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A B ST R AC T

Lanthanum nickelate with the chemical formula of La2NiO4+δ has attracted research interests during
recent years, due to its high oxygen ion diffusivity for application as cathode material in solid oxide fuel
cells (SOFCs). In this research, lanthanum nickelate with Ruddlesden–Popper (RP) crystal structure was
synthesized via the co-precipitation method. The effects of OH-/NO3- molar ratio, La3+/Ni2+ molar ratio,
co-precipitation temperature, and calcination temperature on the phase composition, thermal behavior,
morphology, and electrochemical properties of the synthesized samples were investigated. Analysis of the
X-ray diffractometry (XRD) patterns revealed that the optimum OH-/NO3- and La3+/Ni2+ molar ratios in the
co-precipitation stage are 1.25 and 1.7, respectively. The formation of RP lanthanum nickelate is promoted
by calcination of the co-precipitated powder at 1000 °C, while the calcination at lower temperatures may
lead to the formation of perovskite (P) lanthanum nickelate. Scanning electron microscopy (SEM) studies
showed that the mean particle size decreases from 428 to 332 nm by increasing the OH-/NO3- molar ratio
from 1 to 1.5 while it increases from 67 to 183 nm by increasing the calcination temperature from 900 to
1000 °C. Simultaneous differential thermal analysis (DTA/TG) showed that the single RP lanthanum nickelate
phase starts to form at 920 °C and fully formed at 960 °C. The electrochemical impedance spectroscopy
data indicated that the cell with the electrode sintered at 1050 °C has the lowest polarization resistance.
The polarization resistance reached 1 Ω cm2 at the testing temperature of 800 °C, for the electrode sintered
at 1050 °C. Impedance curves of the electrode were fitted and simulated with two semicircles at high and
low frequencies. The activation energy of 1.14 eV was calculated for the electrode polarization resistance
of the lanthanum nickelate electrode.
Keywords: Lanthanum nickelate; co-precipitation; SOFCs; Rudllesden-popper.

1. Introduction
SOFCs are the cells that can convert the
chemical energy of fuel into electricity by
electrochemical oxidation which are promising
cost-effective and highly efficient energy providers
with minimal emission [1-4]. In SOFCs, there are

three main parts of a dense electrolyte, anode,
and cathode which convert the chemical energy
of a fuel and oxidant to electrical energy [5].
In SOFCs, the role of the cathode is generating
oxygen ions from molecular oxygen which
then oxygen ion migrates to the anode through
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the electrolyte. The oxygen reduction reaction
occurs in the cathode by the following reaction [6]:

1/2O2(gas) + 2e′(cathode) = O2- (electrolyte)

The excess oxygen in La2NiO4+δ is an important
factor for the exhibited ionic conduction of the
interstitial oxygen ion seen in this material [22].
Both computational and experimental results
revealed that an interstitialcy diffusion mechanism
is responsible for the diffusion along ab plane
(almost three orders of magnitude higher than the
diffusion along the c-axis) [9, 23]. The activation
energy for this diffusion process is lower than
other well-known ionic conductors such as
yttria-stabilized-zirconia [23, 24]. Doping with
different elements has been used to improve the
electrochemical properties of La2NiO4+δ [25-29].
Due to the exceptional properties, La2NiO4 has
been widely investigated during recent years [23,
30-35].
In the current research, the conditions for the
synthesis of La2NiO4 through co-precipitation
were systematically studied.
The effects of
synthesis parameters such as OH-/NO3- molar
ratio, La3+/Ni2+ molar ratio, co-precipitation, and
calcination temperatures on the powder particle
characteristics were also investigated. Furthermore,
the electrochemical properties of the produced
La2NiO4 phase under the optimum synthesis
conditions have been evaluated.

