
Anal. Bioanal. Electrochem., Vol. 11, No. 11, 2019, 1517-1535 
 

 
 

 
 
 
 
Full Paper 

New La2Ni1-xO4±δ (0.01≤x≤0.1) Materials as Cathode for 
Solid Oxide Fuel Cells 

Ammar Khaled,1,* Mouna Rekaik,1 Mosbah Ferkhi1 and Michel Cassir2 

1Laboratory of Study on Materials-Environment Interactions (LIME), BP98 Ouled Aissa 
Mohamed Seddik  Benyahia University, Jijel-18000, Algeria 
2PSL Research University, Chemistry Paristech-CNRS, Institute Research of Chemistry of 
Paris, 11 rue Pierre and Marie Curie, F-75231 Paris Cedex 05, France 

*Corresponding Author, Tel.: +213 7 78 14 95 65 

E-Mail: ammark90@gmail.com 

Received: 30 August 2019 / Accepted with minor revision: 3 November 2019 / 
Published online: 30 November 2019 

 
Abstract- In order to improve the electrochemical performances of solid oxide fuel cells 
(SOFC), La2Ni1-xO4±δ (0.01≤x≤ 0.1) materials were prepared by citrate route and then used as 
cathodes for oxygen reduction reaction (ORR). Their microstructure and morphology were 
characterized by X-ray diffraction (XRD) and scanning electron microscopy (SEM), 
respectively. The excess of the oxygen contents and the electrical conductivities were 
performed by iodometric titration and 4-point probs method respectively. The electrochemical 
performances were subsequently studied by impedance spectroscopy and the results obtained 
are promising which confirm the good electrochemical performance of most of the analyzed 
compositions. It has been shown that, the electrical conductivity increases with increasing of 
the excess oxygen content. The morphology of such cathode materials has a significant 
influence on the electrochemical behavior of the studied electrode materials. Accordingly, 
among the studied materials, the Ni-10% deficient material (symbolised by LN10O) shows the 
best electrochemical properties with respect to oxygen reduction reaction. Such sample is the 
most porous one, conducing to an easy diffusion of oxygen and, consequently, favouring the 
ORR phenomenon. 
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1. INTRODUCTION  

The increasing use of energy and the negative impacts of fossil fuels on the environment, 
require efficient energy conversion and storage technologies. Polymer electrolyte membrane 
fuel cells (PEMFC), solid oxide fuel cells (SOFC), lithium batteries and zinc-air cells are 
among the most promising technologies for solving these problems. The oxygen reduction 
reaction (ORR) is the cathodic reaction in various electrochemical systems producing electrical 
energy [1-5]. 

Fuel cells are of great interest mainly because of their high energy efficiency and low 
pollutant emissions [6-8]. These systems, whose cost is still relatively high, are capable of 
producing electricity and heat, releasing only water when using a fuel of hydrogen and oxygen. 
In addition, their yield is far superior to that of internal combustion engines for which the 
conversion of chemical energy into electrical energy requires a mechanical intermediate [8,9]. 
There are different types of fuel cells that are distinguished by the chemical nature of their 
electrolyte, their fields of application and the operation at temperatures ranging from 60 to  
850 °C. 

SOFCs are very promising devices. Their very high temperature operation allows 
cogeneration of electricity and usable heat with an overall efficiency of up to 80%. These 
devices are highly interesting in stationary power applications, and for high powers.  

Due to the high temperature of use of these systems (700 to 850 °C) One of the major 
problems limiting the development of solid oxide fuel cells (SOFC) is the chemical reactivity 
(instability) between the various components of the cell (anode / electrolyte / cathode) resulting 
a degradation of the cell and, consequently, the decrease in its lifetime [10,12].   

