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Introduction
In the second part of this work, increase the life time of solid 

oxide fuel cell (SOFC) need lower their operating temperature 
range of 800-1000 °C to 600-800 °C. This results in decreased 
electrochemical performance of SOFCs [1-5].

To remedy this, the research has been directed toward the 
development of new cathode materials called mixed conducting 
(ion and electron) symbolized MIEC. It’s a way to locate 
the reduction reaction of oxygen to the entire material, and 
significantly reduce the resistance and associated surges. K2NiF4-
type materials such as neodymium nickelates Nd2NiO4, meet 
these criteria [6,7].A judicious doping with cerium, srtontium 
in neodym site and by cobalt or copper in nickel site of this 
new phase further enhances their electrochemical properties. 
However, it may in some cases lead to the formation of harmful 
secondary phases to the cathode/electrolyte interface [8,9].

Soori and Skinner have studied Nd2−xCexCuO4+δ (0≤x≤0.2) 
cathode interfaced with both GDC (Ce0.9Gd0.1O1.95) and 
LSGM(La0.9Sr0.1Ga0.8Mg0.2O3±δ) electrolytes [10]. The solid 
solubility limit of Ce in Nd2 − xCexCuO4 has been reported to be at 
x=0.2 [10,11]. At this composition, the lowest value of activation 
energy (Ea=0.11eV) was measured over a temperature range  

 
of 500 to 700 °C [12]. In K2NiF4-type oxides, perovskite layer, 
ABO3, and rock salt layer, AO, are alternately stacked and they 
show oxygen excess composition because interstitial oxygen is 
formed in the rock salt layer [1,13,14].

The Nd2NiO4+δ and Nd1.8Sr0.2NiO4+δ materials, in high P(O2) 
atmosphere, show large oxygen excess composition, while 
Nd1.6Sr0.4NiO4+δ show almost stoichiometric oxygen composition.

Space in the rock salt layer decreases as the calculated 
acceptor concentration, x+2δ, increases. This means that the 
interstitial oxygen formation is suppressed as the acceptor 
concentration increases. Similar tendency has been confirmed 
in oxygen nonstoichiometric behavior of Ni-based K2NiF4-type 
oxides [15].

Nd2NiO4+δ has been reported to exhibit promising 
electrocatalytic activity to oxygen reduction reaction when used 
as cathode for IT-SOFC [3,6]. The oxygen-diffusion coefficient of 
Nd2NiO4+δ is also much higher than that of La2NiO4+δ [6,16].

The Nd1.6Sr0.4NiO4 electrode gave a polarization resistance 
of 0.93 Ω.cm2 at 700 °C in air, which indicates that Nd2−xSrxNiO4 
electrode is a promising cathode material for intermediate-
temperature solid oxide fuel cell (IT-SOFC) [17].
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In this work, we were interested to substitutions of small 
quantities of cobalt, less than 10%, in order to improve the cell 
performance by limiting the reactivity between cathode materials 
and electrolyte. Nd1.90Sr0.1Ni0.90Co0.1O4±δ powder are prepared, 
and the electrode were deposited by painting on the electrolyte 
substrate GDC in both faces. The microstructure and morphology 
of the samples were analyzed by X-ray diffraction and scanning 
electron microscopy. The electrochemical performance and a 
first approach of reaction mechanisms were determined by 
impedance spectroscopy.

Experimental
The Nd1.90Sr0.1Ni0.90Co0.1O4±δ (NSNCO01) cathodes materials 

were prepared by Pichini process described by Mr. and FERKHI 
et. al [18,19], leads to the formation of particles with sufficiently 
fine size in order to increase the active surface of the material. 
The precursors used in the synthesis are; Nd(NO3)3.6H2O (99.0 % 
SIGMA- Aldrich), La2O3 (Biochem); Ni(NO3)2.6H2O (97,0 % SIGMA- 
Aldrich); Co(NO3)2.6 H2O 98,0 % SIGMA- Aldrich) and Sr(NO3)2 
(Biochem). All precursors in a nitrate state are, first, dissolved 
in distilled water with appropriate amounts but the lanthanum 
oxide La2O3 are dissolved in nitric acid. The mixture of cations is 
under moderate stirring and a temperature between 75-80 °C.