(1)

The enhancemenof durability and performance
of the oxygen electrode in SOFCs and solid oxide
electrolysis cells (SOECs) is a key factor in the
performance of this electrode since it degrades in
operating conditions. The oxides with alkaline earth
metal elements like Ba or Sr lead to the formation
of undesirable products. Therefore, finding oxides
without alkaline earth metal elements has received
great research interest in recent years [7].
The A2BO4+δ (A: a rare earth element; B: Cu,
Fe, Ni) layered perovskite structures have found
applications in SOFCs as the cathode materials
[8, 9]. Rare earth nickelates, with an RP structure
(K2NiF4-type structure), can be used in oxygen
electrodes in intermediated temperature solid oxide
electrochemical devices [10]. Rare earth nickelates,
with the formula of Ln2NiO4+δ (Ln=La, Sm, Pr,
Nd, etc.) with alternating blocks of perovskite and
rock-salt layers (LnNiO3 and Ln2O2, respectively)
have shown to be as superior cathode materials
for SOFCs. The obtained hA high oxygen surface
exchange coefficients and oxygen ion diffusivities
of these materials are due to their layered structure
which can accommodate excess lattice oxygen in
interstitial sites [11]. Ln2NiO4±δ materials, members
of the RP series family, under high pO2 atmospheres
can accommodate excess interstitial oxygen and
can withstand at low pO2 atmospheres by loss
of oxygen [7]. This type of Ln2NiO4+δ nickelates
has satisfactory electrochemical, catalytic, and
electronic conductivity [9, 12-15].
The electrochemical properties of Ln2NiO4+δ
oxides have been extensively investigated in recent
years [16-20]. It was reported that praseodymiumcontaining oxide has a higher electrochemical
activity but suffers from decomposing in oxidizing
atmospheres below 900 °C. The La2NiO4+δ is
preferred to Pr2NiO4+δ since it is stable in oxidizing
atmospheres below 900 °C [10]. Among the studied
RP nickelates, La2NiO4+δ (LNO) has shown an
enhanced value of the oxygen surface exchange
coefficient (k) compared to the mixed conductors
based on Sr-doped LaMnO3 [8]. The oxygen excess
in La2NiO4+δ is due to the interstitial oxygen into the
rock salt layers and holes in the LaNiO3 perovskite
layers. The number of interstitial oxygen and holes
are equivalent to keep the charge neutrality [21].

2. Experimental procedure
2.1. Materials
Analytical
grades
of
nickel
nitrate
(Ni(NO3)2.6H2O, JHD), lanthanum oxide (La2O3,
Merck), nitric acid (HNO3, Mojalali), sodium
hydroxide (NaOH, Merck), yttria-stabilized
zirconia (Zr0.92Y0.08O2-δ, Tosoh), gadolinia doped
ceria (Gd0.1Ce0.9O1.95, Fuel cell materials Co.), and
polyvinyl butyral ((C8H14O2)n, Kuraray) were used
in this research.
2.2. Synthesis of lanthanum nickelate
nanoparticles
Lanthanum nickelate nanoparticles were
synthesized through the co-precipitation method.
Briefly, for the La3+/Ni2+ molar ratio of two,
0.0078 mol of nickel nitrate was dissolved in 70
mL deionized water, and 0.0078 mol lanthanum
oxide was dissolved in 5 mL of a solution of nitric
acid and deionized water to obtain the required
OH-/NO3- molar ratio for the mixed solutions.
Subsequently, the solutions were mixed and
heated to reach the desired temperature. Different
temperatures of 25, 50, and 85 °C were investigated
as the co-precipitation temperature. Then, sodium
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hydroxide was added drop-wise to the mixed
solution, while keeping the temperature steady for
1 h. The synthesis procedure was performed for
different OH-/NO3- molar ratios of 1, 1.15, 1.25,
and 1.5. The synthesis of the lanthanum nickelate
was repeated with different La3+/Ni2+ molar ratios of
1.7, 1.8, and 2.2 by keeping the Ni2+ moles fixed and
varying the La3+ moles in the solution. The studied
co-precipitation temperatures for the samples were
27, 50, and 85°C. The precipitates were filtered and
washed several times and then were dried at 60 °C
for 12 h. The dried precipitates were calcined at
different temperatures in the range of 800-1100 °C
for 2 h.