To remedy these problems, the solution is based on reducing the operating temperature of 
these systems to around 700 °C (Intermediate Temperature-SOFC: IT-SOFC), makes it 
possible to consider the use of metallic interconnects, but the latter causes an increase in the 
ohmic resistance of the system. Nevertheless, lowering the operating temperature affects the 
electrical performance of the cell by causing a drop in the ionic conductivity within the 
electrolyte and increasing the over-voltages at the electrodes [13-16]. 

To remedy this, perovskite ABO3 materials are widely used as cathode materials, the 
Ba0.5Sr0.5Co0.8Fe0.2O3−δ oxides (BSCF) can be used as a new cathode material for reduced 
temperature SOFC operation. BSCF, incorporated into a thin-film doped ceria fuel cell, 
exhibits high power densities (1,010 mWcm−2 and 402 mWcm−2 at 600 °C and 500 °C, 
respectively) when operated with humidified hydrogen as the fuel and air as the cathode gas 
[17]. 

Perovskite materials of the LaMO3 type, where M is typically a transition metal, have been 
found to possess mixed ionic–electronic conductivity which is highly recommended for 
efficient SOFCs’ cathodes [18]. Therefore, considerable efforts have been concentrated 
towards the development and optimization of such materials [18].  
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In recent years, efforts have been dedicated to the development of other new mixed conductors’ 
perovskite materials, as La1−x−ySrxCo0.2Fe0.8O3−δ (x=0.2 and 0.4; y=0 − 0.05), La0.8Sr0.2FeO3−δ, 
La0.7Ba0.3Co0.2Fe0.8O3−δ and Ce0.05Sr0.95Co0.2Fe0.8O3−δ [19]. 

The most usual electrode materials in SOFCs until today are lanthanum strontium 
manganite La1−xSrxMnO3−δ (LSM), which have very good electrocatalytic properties towards 
the oxygen reduction reaction in solid oxide fuel cells [20].  

Despite the great effort deployed in this field perovskite materials based on lanthanum, 
have a major disadvantage because they form with YSZ electrolytes insulating layers of 
lanthanum zirconates at the interface, causing a sharp drop in the electrochemical properties of 
solid oxide fuel cells [11,21]. 

Recently, due to their high stoichiometric oxygen in their crystal lattice, the lanthanide 
nickelates (A2BO4±δ; A: La, Nd, Pr and B: transition metal) have known an important 
development and will be the subject of sophisticated research in this field as cathode for solid 
oxide fuel cells [11,21-26]. 

La2Ni1−xCuxO4+δ with x=0.01–0.1 materials have been tested for use as SOFC cathodes 
[11]. Doping with small amounts of copper (x=0.01) in the nickel site provided a pure nickelate 
material and prevented the formation of undesirable phases. It appears that, copper ions 
improve the electrical properties of the material by creating vacancies so that the electronic 
conduction increases. However, when the amount of copper increases, it can diffuse inside of 
the electrolyte which causes the formation of undesirable phases and therefore adversely affects 
the electrochemical performances. The addition of copper may change the electrode process 
by decreasing the charge transfer resistance. For small amount of x=0.01, no secondary phase 
was detected after heating at 1000 °C for 4 or 48 h. The copper introduced in the nickelate 
crystalline structure seems to stabilize the material. 

In our previous study, a new cathode materials for intermediate temperature-solid oxide 
fuel cell (IT-SOFC) such as La2-xNiO4±δ where x=0.01, 0.02, 0.03 and 0.05 were tested along 
with the yttria-stabilized zirconia (YSZ) electrolyte material [23]. It was revealed that, the low 
deficit materials have good electrochemical properties. For example, La1.98NiO4±δ material has 
shown the lowest resistance values meanwhile La1.99NiO4±δ has shown the lowest energy 
activation. It also found that particle size and porosity decreased according to the percentage 
of deficiency as increased interaction force between atoms causes shrinkage of the crystal 
lattice. Nevertheless, this phenomenon adversely affects the electrochemical properties of the 
material by increasing its polarization resistance [23]. That was observed in the case of 
materials whose deficiency varies between 3 and 5%.  

