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Solid solutions based on the rare earth substituted lanthanum nickelate La2NiO4+δ are considered as 

promising air electrode materials for electrochemical applications. The present focus review summarizes 

recently published papers dealing with synthesis methods and investigations of the crystal structure, 

physicochemical properties, oxygen diffusion and electrochemical activity of La2–xLnxNiO4+δ (Ln = Pr, Nd, 

Sm, Eu, Gd) electrode materials. It highlights the application advantages and drawbacks of the Ln-substituted 

La2NiO4+δ for solid oxide fuel and electrolysis cells and compared to the non-substituted La2NiO4+δ. 
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1. Introduction 

Ruddlesden – Popper (RP) phases of the first order 

[1, 2], represented, particularly, by Ln2NiO4+δ (Ln = rare 

earth element, REE) complex oxides, are considered by 

materials scientists to be promising electrode materials for 

solid oxide fuel and electrolysis cells (SOFCs and SOECs) 

[3–8]. They have a layered structure, which determines 

both the presence of mixed conductivity and high oxygen 

mobility [9, 10], as well as the possibility of wide variation 

in the chemical composition [6, 11–14]. Layered nickelates 

have been attracting more and more attention from the 

Russian scientific community as well. At present, the most 

numerous publications are devoted to the study of 

functional properties of La2NiO4+δ-based solid solutions 

and various aspects of their electrochemical application in 

the cells with both oxygen ion and proton-conducting 

electrolytes [15–25]. 

Currently, it has been shown that doping La2NiO4+δ 

at the A-site with alkali-earth elements contributes to an 

increase in the overall electrical conductivity, but at the 

same time decreases the content of highly mobile 

interstitial oxygen, which may deteriorate oxygen 

diffusion and electrode performance [26–30]. In addition, 

the segregation phenomenon of alkaline earth ions on the 

surface of the working electrode leads to the blocking of 

oxygen access to the catalytic surface, which causes the 

degradation of fuel cell capacity during long-term 

operation [31–33]. A possible way to preserve the high 

content of excess oxygen in the studied materials, which is 

responsible for the fast kinetics of the oxygen reduction 

reaction, is the substitution of a part of the lanthanum 

ions in La2NiO4+δ by the REE ions Ln = Pr, Nd, Sm, Eu, Gd 

[34, 35]. With a decrease in the average ionic radius of the 

cation at the A-site, a related reduction in the migration 

barrier of oxygen ions is expected with a minimal value 
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attained for Gd, predicted using theory and first-

principles calculations by Li et al. [36]. 

The optimal choice of the REE substituent ion when 

doping lanthanum in La2NiO4+δ can solve the problem of 

long-term stability of the electrochemical cell by 

improving the chemical and mechano-thermal 

electrode / electrolyte compatibility with preservation of 

electrochemical activity of the electrode. Doping with REE 

is relatively new and has perspectives for development. 

Therefore, the aim of the present work is to overview 

existing studies on preparation methods, crystal structure, 

oxygen diffusion, functional properties, and 

electrochemical performance of La2–xLnxNiO4+δ complex 

oxides and their evaluation as possible air electrode 

materials. 

2. Short view on synthesis methods, crystal structure 

and functional properties of La2NiO4+δ 

La2NiO4+δ complex oxide belongs to a series of first 

order Ruddlesden – Popper phases (n = 1) [37], 

schematically shown in Figure 1a. It can crystallize in the 

orthorhombic or tetragonal structure type depending on 

the synthesis method and the final synthesis temperature, 

which determine the value of the oxygen over-

stoichiometry. The schematic image of the La2NiO4+δ unit 

cell, presenting the alteration of the perovskite and rock-

salt layers, is shown in Figure 1b. Table 1 summarizes the 

literature data with values of unit cell parameters 

illustrating the influence of the synthesis method and the 

final annealing temperature on the crystal structure of 

La2NiO4+δ. Flura et al. [38] have constructed a phase 

diagram of La2NiO4+δ, and stated that the boundary 

between the two phase domains (the existence of the 

tetragonal phase I4/mmm and the orthorhombic phase 

Fmmm) lies in the range of oxygen content 0.11 < δ < 0.15. 