thermal analysis (STA) was done on a BAHR STA
503. A potentiostat/galvanostat (PARSTAT 2273)
was applied for the electrochemical impedance
spectroscopy (EIS) in the frequency range of 0.1
Hz to 100 kHz in the temperature range of 600-800
°C. The measurements were conducted under open
circuit conditions with an AC signal amplitude
of 10 mV. Fitting and simulation of EIS data was
performed using ZSimpWin software.
3. Results and discussion
3.1. Effect of OH-/NO3- molar ratio
Figure 1 shows the XRD patterns of the
synthesized samples with different OH-/NO3- molar
ratios after calcination at 1000 °C. It can be seen
that the sample processed with an OH-/NO3- molar
ratio of 1 contains RP lanthanum nickelate and
lanthanum nickelate perovskite as major phases
together with the small amount of lanthanum oxide
phase. By increasing the OH-/NO3- molar ratio, the
lanthanum oxide phase volume fraction decreases
and reaches its minimum value in a ratio of 1.25.

2.3. Fabrication of cathode cell
For the fabrication of yttria-stabilized zirconia
(YSZ) electrolyte, 1.2 g of YSZ powder and 0.24
g polyvinyl butyral were mixed in ethanol, and
the mixture was dried at 60 °C. The resultant
agglomerates were then ground to fine powder in
a mortar. The powder was pressed under 100 MPa
pressure, followed by sintering at 1500 °C for 4 h.
The surface of the produced pellets was polished
using sandpaper. A thin interlayer of gadolinia
doped ceria (GDC) was screen-printed on both
sides of pellets followed by sintering at 1250 °C
for 2 h, to achieve an almost 4 μm thick interlayer.
Lanthanum nickelate powder (synthesized with
OH-/NO3-=1.25, pH=13, La3+/Ni2+=1.7, coprecipitation temperature=85 °C, and calcination
temperature=1000 °C) was mixed with ink vehicle
(Full cell materials Co.) in a mortar, and a circleshaped electrode layer with a surface area of 0.32
cm2 was hand-painted on the top of GDC interlayer
on both sides. The painted pellets were dried in
an oven and subsequently heat-treated for 2 h at
different temperatures of 950, 1050, 1100, and 1150
°C. Symmetric cell configuration was selected for
the electrochemical measurements. Pt mesh was
used as the current collector.
2.4. Characterization techniques
Phase analysis was performed with a Philips
PW-1730 diffractometer operating at 40 kV, 30
mA with CuKα radiation. The measurements were
recorded in 2θ=20-80° with a step size of 0.02°. The
morphology of the synthesized nanoparticles was
studied with a scanning electron microscope (SEM,
ZEISS Sigma VP, Jena, Germany). The mean particle
size was determined by averaging 100 particles of
each sample using Image J software. Simultaneous

Fig. 1- XRD patterns of synthesized samples with different
OH-/NO3- molar ratios. The synthesis conditions are as
follow: La3+/Ni2+=2, co-precipitation temperature=50 °C, and
calcination temperature=1000 °C. (LNO RP and LNO P are RP
and perovskite La2NiO4+δ, respectively).
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Therefore, the optimum OH-/NO3- molar ratio
for the formation of RP lanthanum nickelate was
found to be 1.25. The observed LaNiO3 perovskite
phase can be formed as a result of the reaction (2).
2La2NiO4 +1/2O2 = 2LaNiO3 + La2O3

the different OH-/NO3- molar ratios, while the
mean particle size decreases from 428 nm to 332
nm by increasing the OH-/NO3- molar ratio from
1 to 1.5. The reduction of the mean particle size
might be due to an enhanced driving force for the
nucleation at a higher OH-/NO3- molar ratio. The
higher number of the nuclei and their subsequent
growth results in smaller particle size at a higher
OH-/NO3- molar ratio, compared to the sample
synthesized under lower OH-/NO3- molar ratio
conditions with a decreased driving force for the
nucleation.