Our new attempt is to improve the electrochemical performance and optimization of 
nickelates cathode materials for possible use as a cathode material for solid oxide fuel cells. 
This work is focused on the synthesis and characterization of new cathode material deficient 
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in the nickel site with a percentage varying between 1 and 10% following the same approach 
as that used in our previously published work [23]. 

In this new study, mixed conductive materials of lanthanum nickelate deficits in the nickel 
site were also tested. La2Ni1-xO4±δ materials were prepared and firstly characterized by XRD 
and SEM techniques. Thereafter, the iodometric analyzes were carried out in order to evaluate 
the oxygen quantities as a function of the nickel deficiency. Similarly, the electronic 
conductivities were also measured by the 4-point probes method on previously cleaned 
substrates. The electrical properties were studied by impedance spectroscopy of the deposited 
materials on the YSZ electrolyte. 
 

2. EXPERIMENTAL METHOD 

Six compositions of La2Ni1-xO4±δ, with x varying between (0.01 and 0.1) were synthesized 
using the citrate-nitrate route (modified Pechini method) [11,21-23].  
The corresponding precursors were (La2O3) and nickel nitrate (Ni(NO3)2·6H2O). 

The final annealing was performed at 1000 °C for 6 h under air, leading to single and well-
crystallized phases for all compositions. 

Lanthanum oxide was first dissolved in diluted nitric acid (HNO3) at room temperature. 
The Nickel nitrate hexahydrate was dissolved in distilled water. The solutions were mixed and 
an excess of citric acid is, then, added. The reaction is carried out with medium agitation at a 
temperature between 75-80 °C until a gel was obtained. The gel formed was then dried at  
120 °C and the amorphous powder obtained was sintered at 350 and 550 °C for 1 hour to 
remove residual nitrates and organic products, respectively. Finally, the remaining powder was 
heat-treated at 1000 °C for 6 h forming the crystallised powder. 

Table 1 and the Table 2; summarize the abbreviations of all the materials and the 
symmetrical cells respectively. 
 

Table1. Abbreviations of the different materials used 
 

x values Sample Abbreviation 

0.01 La2Ni0.99O4±δ LN1O 

0.02 La2Ni0.98O4±δ LN2O 

0.03 La2Ni0.97O4±δ LN3O 

0.04 La2Ni0.96O4±δ LN4O 

0.02 La2Ni0.95O4±δ LN5O 

0.1 La2Ni0.90O4±δ LN10O 
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Table 2. La2Ni1-xO4±δ/YSZ/ La2Ni1-xO4±δ (0.01≤x≤0.1) symmetrical cells 
 

La2Ni1-xO4±δ/YSZ/ La2Ni1-xO4±δ 

LN1O/YSZ/ LN1O LN4O/YSZ/ LN4O 

LN2O/YSZ/ LN2O LN5O/YSZ/ LN5O 

LN3O/YSZ/ LN3O LN10O/YSZ/ LN10O 

 
The X-ray diffraction spectra were obtained at room temperature on the powders calcined 

at 1000 °C, and were carried out by a CoKα (1.78896 Å) radiation with 2θ between 20- 80° of 
a Philips PW 1350 diffractometer. The average crystallite size was determined from the Deby-
Scherrer relation. 

SEM (S440, FEG from LEICA), coupled with energy dispersive X-ray spectrometry, EDS 
(S440, FEG from LEICA), was used to investigate the morphology of the different samples. 

Iodometric titration or iodometry is an indirect method of redox dosing that determines the 
average valence of the transition metal in site B and thus the oxygen stoichiometry. It consists 
of dissolving our compound in a solution of potassium iodide (in large excess) and hydrochloric 
acid. Once in solution, the transition metal present in site B (in our case B: Ni) will be reduced 
by the iodide ions and the amount of iodine generated by this reaction is assayed by a solution 
of sodium thiosulfate.  