The study of the oxygen non-stoichiometry of La2NiO4+δ 

performed in [26, 34, 39, 40] showed that the oxide with 

orthorhombic structure has values of the absolute oxygen 

non-stoichiometry δ equal to 0.17, 0.15, 0.18, and 0.18, 

respectively. The sample with the tetragonal structure was 

characterized by lower values of the absolute oxygen non-

stoichiometry: δ = 0.08 according to [41] and δ = 0.13 

according to [42], which is in general agreement with the 

phase diagram constructed in [38]. Jorgensen et al. [40] 

noted that stoichiometric La2NiO4 crystallizes in the 

orthorhombic space group Bmab. In the intergrowth RP 

structure of La2NiO4+δ, built of alternating perovskite like 

 

 

Figure 1 Schemes of possible crystal structures of 

Ruddlesden – Popper phases Lnn+1NinO3n+1 (n = 1): tetragonal 

(center) and orthorhombic (right) (a); Schematic image of the 

La2NiO4+δ unit cell (b) ((a) is reproduced from [15]; (b) is 

reproduced from [1]). 

Table 1 – Unit cell parameters of the complex oxide La2NiO4+δ obtained by different synthesis methods. 

Space 

group 
a, Å b, Å c, Å Synthesis method, final annealing temperature, °C Ref. 

I4/mmm 3.8662(1) 3.8662(1) 12.6890(4) Formate pyrolysis [42] 

3.8625(1) 3.8625(1) 12.6916(4) Combustion of glycine-nitrate compositions, 1100 [41] 

Fmmm 5.4532(2) 5.4686(2) 12.6764(5) Combustion of citrate-nitrate compositions, 1000 [43] 

5.4499(3) 5.4574(3) 12.6724(5) Combustion of citrate-nitrate compositions, 950 [44] 

5.4628(4) 5.4664(4) 12.6827(4) Combustion of organic-nitrate compositions, 1150 [26] 

5.458(9) 5.462(7) 12.689(2) Electrostatic atomization method, 950 [45] 

5.4585(1) 5.4648(1) 12.6865(1) Combustion of glycerol-nitrate compositions, 1200 [8] 

5.4482(1) 5.4773(4) 12.6668(8) Solid-state reaction method [46] 

Bmab 5.4722 5.4772 12.6259 Combustion of citrate-nitrate compositions, 1200 (nitrogen 
atmosphere) 

[38] 

a 

b 
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Table 2 – Oxygen self-diffusion coefficient values for 

La2NiO4+δ. 

D*, 700 °C, cm2 · s–1 ED, kJ · mol–1 Method Ref. 

3.38 · 10–8 82 SIMSa/IEDPb [44] 

3.38 · 10–8 82 SIMS/IEDP [51] 

1.0 · 10–8 130 IE 18O2
c [46] 

1.0 · 10–8 130 IE 18O2 [52] 

2.0 · 10–9 100 TPIE C18O2
d [26] 

5.5 · 10–10 100 TPIE C18O2 [53] 

8.7 · 10–10 100 TPIE C18O2 [34] 

a – Secondary Ion Mass Spectrometry; 
b – Isotope Exchange Depth Profile; 
c – Isotope Exchange with gas phase equilibration; 
d – Temperature-programmed Isotope Exchange of oxygen with O18O2. 

Table 3 – TEC values for La2NiO4+δ and some electrolytes. 

Material TEC · 106, K–1 Ref. 