Then, citric acid (C6H8O7) is added in excess acting as a 
complexing agent. After evaporation of the solvent the solution 
begins to gel. The gel (viscous mixture) formed is dried at 120 °C 
and then treating at 174 °C leads to the obtaining of a foam which 
must be ground and calcined under various temperatures. In this 
work; electrochemical measurements at high temperatures were 
carried out on a symmetrical cell Nd1.90Sr0.1Ni0.90Co0.1O4±δ/GDC/
Nd1.90Sr0.1Ni0.90Co0.1O4±δ.Commercial Ce0.9Gd0.1O1.95 (GDC) oxide 
was used as electrolyte. For this, a pellet of diameter 10mm and 
a thickness of 1.14mm was prepared by uniaxial pressing under 
a pressure of 8 tons for 7min in a press “Specac”. This pellet 
was then sintered for 2 hours at 1400 °C to achieve a density of 
95%. The ink consists of powder drop Nd1.9Sr0.1Ni0.9Co0.1O4±δ and 
ethylene glycol (EG). The powder/EG ratio is one drop to 100mg 
powder. After mixed, the ink is applied as uniformly as possible 
on the GDC pellet symmetrically in both sides. Impedance 
measurements were performed using a configuration with two 
electrodes, the cell is then placed in a high temperature furnace. 
A frequency has been used as signal amplitude of 50mV imposed 
in a frequency range between 106Hz and 10-2.

The X-ray diffraction spectra were obtained with a CuKα 
radiation (1.5406Å) of XPERT-PRO type diffractometer. The 
characteristics of the morphology and microstructure of powders 
were studied using an electron microscope type JEOL scanning/
EO version 1.07. XPS analyses were performed at the University 
of Namur, Belgium on a K-Alpha system (ThermoFisher 
Scientific), equipped with a monochromatic Al-Ka source 
(1486.6eV) and a hemispherical deflector analyzer working at 
constant pass energy. A 300μm diameter X-ray beam spot was 
used. Surface charging effects were avoided using an electron 

flood gun. The base pressure in the analyzer chamber was 2×10-

8Pa. Survey spectra were recorded with 200eV pass energy and, 
for high resolution spectra this energy was decreased to 30eV. 
The Thermo Scientific Advantage software (version 5.943) was 
used for collecting and processing the spectra. The binding 
energy shifts were calibrated relative to the adventitious carbon 
C 1s position fixed at 284.6eV and the BE accuracy was ±0.1eV .

Results and Discussion
X-Ray diffraction analysis 

Diffraction patterns obtained at room temperature on the 
neodymium-based nickelates powder and lanthanum calcined at 
1000 °C for 4h are shown in Figure 1. These diagrams show that 
the powders prepared is pure and well crystallized. The peaks 
were indexed using the JCPDS 21-1274 number and other work 
[2,17,20,21].

Figure 1: X-Ray Diffraction of Nd1.9Sr0.1Ni0.9Co0.1O4±δ patterns 
sintered at 1000 °C for 4h.

NSNCO01 material was crystallizes in a tetragonal system 
with a group of spaces I4/mmm (high symmetry system) [17,21]. 
The refinement of the lattice parameters was performed and the 
results are; SG (space group): I4/mmm, a=b=3.8211, c=12.3488, 
α=β=γ 90 °V = 180.307 Å3and D=58.16nm.

Morphological analysis 

Figure 2: MEB micrographs for NSNCO01 patterns sintered at 
1000 °C for 4h with grossissement at 1μm.
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From the results of the microstructure (Figure 2), it is 
observed that the materials are porous which improves its 
catalytic properties and the same electrocatalytic by increasing 
the surface area. The grains are forms spheroids with a grain size 
of about 0.5µm. The NSNCO01 material is more porous compared 
to Sr2MMoO6 (M=Fe and Co) double perovskites materials 
synthesized and studied previously [22]. Since the specific 
surface area, which depends on the porosity, double perovskites 
are of the order of 28 and 17.5m2/g respectively. Therefore, the 
NSNCO01 material can have a larger specific surface area by 
promoting, there after, the kinetics of the reduction reaction of 
oxygen.

XPS analysis

Figure 3: XPS survey of NSNCO01 sample.

The XPS general spectra for neodymium-based material is 
shown in Figure 3. It is obvious that all the elements that enter 
into the composition of the materials (including adventitious 
carbon) are present on the surface. The Figure 4 shows the 
oxygen peaks (O1s) after deconvolution. Five original peaks 
were distinguished with different binding energies.

Figure 4: XPS spectra of O 1s regions for NSNCO01 sample.