For this, two solutions are first prepared; one is to dissolve a quantity of 300 mg of each 
deficient sample in a solution of potassium iodide (in excess) by adding hydrochloric acid. 
The second solution is composed of 10 ml of distilled water and 1 g starch added, itself, in 80 
ml of boiling distilled water. Then, this solution was mixed with the first solution. Finally, the 
mixture formed is titrated with the sodium thiosulfate solution. 

To determine the electrical conductivities of the samples, the 4-point probs method was 
used and was carried out by "Jandel 4-Point Prob Head Inspection Sheet (Serial number 
272085)". The film is previously deposited by dip-coating on a glass substrate and four 
removable tips are placed on the film. The tips are aligned and spaced a constant distance of 
one millimeter. The external tips are connected to a generator which imposes a current (nano-
amperes or milliamps). The center points are connected to a voltmeter. By using this geometry, 
contact resistances are overcome by virtue of the high resistivity of the voltmeter.  An intensity-
regulated electric current is delivered to the outer peaks and then measured on the central peaks 
by measuring a potential difference between the tips. The conductivity is given by the following 
formula: 

σ = 1
𝑅𝑅
∗  𝑒𝑒

𝑠𝑠
                                                                                                                           (1) 
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with; R: the measured resistance, e: the thickness of the deposited film, s: surface of deposited 
film and σ is the conductivity of sample. 

The electrochemical measurements were performed on symmetrical cells La2Ni1-xO4±δ/ 
YSZ/La2Ni1-xO4±δ. 

The symmetrical cells are composed by YSZ (Yttria Stabilized Zirconia) pellets as 
electrolyte and the layers of La2Ni1-xO4±δ were painted on both sides of YSZ. The ink composed 
by La2Ni1-xO4±δ and ethylene glycol (EG) was then deposited on both sides of YSZ using a fine 
brush. The formed symmetrical cells were annealed at 300 °C to remove EG and then at 1000 
°C for 4 hours to ensure good adhesion between the deposited layer and the electrolyte. 

All the electrochemical measurements were realized with a potentiostat PGSTAT, AutoLab 
Ecochem BV (Amsterdam, the Netherlands), equipped with a frequency response analyzer. It 
was verified that the value of the amplitude ΔE of the voltage respects the criterion of linearity. 
The value used is between 10 and 100 mV, depending on the measured impedance. The 
symmetrical cell prepared was placed between two platinum current collectors between which 
platinum grids have been inserted for better current collection. 

 
Fig. 1. X-ray diffraction patterns of La2Ni1−xO4±δ powders treated at 1000 ◦C for 5 h in air 

 
In the Nyquist representation and at each frequency, the opposite of the imaginary part of 

the impedance -Z'' is plotted as a function of the real part Z' in an orthonormal frame for a 
temperature range from 400 up to at 800 °C under air for a frequency range between 106 and 
10-2 Hz. 

 

3. RESULTS AND DISCUSSION 

3.1. X-Ray Diffractions (XRD) 

Figure 1 shows the XRD diffractograms of the deficit materials. According to our previous 
study [23] and based on other published works [11,21-22,28-30], the preparation of a pure 
material is possible and the Miller indices are included.  
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It is noted that the increase of the percentage of the defected in the Nickel site can lead to 
the formation of the secondary phases. The various oxides detected are represented in Fig. 1. 

It is most probable that deficits created in nickel sites conduce to additional vacancies in 
the Cristal lattice and improving, certainly, their electrical conductivity. 

According to previous studies [31-40], K2NiF4-type lanthanum nickelates crystallise under 
an orthorhombic system with a space group Fmmm. The values of the cell parameters a, b, and 
c corresponding to the La2Ni1-xO4±δ materials (0.01≤x≤0.1) are summarized in Table 3. 
 