(2)

Figure 2a shows the SEM images of the
synthesized samples with different OH-/NO3- ratios.
The particle size distribution is also exhibited
in Figure 2b. The measurements reveal that the
morphology of the particles is almost similar for

Fig. 2- The synthesized samples with different OH-/NO3- molar ratios: (a) The SEM images, (b) Particle size distribution and mean particle
size. The synthesis conditions are as follow: La3+/Ni2+=2, co-precipitation temperature=50 °C, and calcination temperature=1000 °C).
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3.2. Effect of the co-precipitation temperature
Figure 3 shows the XRD patterns of the
synthesized samples at different co-precipitation
temperatures after calcination at 1000 °C. The
sample with a co-precipitation temperature of 27
°C consists of RP lanthanum nickelate and La2O3
after calcination. By increasing the co-precipitation
temperature to 50 °C the peaks of RP lanthanum
nickelate become more intensive. However, the
co-precipitation temperature of 85 °C leads to
the formation of perovskite lanthanum nickelate
together with former phases of RP lanthanum
nickelate and La2O3 after calcination. It was
observed that by increasing the co-precipitation
temperature from 27 to 85 oC, the pH of the
solution decreases from 13 to 10, respectively.
It has been reported that increasing the pH
value from 10 to 13 leads to an increase in the
precipitation of the lanthanum hydroxide [36].
Therefore, in the synthesis conditions of pH of
13 and the co-precipitation temperature of 27 oC,
the precipitation of lanthanum oxide is preferred.
Although the sample synthesized at 50 oC exhibits
higher purity for the RP lanthanum nickelate phase
after calcination, the sample treated at 85 oC was
chosen as the sample for further investigation due
to its smaller mean particle size.
The effect of co-precipitation temperature on
particle morphology and mean particle size are
illustrated in Figure 4. As was mentioned earlier,
by increasing the synthesis temperature, the pH of
the solution decreases which may affect the particle
size. It is observed that the sample synthesized at a

higher co-precipitation temperature has a smaller
mean particle size. The reduction in the particle
size with a decrease in pH in the co-precipitation
synthesis method has been reported before. The
particle growth kinetics is favored at higher pH
values during the co-precipitation synthesis [37].
The particle size distribution for the samples coprecipitated at room temperature and 85 °C is
almost identical.

Fig. 3- XRD patterns of synthesized samples at different
co-precipitation temperatures. The synthesis conditions
are as follow: OH-/NO3-=1.25, La3+/Ni2+=2, calcination
temperature=1000 °C. (LNO RP and LNO P are RP and perovskite
La2NiO4+δ, respectively).

Fig. 4- The synthesized samples with different co-precipitation temperatures: (a) The SEM images, (b) Particle size distribution and
mean particle size data. The synthesis conditions are as follow: OH-/NO3-=1.25, La3+/Ni2+=2, calcination temperature=1000 °C.
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3.3. Effect of La3+/Ni2+ molar ratio
XRD patterns of the samples synthesized with
different La3+/Ni2+ molar ratios are illustrated in
Figure 5. The sample with a La3+/Ni2+ molar ratio of
2.2 consists of RP lanthanum nickelate, perovskite
phase, and lanthanum oxide. By decreasing
the La3+/Ni2+ molar ratio from 2.2 to 1.7, the
amount of the formed lanthanum oxide decrease.
The higher amounts of the formed lanthanum
oxide in the samples with a higher La3+/Ni2+
molar ratio is due to the lower amounts of
available Ni2+ ions for the formation of lanthanum
nickelate phase. The remained La3+ cannot
impart in the structure of lanthanum nickelate
and consequently, will be oxidized. It can be
concluded that in the stoichiometric molar ratio
of La3+/Ni2+, lanthanum oxide will exist in the
final product whereas, by a decrease in this ratio,
the amount of this phase decreases. Furthermore,
the perovskite phase was formed in the samples
with La3+/Ni2+ molar ratios of 2.2, 2, and 1.7. It has
been reported that the perovskite phase forms in
the La3+/Ni2+ molar ratios smaller than 1.8 [38].
The optimum La3+/Ni2+ molar ratio of 1.7 was
chosen for the synthesis of pure RP lanthanum
nickelate due to the absence of detectable
lanthanum oxide in its XRD pattern. The SEM
images of the samples synthesized with different
La3+/Ni2+ molar ratios are presented in Figure 6.
The samples with higher La3+/Ni2+ molar ratios
show a larger mean particle size.