La2NiO4+δ 13 [57] 
14.5 [42] 
13.2 [58] 
13.1 [59] 

Ce0.8Gd0.2O1.9 12.2 [42] 
12.3 [60] 

Ce0.8Sm0.2O1.9 12 [60] 

La0.9Sr0.1Ga0.8Mg0.2O2.85 12 [61] 

8YSZ (92 % ZrO2 – 8 % 
Y2O3) 

10.4 [38] 

La10–xSi6−yAlyO27−3x/2−y/2 8.7–10.8 [62] 

BaCe0.89Gd0.1Cu0.01O3 10.5 (50–600) 
8.6 (600–900) 

[63] 

BaZr0.8Y0.2O3−δ 8.2 [59] 

La1−xCa(Sr)xScO3−α 8.5–8.7 [64] 

and rock-salt layers, oxygen anions can diffuse via the 

vacancy and interstitial migration mechanisms, 

respectively. Two-dimensional electronic transport occurs 

predominantly in LaNiO3 perovskite layers, while La2O2 

rock-salt type layers govern oxygen interstitial migration. 

Despite of the migration energy value for oxygen ion 

transport in the La2NiO4+δ perovskite-like layers (~0.6 eV 

[47] is similar or even lower than those for perovskite 

phases, it was shown theoretically that the relevant 

mechanisms describing oxygen migration in La2NiO4+δ 

are more complicated than those in perovskite-type 

oxides, and involve cooperative movements of both 

regular and highly mobile interstitial oxygen ions through 

a cooperative mechanism (an interstitialcy mechanism) 

[9, 48, 49]. Such the feature of oxygen transport provides 

for La2NiO4+δ the high values of the coefficients of 

chemical diffusion [50] and oxygen tracer diffusion 

[44, 51], exciding those for 3D perovskites. The literature 

data presented in Table 2 show that the values of the 

oxygen self-diffusion coefficient, D*, for La2NiO4+δ 

measured using different techniques range from 10–8 to 

10–10 cm2 · s–1 at 700 °C. Moreover, La2NiO4+δ 

demonstrates a high value of the oxygen surface exchange 

constant, k*, measured using SIMS analysis of the 18O 

isotope as high as 2.16 · 10–6 cm2 · s–1 at 700 °C with Ek 

equal to 42 kJ · mol–1 [44]. 

However, it should be noted that oxygen migration 

in La2NiO4 is highly anisotropic [49, 54] with activation 

energies calculated for O2– and O– interstitial ions being 

equal to 0.88 and 0.29 eV for Ea (II ⊥ a, b) and 3.15 and 

2.90 eV for Ea (⊥ a, b) (Figure 1). This fact was supported 

by the experimental isotopic exchange data on oxygen 

diffusion measured on single crystals [55], as well as by 

electrochemical measurements performed on the a-b 

plane oriented La2NiO4 [56]. 

Another important property that determines the 

possibility of using the material as an SOFC cathode is the 

coefficient of thermal expansion (CTE), as for correct 

operation and minimization of mechanical damage of the 

cell, CTEs of the electrode and electrolyte should be 

maximally close to each other. The thermal expansion 

coefficients (TEC) of La2NiO4+δ and traditionally used 

electrolytes are given in Table 3 (average in the 

temperature range of 50–900 °C). 

From these data it can be concluded that La2NiO4+δ 

is thermo-mechanically compatible with ceria and 

LaGaO3-based electrolytes, while it would be relevant to 

decrease the TEC value of La2NiO4+δ by appropriate 

doping to increase its compatibility with 8YSZ and apatite 

type electrolytes, as well as with some proton-conducting 

electrolytes (shown in Table 3). 

Chemical compatibility of the electrode and 

electrolyte materials is no less important than the 

mechanical compatibility, especially under conditions of 

long-term operation at high temperatures. Excessive 

reactivity leads to the formation of insulating phases, 

decreasing ion transport, and increasing the polarization 

resistance at the cathode / electrolyte interface. 

Several reactivity tests of La2NiO4+δ with both 

Zr0.92Y0.08O2−y and Ce0.8Gd0.2O1.9 electrolytes performed 

by Montenegro-Hernández et al. [65] indicated the 

formation of secondary phases such as Lan+1NinO3n+1, 

LaNiO3 and NiO. Besides, for the YSZ compound an 

insulating pyrochlore phase La2Zr2O7 was obtained. 