Table 3. Cell parameters of La2Ni1-xO4±δ (0.01≤x≤0.1) samples 
 

 
Sample 

 

Space 
Group 

Cells parameters (Å) 

      a                  b                c             α=β=γ 

 
LN10O 

 
Fmmm 

 
5.46 

 
5.4611 

 
12.6970 

 
90° 

 
LN5O 

 
Fmmm 

 
5.4721 

 

 
5.3131 

 
12.6848 

 
90° 

 
LN4O 

 
Fmmm 

 
5.4675 

 
5.3017 

 
12.7101 

 
90° 

 
LN3O 

 
Fmmm 

 
5.4678 

 
5.3112 

 
12.701 

 
90° 

 
LN2O 

 
Fmmm 

 
5.4684 

 
5.3191 

 
12.710 

 
90° 
 

 
LN1O 

 
Fmmm 

 
5.4713 

 
5.3111 

 
12.7099 

 
90° 

 
Table 3 shows that a low deformation in the cell parameters according to the nickel sub-

stoichiometry was observed. Parameters a, b and c (Å) remain almost the same in the range of 
x varying between 0.01 and 0.05. However, an increase in the values of a and c was observed 
for x=0.1, contrarily to parameter b which follows another tendency. The volume seems to 
remain constant in the range of 0.01-0.05, but increases for x=0.1. 

These variations can be explained by the nickelate structure constituted by a succession of 
NiO2 square plan sheets and La2O2 layers which are arranged in the crystallographic  
direction c. The difference between the sizes of the La and Ni cations is responsible for the 
distortion within the structure. Moreover, the main characteristics of these oxides is the 
presence of additional oxygen atoms located in the interstitial sites of the La2O2 layers so the 
value of δ depends on the nature of the Ni cation [41]. The δ value can be changed when Ni 
oxidise from Ni2+ to Ni3+. Synthesis parameters, sintering time and temperature conditions 
might also have an impact on cell parameter values. 
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3.2. Scanning Electron Microscopy Analysis (SEM) 

The influence of deficiencies on the microstructure of the material was investigated by 
SEM technique and the micrographs obtained are illustrated in Fig. 2 and Fig. 3. They depict 
the deficit La2Ni1-xO4+δ samples compared to the undoped material showed by Ferkhi et al. 
[11].  
 

 
 
Fig. 2. SEM micrographs of La2Ni1−xO4±δ samples sintered at 1000 ◦C for 5 h in air. x equal to: 
(a) 0.1; (b) 0.05; (c) 0.04; (d) 0.03; (e) 0.02 and (f) 0.01 
 

The morphology of LN10O, LN5O, LN2O and LN1O samples is close to that of the 
undoped material studied previously [11] with a similar uniform shape of grains but slightly 
less porous.  
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Fig. 3. Cross-section of a typical La2Ni1−xO4±δ sample deposited on YSZ: LN10O (a); LN5O 
(b); LN4O (c); LN3O (d); LN2O (e) and LN1O (f) 
 

LN10O sample is much more porous compared to other materials, which is a favourable 
feature for easy circulation of oxygen in the pores of the cathode. Furthermore, LN4O and 
LN3O samples are less porous or even dense and the shape of the grains is completely changes 
to become spherical. 
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For the sample with x=0.04 (LN4O) and x=0.03 (LN3O), the grains become larger and the 
layers becomes more compact. This decrease in the porosity might affect negatively the 
cathode properties [23,42-45]. 

Fig. 3 shows the cross-section of the electrode materials deposited over the YSZ electrolyte. 
The painted layer is porous, homogeneous and well spread over the dense YSZ pellet. The 
average thickness of the electrode lies between 40 and 70 μm. 

 

3.3. Iodometric titration and the electrical conductivities 

Table 4 summarizes the values of the oxygen stoichiometry (δ) and the corresponding 
values of the conductivity (σ) for each samples calculated after iodometric titration and the 
measurements of the electrical conductivity by the 4-point probs method respectively. 