Fig. 5- XRD patterns of synthesized samples with different
La3+/Ni2+ molar ratios. The synthesis conditions are as follow:
OH-/NO3-=1.25, pH of 10, co-precipitation temperature=85 °C,
calcination temperature=1000 °C. (LNO RP and LNO P are RP
and perovskite La2NiO4+δ, respectively).

Fig. 6- The synthesized samples with different La3+/Ni2+ molar ratios, (a) The SEM images, (b) Particle size distribution and mean
particle size data. The synthesis conditions are as follow: OH-/NO3-=1.25, pH of 10, co-precipitation temperature=85 °C, calcination
temperature=1000 °C.
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Fig. 7- The (a) DTA/DDTA and (b) TG/DTG traces of the sample synthesized with OH-/NO3-=1.25, La3+/Ni2+=1.7, and co-precipitation
temperature=85 °C.

3.4. Effect of calcination temperature
Thermal analysis was performed to evaluate
the stability range of the RP lanthanum nickelate
phase. The DTA/DDTA and TG/DTG results of
the sample synthesized with OH-/NO3-=1.25, La3+/
Ni2+=1.7, and co-precipitation temperature=85 °C
are shown in Figure 7 and the corresponding XRD
patterns of this sample after calcination at different
temperatures are illustrated in Figure 8. The peaks
in the differential of the DTA diagram below 130
°C corresponds to the removal of adsorbed water
which is accompanied by a 3% weight reduction
as is evidenced by the DTG diagram. The large
peaks from 280 to 390 °C in the DTA curve
are responsible for 27% weight reduction. The
peaks before 600 °C are related to the burnout of
pyrolyzed organics and decomposition of organics
and nitrate species [39] The exothermic peak at 760
°C is attributed to the transformation of lanthanum
oxide into the perovskite lanthanum nickelate
(Figure 7). The endothermic peak starting at 920 °C
which is ended at 960 °C is accompanied by a 1%
weight reduction and corresponds to the formation
of RP lanthanum nickelate as can be concluded
from the XRD patterns in Figure 8. The formation
of RP lanthanum nickelate occurs by the reaction
between LaNiO3 and La2O3 as it was depicted in
reaction (1) [40]. The formation of La2NiO4+δ from
the solutions of metal nitrates has been reported to
occur above 700 °C [39]. The lanthanum oxide and
perovskite lanthanum nickel oxide converts into
the RP lanthanum nickelate [40]. The exothermic
peak at 1000 °C might belong to the converting
of the RP lanthanum nickelate to the lanthanum
nickel oxide with other stoichiometry.
The XRD patterns of the calcined samples in