With regard to the oxygen region, it is well known the 
presence of various elements of different characters in the mixed 
metal oxides makes the bond between metal and oxygen not 
purely ionic. According to the classification established by T. 
L. Barr [23] we can say that NSNCO01 materials include O-Nd 
binding of high ionic character and O-Ni bond of normal ionic 
character. Therefore, the first has a lower binding energy than 
the second. Sr and Co doping elements in the sample are in 
very small quantities (Table 1) and belong to the previous two 
families, respectively. Therefore, their presence does not affect 
significantly on the energy of O-Nd and O-Ni bonds. Accordingly, 
the low energy component (a) and (b) at 527.53 and 528.61eV 
for NSNCO01 material stands for oxygen anions in neodymium 
oxides [23,24] and the component (c) at 530.17eV may denote 
the oxygen ions in nickel oxides [25]. The component (d) at 
531.35eV can be ascribed to the metal hydroxyl groups because 
the rare earth oxides are very hygroscopic when exposed to 
atmospheric conditions [25,26]. The last component (e) at 
533.30 eV with highest FWHM presumably arises from adsorbed 
molecular water (Table 2).

Table 1 : Percentage of the elements in the surface of NSNCO01 material.

Region O1s Nd3d5/2 Ni2p3/2 Sr3d5/2 Co2p3/2

Percentage (%) 41.16 10.82 02.30 01.10 01.52

Table 2: Binding Energy of oxygen and percentage of hydroxyl groups at the surface.

Binding 
Energy (eV) 527.53 528.61 530.17 531.35 533.30 % of oxygen in 

lattice OH- in surface

Peak a b c d c 47.4 19.58

The concentration ratio between Nd and Ni is a bit larger 
than the expected; so that we can say that the surfaces of 
both materials are slightly enriched in Nd. The Sr and Co 
incorporation does reduce this ratio (enrichment), because we 
measure that the (Nd+Sr)/(Ni+Co) ratio becomes close to the 
one before doping. From the Nd/Sr and Ni/Co values (16.66 
and 1.51 respectively), the Sr and Co amounts on the surface 

are much greater than those of the theoretical stoichiometries. 
The ratio between the lattice ions and cations at the surface 
amounts (Olat /Σ cation) show that the surface of NSNCO01 
material has a more anionic character. Finally, the XPS analyses 
tell us that the hydroxyls groups (or oxygen adsorbed in form 
of OH¯) percentage is 29.64%. This behavior may impact on the 
electrochemical properties of the materials (Table 3).

Table 3: ASRs values calculated at 600 °C and 700 °C and acivation energy for various materials.

Cathode/Electrolyte Temperature (°C) ASR (Ω.cm2) Activation Energy (eV) Reference

Nd1.9Sr0.1Ni0.9Co0.1O4±δ/GDC 640 3.40 0.88 This work
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Nd1.8Sr0.2Ni0.8Cu0.2O4+δ/GDC 640 2.94 1.39 [28]

Nd1.8Sr0.2Ni0.4Cu0.6O4+δ/GDC 640 2.12 * [28]

Nd1.90Sr0.1Ni0.9Co0.1O4±δ/GDC 700 0.69 0.88 This work

Nd1.6Sr0.4NiO4/GDC 700 0.84 * [30]

Nd1.8Sr0.2NiO4/GDC 700 0.93 1.39 [29]

Nd1.4Sr0.6NiO4/GDC 0.98 [22]

Nd1.2Sr0.8NiO4/GDC 0.93 [22]

Nd2NiO4/GDC 1.26 [6]

Nd1.8Sr0.2Ni0.6Cu0.4O4+δ/GDC 1.31 [29]

Nd1.8Sr0.2Ni0.4Cu0.6O4+δ/GDC 1.34 [29]

Electrochemical characterization of NSNCO01 
The amplitude test allowed knowing the regions of response 

of the electrolyte and the electrode. For this, the temperature is 
set by varying the amplitude (ΔE), two temperatures are chosen, 
385 and 484 °C. The Nyquist diagrams stored in the frequency 
range 106 to 10-2Hz to different amplitude values, in air, are 
shown in Figure 5 & 6.

Figure 5: Impedance diagram in air for NSNCO01/GDC/ 
NSNCO01 symmetrical cell at various amlitude and at 385 °C.

Figure 6: Impedance diagram in air for NSNCO01/GDC/ 
NSNCO01 symmetrical cell at various amlitude and at 484 °C.