 
Table 4. Oxygen stoichiometry and electrical conductivity of all La2Ni1-xO4±δ samples 

 
Sample Oxygen stoichiometry (δ) Conductivity (σ. 106) Ω-1. cm-1 
LN1O 0.315 1.18 
LN2O 0.330 2.19 
LN3O 0.345 3.1 
LN4O 0.351 3.9 
LN5O 0.358 4.6 
LN10O 0.362 5.02 

 

 
Fig. 4. Typical Nyquist plots of the LN10O electrode deposited on the YSZ electrolyte 
representing experimental results obtained at 450 °C with an amplitude of 50 mV 
 

From the Table 4 it can be seen that the oxygen stoichiometry of nickel deficient LNXO is 
significantly higher when x increases.  
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The formula for LNXO may be written as La2(Ni2+)1-2δ(Ni3+)2δO4+δ. The increase in sigma 
means the passage of Ni2+ to Ni3+ by an oxidation reaction and, consequently, an improvement 
of the electrical properties. In the same table, the values of the electrical conductivity of all 
deficit samples confirm this observation. The values of the conductivity (σ) increase with the 
increasing of the oxygen contents (δ), which represents the quantity of Ni2+ oxidized in the 
form of Ni3+ by releasing electrons. 
 

 

 

 
 
Fig. 5. Nyquist impedance diagrams for: a) LN1O; b) LN2O; c) LN3O; d) LN4O; e) LN5O; f) 
LN10O electrode materials at different temperatures 
 

3.4. Electrochemical characterizations 

In order to analyze and study the electrochemical behavior of the different electrodes, 
several curves were shown.  
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Typical Nyquist diagrams were obtained in a temperature range of 400–800 °C for the two 
symmetrical cells, LaNi1-xO4±δ/YSZ/ LaNi1-xO4±δ, x=0.01, 0.02, 0.03, 0.04, 0.05 and 0.1 
(potential amplitude of 50 mV). A typical Nyquist plot is given at 450 °C in the case of 
LN10O/YSZ/ LN10O (Fig. 4).  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6. Bode impedance diagram for: a) LN1O; b) LN2O; c) LN3O; d) LN4O; e) LN5O; f) 
LN10O electrode materials at different temperatures 
 

The different contributions represented by a semi-circle in the decomposition of the 
impedance diagrams, can be simulated by an electrical equivalent circuit corresponding to a 
parallel association of a resistance and a constant phase element, R//CPE. The entire equivalent 
circuit is the association in series of all R//CPE. In the present case (LN10O/YSZ/LN10O), two 
semi-circles are observed at high frequency, HF (between 1 MHz and 10 kHz) [11,21-23].  

The semicircles not influenced by the signal amplitude variation (from 20 to 300 mV, 
results not shown here), they should be ascribed to the electrolyte contributions, mainly the 
bulk and grain boundary, respectively. Two main semi-circles are analyzed at medium 
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frequency (MF), located between 10000 Hz and 1 Hz, and at low frequency (LF), between 1Hz 
and 10 mHz. They can be attributed to charge transfer at the electrode/electrolyte interface and 
transport phenomena, respectively [11,21-23]. 

When the temperature increases for all the cells, as can be seen in Fig. 5, the semi-circle 
corresponding to the bulk response is not visible anymore. 

In addition, for all the studied cells, the electrolyte and electrode resistances decrease when 
the temperature increases. This phenomenon is logical because temperature favours the 
electrocatalytic activity of the electrodes and lowering the over-potentials. 

Figure 6 shows Bode diagrams (module and phase plots) as a function of frequency for 
LNXO/YSZ cells at different temperatures ranged between 400-850 °C. Three phenomena, 
anlyzed in the Nyquist diagrams are investigated. 

The Area Specific Resistance (ASR) is normalized by a geometric factor of S/2 for taking 
into account the cell symmetry, as follows:  

ASR = Rp.S / 2                                                                                                                    (2) 
with: 
RP: polarization resistance in Ω. 
S: geometric surface of an electrode in cm2 (with S=πr2and r=d/2; d=0.8 cm). 
ASR is expressed in Ω. cm2. 

