+δ. The high frequency
response was attributed to the bulk portion including
the ohmic contribution of lead wires, La2NiO4-materials,
and electrolytes, i.e., GDC. The frequency response of the
bulk portion can be estimated mainly due to the geometric
constriction between the GDC and La2NiO4-based materials.
The spreading resistance contribution overwhelmed the
high-frequency component due to the lead wires and the
smaller bulk electrolyte resistance, which was not associated

with the above spreading resistance. The effective bulk
contribution originated from the ionic flow adjacent to the
contact point between the electrolyte and the electrode.

The low impedance contribution was ascribed to interfacial
polarization between the ionic electrolyte and electrode.
The component was largely dependent on charge transfer
involving electrons and ions. In the setup described in
Fig. 1, the apparent low-frequency data was attributed to
the geometrically restricted interfacial response between
the GDC electrolyte and the La2NiO4 materials. Accordingly,
the impedance spectra in Fig. 2 reflect the bulk and
interfacial components associated with the geometric
constriction. Based on the impedance features of Fig. 2,
an equivalent circuit was proposed, as shown in Fig. 3.
The R0 component models the contribution of the bulk
GDC electrolytes in the high-frequency region. The latter
R1CPE1 and R2CPE2 components were used to describe
the electrode responses between the electrolyte and the
La2NiO4 materials with the resolved resistive components
summarized in Table 1 and Fig. 4. The ratio of the interfacial
to the bulk component (Rt/R0) indicates the relative
magnitude of electrochemical polarization loss. Usually,
lower electrochemical polarization is achievable in higher
mixed conduction systems; therefore, the lower is the

Fig. 1. The schematic diagram of an electrochemical system involving
geometric constriction in two-point impedance spectroscopy.

Fig. 2. Impedance spectra obtained from undoped La2NiO4+δ (a, b)
and doped La1.85Ba0.15NiO4+δ (c, d) as a function of temperature
between 600 and 800 oC.

Fig. 3. An equivalent circuit model applied to an electrochemical
system involving geometric restriction in two-point impedance
spectroscopy.
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Rt/R0, the weaker is the electrochemical polarization
or, equivalently, the higher is the mixed conduction.

Based on the summarized results in Table 1, the electro-
chemical polarization decreased with increasing temperature.
The doped La1.85Ba0.15NiO4 exhibited weaker electro-
chemical polarization. The lowest parameter (0.636) was
found in La1.85Ba0.15NiO4 at 800 oC, and the highest
polarization loss (30.594) was found in La2NiO4 at 600 oC.
The current measurements provide valuable information
in that there is a significant increase in electrochemical
polarization with decreasing temperature and higher mixed
conduction in doped La1.85Ba0.15NiO4. Ba-doping into
La-sites incorporated oxygen vacancies into the perovskite
LaNiO3 layer structure in order to meet the charge neutrality
conduction involving the alivalent doping of Ba into
La-sites. The ionic contribution is enhanced, compared to
the original electronic conduction of La2NiO4. The enhanced
ionic contribution allowed a decrease in the electrochemical
polarization losses. Further characterization will be focused
on quantifying the ionic conductivity with regard to
electronic conductivity.

Microstructural characterization

To corroborate the above electrochemical measurements,
the above undoped La2NiO4+δ and doped La1.85Ba0.15NiO4+δ

were analyzed in terms of their microstructural aspects,

as shown in Fig. 5. Stereologic analysis methods [10-14]
were employed to evaluate the microstructural images
of La2NiO4+δ and La1.85Ba0.15NiO4+δ. The exemplary lines
(horizontal, vertical, and diagonal lines) were applied to
the above high-contrast electron image (Fig. 6). The resultant
microstructural information is summarized in Table 2 in
terms of the line intercepts, area fraction, and intercon-
nectivity (inverse of tortuosity). Assuming that the micro-
structural images of the La2NiO4-based materials are
isotropic, the volume fraction (area fraction) was estimated
to be approximately the same at 30% in the porous
component and 70% in the solid components. The higher
volume fraction in the solid components led to a higher
interconnectivity of approximately 83%. The reasonable
amount of pores enhanced the appropriate interface reactions
involving oxygen gas, oxygen ions, and electrons. The
current microstructural similarity simplifies the electro-
chemical interpretation at the interface between the ionic
and mixed-conducting materials. The electrical performance

Table 1. Summary on the analyzed parameters using impedance spectra and the corresponding equivalent circuit [unit: ohm]

La1.85Ba0.15NiO4 R0 Rt Rt/R0 La2NiO4 R0 Rt Rt/R0

800 oC 68.587 43.633 0.63617 800oC 104.97 177.07 1.686863

750 oC 90.553 88.597 0.9784 750oC 138.04 483.92 3.505651

700 oC 119.11 191.1 1.6044 700oC 149.14 614.93 4.123173

650 oC 178.92 631.95 3.53203 650oC 199.34 2354.56 11.81178

600 oC 296.72 4098.88 13.814 600oC 302.46 9253.54 30.59426

Fig. 4. Normalized electrochemical polarization between La2NiO4-
based materials and an ionic conductor (Gd2O3-doped CeO2).

Fig. 5. Electron microscopic images: (a) undoped La2NiO4+δ (a,
b) and (b) doped La1.85Ba0.15NiO4+δ.

Fig. 6. Examples of quantification based on microstructural images:
(a) and (b) undoped La2NiO4+δ and (c) and (d) doped La1.85Ba0.15NiO4+δ.
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can be attributed to the corresponding defect chemistries.
The beneficial features of La1.85Ba0.15NiO4+δ seem to
originate from the enhanced ionic contribution compared
to the electronic defects.

Conclusions

Undoped La2NiO4+δ and doped La1.85Ba0.15NiO4+δ were
estimated in terms of mixed conduction. The mixed
conduction features can be characterized by monitoring
the electrochemical polarization between La2NiO4-based
materials and an ionic conductor. The lower polarization
indicates that doping of Ba into the La-site increased
the formation of oxygen vacancies in the perovskite layer,
enhancing the ionic conduction in La2NiO4-based systems.
The enhanced ionic contribution can be exploited to
synthesize hydrogen gas through a ceramic membrane
systems based on La2NiO4-based materials.
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Table 2. Analyzed microstructural paramaters in (a) undoped
La2NiO4+δ (a, b) and (b) doped La1.85Ba0.15NiO4+δ

Phase
Mean Line
Intercept

Area
Fraction

Interconnectivity

La2NiO4

Pore 0.792 0.297 0.1637

Solid 0.365 0.703 0.8373

La1.85Ba0.15NiO4

Pore 0.830 0.292 0.1634

Solid 0.389 0.708 0.8366
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