Fig. 8- XRD patterns of the sample synthesized with OH-/NO3=1.25, La3+/Ni2+=1.7, and co-precipitation temperature=85 °C
after calcination at different temperatures.
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Figure 8 show more progress in the formation of
the RP lanthanum nickelate phase at 1000 °C while
at lower calcination temperature perovskite phase
exists in the calcined samples. Since the atomic
ratio of La3+/Ni2+ in the perovskite phase is 1,
therefore, more Ni2+ is consumed which leads to
the formation of lanthanum oxide. Increasing the
calcination temperature above 1000 °C leads to the
formation of lanthanum nickelate with different
stoichiometries (e.g. La3Ni2O7 and La4Ni3O10).
The calcination temperature should be high
enough to promote the formation of RP lanthanum
nickelate. The mean particle size increase from 67 to
183 nm by increasing the calcination temperature
from 900 °C to 1000 °C (Figure 9). The particle size
distribution becomes less uniform by increasing
the calcination temperature. Partial sintering of the
particles could be observed in the SEM image of
the sample calcined at 1000 °C

that by increasing the sintering temperature, the
ohmic resistance of the cell decreases (Figure 10b).
In all samples, a major part of the ohmic resistance
is due to the YSZ electrolyte. The cross-sectional
observation of the YSZ electrolyte shows that it
consists of a high-density structure that minimizes
the effect of porosities on ohmic resistance (Figure
S2). The decrease in the ohmic resistance by
increasing the sintering temperature is due to the
better adhesion of the LNO electrode layer to GDC
interlayer as well as improving particle connection
within the active LNO layer which facilitates the
charge transport characteristic and this will in
turn might reduce the polarization resistance via a
reduction in the current constriction effect.
By increasing the sintering temperature, the
electrode polarization resistance decreases first
and then increases, with its minimum at 1050
°C. Increasing the sintering temperature from
1050 °C to 1150 °C increases the contribution of
polarization resistances associated with both high
and low-frequency processes. The increase in the
polarization resistance associated with the high
frequency portion of the EIS curve (~10kHz) might
be caused by the formation of electrically insulator
oxide phases within the LNO-GDC interface,
which impedes the ionic charge transfer between
LNO and GDC layers [41]. Figure S1 shows that
by the heat treatment of LNO and GDC at 1050
°C and 1150 °C, the XRD peaks of the starting
materials vanish, and those of other undesired
phases appear. Furthermore, an increase in the

3.5. Electrochemical studies
The RP lanthanum nickelate powder with
optimum synthesis conditions (OH-/NO3-=1.25,
La3+/Ni2+=1.7, co-precipitation temperature=85 °C,
and calcination temperature=1000 °C) was used
for the fabrication of electrochemical cells. Figure
10 shows the results of electrochemical impedance
measurement of the fabricated cells with different
sintering temperatures, taken at the testing
temperature of 800 °C. For the sake of improved
comparability, the ohmic resistance of the EIS
curves is set to zero in Figure 10a. It is observed

Fig. 9- The synthesized samples calcined at different temperatures, (a) The SEM images, (b) Particle size distribution and mean
particle size data. The synthesis conditions are as follow: OH-/NO3-=1.25, pH of 13, La3+/Ni2+=1.7, co-precipitation temperature=85 °C.
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electrode polarization resistance associated with
the low frequencies is observable in the EIS curves
of Figure 10a (~10-100Hz), which is due to the
particle coarsening and subsequent decrease in the
available free surface for catalytic oxygen reduction
reaction. The reduction of polarization resistance
with increasing the sintering temperature from 950
°C to 1050 °C might be due to an improvement in
sintering and attachment of the particles which
facilitates the oxygen ions and electric charges
transfer. Generally, the polarization resistance of the
oxygen electrodes in solid oxide cells is influenced
by several factors including oxygen surface
exchange, ion transfer at the cathode-electrolyte
interface, oxygen adsorption/dissociation, oxygen
atomic diffusion, gas-phase diffusion, and charge
transfer reactions [42].
Figure 11 shows the SEM images of the crosssections of the cells that their electrode was
fabricated at temperatures in the range of 9501150 °C. As can be seen in Figure 11, by increasing
the sintering temperature, the particle size of the
lanthanum nickelate increases. Increasing the
particle size, decreases the surface to volume
ratio, and hurts the catalytic activity of lanthanum
nickelate. Increasing the particle size with
increasing the sintering temperature reduces the
active surfaces which consequently increases the
polarization resistance in the low frequency range
[42]. High porosity with interconnected paths is
preferred for the enhanced oxygen diffusion and
cell performance [43]. Therefore, there should be
an optimum particle size for the best performance
of the cell which occurs at temperatures between
950 to 1150 °C in the fabricated cathodes. The
SEM images also show that the GDC layer is not
dense enough (which is also supported by the
observation of very large Rs values). This, in turn,
will create a prominent bottleneck on the oxygen
journey towards the electrolyte, and hence major
impedance contributions were observed in the
high-frequency range. The cross-sections of the
fabricated cells also show that the proper sintering
has only occurred at higher temperatures, while in
the cathodes fabricated at lower temperatures, lack
of appropriate connection between the lanthanum
nickelate and GDC interlayer, prevents electron
and ions transportation. The sintering temperature
should be high enough to ensure particle surface
adhesion, and low enough to prevent the formation
of undesired phases at the interfaces of the particles.
Therefore, according to the polarization resistance