Values of the ASR for each La2Ni1-xO4±δ (0.01≤x≤0.1) material were determined at 
different temperatures and their values reported in Table 5.  
 
Table 5. Area Specific Resistance (ASR (Ω.cm2)) of the half cell La2Ni1-xO4±δ /YSZ/ La2Ni1-

xO4±δ (0.01≤x≤0.1) 
 

T (°C) 450 500 550 600 650 700 750 800 

 

 

ASR 

(Ω.cm2) 

LN1O 12650.125 3122.5 800.50 311.411 160.06 71.111 32.123 21.14 

LN2O 8010.110 2313.101 765.801 210.068 150.002 51.80 25.414 14.14 

LN3O 14735.05 4031.8 1277.508 414.755 199.01 59.7 27.210 10.239 

LN4O 5995.76 2000.275 1220.645 498.24 198.89 72.695 30.052 9.250 

LN5O 4568.56 1206.123 425.211 194.872 86.70 30.192 10.54 5.009 

LN10O 10012.675 4423.5 2002.61 501.01 150.102 64.842 39.503 21.655 
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Fig. 7. Area specific resistance (ASR) as a function of the reciprocal temperature relative to 
LN1O, LN2O, LN4O, LN3O, LN5O and LN10O electrode 
 

Table 6. The activation energy values cited in the literature 
 

Sample Synthesis process Sintering 
Temperature (°C) 

Activation 
Energy (eV) 

Ref. 

4+δNiO2La Citrate-nitrate 1100/ 3h 1,40 
 
 

[46] 

4+δNiO2La 
 

Citrate-nitrate 1000  1.2 [47] 

4+δNiO2La 
4+δNiO0,1Ca1,9La 

4+δNiO0,2Ca1,8La 

4+δNiO0,3Ca1,7La 

4+δNiO0,4Ca1,6La 

 
 

Solid 

 
 

1250  

1.08 
1.12 
1.14 
1.02 
1.25 

[48] 

4+δNiO2La 
4+ δNiO0,1Sr 1,9La 

Nitrate–citrate 
 

1300  1.61 
1.29 

 

 
[49] 

 
4+δNiO2La 

 
Pechini 1000  1.24 [24] 

4+δNiO2La 
 

Pechini 1000  1.27 [50] 

LN1O 
LN2O 
LN3O 
LN4O 
LN5O 
LN10O 

 
 

Citrate 

 
 

1000  

1.27 
1.29 
1.40 
1.39 
1.24 
1.07 

 
 

This work 

4±δNiO2La Citrate 1000 1.30 [11] 

4±δNi O1.95La Citrate 1000 1.33 [23] 

9 10 11 12 13 14
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Arrhenius plots, representing log ASR as a function of inverse of the temperature, are grouped 
in Fig. 7. 

The following findings were distinguished: 
- When the temperature increases (450 to 800 °C), ASR value decrease. The associated 

phenomena are, therefore, thermally activated, e.g. kinetics of oxygen reduction reaction 
transports of oxides ions through the electrolyte. 

- The decrease or increase of ASR values does not follow a specific tendency with respect 
to the rate of deficit (x). 

- ASR values are lower in the case of LN5O whatever the temperature. 
- The activation energy of migration of oxide ions, Ea, was determined by the slope of 

linear fit of log ASR values multiplied by two. The value of activation energy is significantly 
lower in the case of LN10O material deposited on YSZ. This decrease means that the kinetics 
of oxygen reduction and, in particular, charge transfer, is favoured at the cathode interface.  