Several contributions can be distinguished. Some of them can 
be attributed to the GDC electrolyte (high-frequency) response, 
while the low frequency phenomena reflect the interface process 
(electrolyte / electrode) and electrode detailed as follows [27]:

At high-Frequency (HF): Two semicircles were 
distinguished; the first contribution, high lighting for frequencies 
above 105Hz, corresponding to the intra-granular conduction of 
ions O2- (contribution of “bulk”). While the second, located at 
frequencies between 105 and 102Hz, relative to the conduction 
related to grain boundaries (intergranular conduction) of 
the electrolyte. It may be noted that these contributions are 
clearly visible at low temperatures (Figure 5), where as at high 
temperatures (Figure 6), it becomes difficult to distinguish.

At low frequency (BF): Two semicircles are distinguished 
(two contributions), the semicircle at medium frequency (MF) 
is relative to the ion transfer between the electrode (NSNCO01) 
and electrolyte (GDC), including the transfer of O2- species. 
The semicircle at low frequency (LF) would be associated with 
electrochemical phenomena at the interface of cathode material 
/ oxygen gas (adsorption-desorption, dissociation, electrode 
reaction). These reactions can be decomposed in to the following 
steps (Eq.6-8).

•	 Adsorption: O2 (gaz) ↔ O2 (ads) (Eq.6)

•	 Dissociation: O2 (ads) ↔ 2O (ads) (Eq.7)

•	 Reduction: O (ads) + 2e- ↔ O2¯ (insere) (Eq.8)

Figure 7: Nyquist plots of the Nd1.9Sr0.1Ni0.9Co0.1O4±δ cathode 
sintered at 1000 °C for 4h and measured at different temperature 
in air.

The electrochemical performances of NSNCO01 were studied, 
the amplitude value (ΔE) was fixed at 50mV and changing the 
temperature, impedance spectra registered for a few values of 
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temperature (484-738 °C) in air, in the range of frequency 106 
to 10-2Hz were plotted and shown in Figure 7. There is a very 
remarkable reduction in the resistance (R electrolyte and 
polarization resistance of electrode Rp) and therefore an increase 
in conductivity with increasing temperature. The kinetics of the 
phenomena associated with the electrodes and at the interface is 
thermally activated.

The electrochemical performance of the cell are measured 
by the following, based on resistors of different contributions 
to impedance measured patterns for different temperatures to 
50mV (i≈0). From polarisation resistance of electrode (Rp), the 
surface resistance (ASR ohm.cm2) can be calculated. The Figure 8 
shows the various resistances available on the impedance chart. 

ASR is calculated from the following equation:  
*

2
Rp SASR =

 

Figure 8: All resistances available on the Nyquist plot for 
Nd1.9Sr0.1Ni0.9Co0.1O4±δ electrode.

Figure 9: Temperature dependence of the polarization 
resistances (ASR) for Nd1.9Sr0.1Ni0.9Co0.1O4±δ electrode measured 
over a temperature range of 484-738 °C in air.

Surface of cathode, Rp: The polarization resistance 
associated with the LF and MF contributions. Figure 9 shows 
the thermal variations of ASRs plotted in the Arrhenius plot. 
The values of ASRs and activation energy (Ea) compared to 

other materials measured by other study were summarized in 
Table 3. Compared to all materials, the NSNCO01 electrode gave 
a polarization resistance (ASR) of 0.69 (Ω.cm2) at 700 °C in air 
and gave a low activation energy of, the order 0.88eV, which 
indicates that Nd1.9Sr0.1Ni0.9Co0.1O4±δ electrode is a promising 
cathode material for intermediate-temperature solid oxide fuel 
cell (IT-SOFC).

Conclusion
All of the work has to propose a new cathode material, 

Nd1.9Sr0.1Ni0.9Co0.1O4±δ, is a promising candidate as a cathode 
material for high temperature fuel cell (IT-SOFC). In the 
second part of this work, a electrochemical behavior carried 
by impedance spectroscopy at high temperature is performed 
on the material Nd1.9Sr0.1Ni0.9Co0.1O4±δ. Resistance of surface 
polarization (ASR) was evaluated at 0.69 (Ω.cm2) at 700 °C 
which is much lower compared to ASR evaluated by some work 
done on other neodymium nickelates materials. In addition, 
the activation energy of our material is about 0.88eV, which 
is the lowest value compared with other materials studied to 
date. Which indicates that Nd1.9Sr0.1Ni0.9Co0.1O4±δ electrode is a 
promising cathode material for intermediate-temperature solid 
oxide fuel cell (IT-SOFC).
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