Fig. 10- (a) Electrochemical impedance curves, and (b) Ohmic
and electrode polarization resistance of the cells fabricated at
950-1150°C at the testing temperature of 800 °C.
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and the morphology of the particles and cell crosssection, the cells fabricated at 1050 °C has the
optimum conditions. Further chemical analysis of
the cell cross-section is represented in Figure S3.
The Nyquist plots of the cells with cathodes
fabricated at 1050 °C at different testing

temperatures of 600 to 800 °C are illustrated in
Figure 12a. Each Nyquist curve consists of two
semi-circles according to the data obtained by
curve fitting. The equivalent circuit used for the
curve fitting is shown in Figure 12b. By increasing
the testing temperature, the summit frequencies of

Fig. 11- SEM images of the cell cross-sections sintered at different temperatures in the range of 950 -1150 °C.

Fig. 12- (a) Nyquist curves of the cells with cathodes sintered at 1050 °C at different testing temperatures of 600-800 °C. (b) The
equivalent circuit for electrochemical impedance data-fitting, (c) The summit frequency of the Nyquist curves at high-frequency and
low-frequency semi-circles with electrodes fabricated at 1050 °C. D) Arrhenius plots for the ohmic and polarization resistance of
cathod fabricated at 1050 °C.
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the curves shift to higher frequencies and this effect
is more intense for the high-frequency semi-circle
(Figure 12c). By increasing the testing temperature,
the high-frequency intercept of the Nyquist curves
shift to the left and the semi-circles become smaller
which is an indication of the decrease in both
ohmic and polarization resistances. The resistance
decrease is more pronounced for the highfrequency curves, compared to low-frequency ones.
This phenomenon shows that through increasing
the temperature, oxygen ion charge transportation
between electrode and electrolyte which is a highfrequency reaction has a stronger effect on the
reduction of polarization resistance, compared to
the oxygen surface exchange and oxygen reduction
which are attributed to the low-frequency range.
Figure 12d shows the Arrhenius plot for the ohmic
and electrode polarization resistance of the cell,
fabricated at 1050 °C. Activation energy for the
ohmic resistance (after deduction of resistance of
connecting wires) is calculated around 0.54, which
is less than those reported in the literature. The
reason for this discrepancy might be the presence
of pourus GDC interlayer that significantly affects
the migration of oxygen ions. Activation energy for
the electrode polarization resistance is calculated
equal to 1.14 eV, which is well comparable with the
reported data in the literature [43].

resistance. It was concluded that by increasing the
temperature, oxygen ion charge transfer between
the electrode and electrolyte has a pronounced
effect on the reduction of polarization resistance,
compared to the oxygen surface exchange, and
oxygen reduction reactions. The results showed
that by controlling the synthesis parameters, the
RP La2NiO4+δ phase with desirable particle size and
electrochemical properties can be synthesized for
application as cathode material for SOFCs.
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