Despite that the deficiency of Ni can affect the oxygen content of the material or the 
electrical conductivity, which might give the difference in the electrochemical properties, we 
presume that, based on works published elsewhere [23], the morphology of the material and 
the creation of oxygen ion transport sites are responsible of this phenomenon (Table 6). High 
activation energies reflect a decrease in the ionic conductivity, slowing the oxygen reduction 
kinetics. 
 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 8. Ratio of the low frequency resistance and the total resistance for La2Ni1−xO4±δ sample 
vs. the temperature, with x=0.01, 0.02, 0.03, 0.04, 0.05 and 0.1 
 

As can be seen in Table 6, the activation energy varies according to two important factors; 
the synthesis method and the sintering temperature. As an example, for La2NiO4+δ material 
synthesized at a temperature of 1250 °C by the solid route, its activation energy is of the order 

400 450 500 550 600 650 700 750 800 850 900

0,15

0,30

0,45

0,60

0,75  LN1O     LN2O     LN3O
 LN4O    LN5O     LN10O

R tc
/R

T

T (°C)



Anal. Bioanal. Electrochem., Vol. 11, No. 11, 2019, 1517-1535                                         1532 
 

of 1.08 eV [48]. This value is close to deficient sample at 10% at nickel site synthesized by the 
citrate route and sintered at 1000 °C only. for the same material synthesized by the citrate-
nitrate route and calcined at 1100 °C for 3 h and the sintered one1300 °C, the activation 
energies are in the order of 1.40 and 1.69 eV respectively [46,49].  

These differences can be explained by the increase or decrease of the stoichiometry of the 
oxygen (δ) values in the compound influenced by the sintering temperature and by the porosity 
of the sample. 

In the other, oxygen reduction reaction is favored by the state of the electrode/electrolyte 
interface and by the morphology of the materials. In the case of non-porous samples such as 
LN4O and LN3O, it is found that the activation energies are much higher and are of the order 
of 1.39 and 1.40 eV respectively, which confirms that the porosity influences either negatively 
or positively the phenomenon of diffusion of oxygen molecules within the pores of the samples. 
Figure 8 shows the variation of the resistance corresponding to charge transfer (Rct) with 
respect to the total resistance (RT) for each sample depending on the temperature. The ratio 
Rct/RT with respect to the temperature follows a random evolution.  

In the case of samples LN5O, LN4O and LN10O the ratio is less than 50% and remains 
below this percentage whatever the temperature. This means that at the low frequency 
phenomenon (diffusion of oxygen molecules) is predominant compared to that of the medium 
frequency.  In other words, the diffusion resistance of the oxide ions is higher with respect to 
the charge transfer resistance. But for LN1O, LN2O and LN3O samples, the diffusion step at 
the interface is the limiting step throughout the temperature range (400-850 °C). 

This difference can be attributed to the presence of secondary phases between the (La2Ni1-

xO4±δ) cathode and electrolyte resulting during the sintering after the preparation of the 
symmetrical cells, which can act as an obstacle to the charge transfer of the oxide ions at the 
electrode / electrolyte interface [23]. 
 

4. CONCLUSION 

We have successfully prepared and characterized La2Ni1-xO4±δ (with 0.01≤x≤0.1), 
candidate cathode materials in SOFCs. The deficient samples in the nickel site of 1 to 10% 
show relatively high stoichiometry values accompanied with a significant electrical 
conductivity values. When the stoichiometry of the oxygen increases the conductivity increases 
resulting by the oxidation of Ni2+ to Ni3+ by releasing an electron and leading, as a result, to 
the improvement of the electrical properties of the samples by increasing their conductivities. 
Among the nickelate compounds analysed, La2Ni0.9O4±δ seem to meet the best properties for 
the high temperature reduction of oxygen and might substitute the present cathode materials. 
The material with formula La2Ni0.9O4±δ can replace the cathode materials widely used lately. It 
is porous with small grain sizes and an activation energy of 1.07 eV, which is much lower 
compared to the classical cathode material “like lanthanum manganite LaMnO3“. Its 
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morphology influences positively the electrochemical performances by favoring the diffusion 
of oxygen within the material structure. Contrarily, the other materials, LN1O, LN2O and 
LN5O do not favour oxygen transport and are not likely to replace the present cathode 
materials. 
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