Pikalova et al. also demonstrated higher reactivity 

La2NiO4+δ and Ce0.8Sm0.2O1.9 compared to Ca-substituted 

one at high sintering temperature of the electrodes 

(> 1200 °C) [18]. Filippo et al. [66] carried out a 

comprehensive study of the reactivity between La2NiO4+δ 

and Ce0.8Gd0.2O1.9, La9Sr1Si6O26.5 La0.8Sr0.2Ga0.8Mg0.2O3–δ, 

electrolytes. The powders were mixed in a mass ratio of 
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1 : 1 and annealed at 1150 °C for 1 h or at 800 °C for 5 days. 

Chemical compatibility study of La2NiO4+δ and 

Ce0.8Gd0.2O1.9 after annealing at 800 °C for 5 days showed 

no interaction, whereas after annealing at 1150 °C for 1 h it 

was found that La2NiO4+δ completely decomposed into 

the higher order RP phase La4Ni3O10. Similarly, prolonged 

annealing at 800 °C for 5 days of the La2NiO4+δ and 

La0.8Sr0.2Ga0.8Mg0.2O3–δ mixture showed no significant 

interaction or decomposition, while after annealing at 

1150 °C for 1 h, the presence of a small amount of 

lanthanum gallates (LaSrGa3O7 and Sr4Ga2O7) and La2O3 

was detected. These phases are known [67–69] to result 

from the slight decomposition of La0.8Sr0.2Ga0.8Mg0.2O3–δ 

itself during sintering. Although the proportion of these 

impurities was small, their very low electrical conductivity 

and possible segregation at the electrode / electrolyte 

interface could negatively affect the operation of the fuel 

cell [66]. The interaction between La2NiO4+δ and 

La9Sr1Si6O26.5 was absent in both heating regimes studied. 

Antonova et al. [7] also observed no chemical interaction 

between La2NiO4+δ and an apatite-type La10(SiO6)4O3 

electrolyte. Lyagaeva et al. [59] observed no significant 

chemical interaction La2NiO4+δ with BaCe(Zr)0.8Y0.2O3−δ 

in 1 : 1 mixtures, calcined at 1100 °C for 10 h. No chemical 

interaction was found between La2NiO4+δ and the proton 

conducting La0.9Sr0.1ScO3−δ electrolyte during heat 

treatment at 1100 °C for 3 h [21]. 

Ding et al. in [3] and Song et al. in [70] compared 

functionality of the Lan+1NinO3n+1 (n = 1, 2, 3) phases 

considered as cathode materials for SOFCs based on 

several physical and chemical properties, in particular, 

electrical conductivity. Figure 2a shows temperature 

dependences of the electrical conductivity of La2NiO4+δ, 

La3Ni2O7–δ, and La4Ni3O10–δ, obtained in [70, 71]. As can 

be seen from the plot data, La2NiO4+δ has much lower 

conductivity values than the higher RP phases 

(Lan+1NinO3n+1, n = 2, 3). This phenomenon is explained 

by the fact that the complex oxide La2NiO4+δ has an 

electron-ionic type of conductivity, whereas the 2nd and 

3rd order RP phases are predominantly electronic [70]. 

The study of the dependence of the electrical 

conductivity on the oxygen partial pressure carried out in 

[3, 70] showed that a decrease in the oxygen partial 

pressure leads to a decrease in the electrical conductivity 

(Figure 2b). It can be explained by the reversible loss of 

oxygen from the lattice and the reduction of Ni cations, 

the process being represented by Reactions (1, 2): 

2𝑁𝑖𝑁𝑖
• + 𝑂𝑖

′′ 
𝑝𝑂2↑
←   

𝑝𝑂2↓
→   2𝑁𝑖𝑁𝑖

× + 0.5𝑂2
  (1) 

or 

2ℎ 
• + 𝑂𝑖

′′ 
𝑝𝑂2↑
←   

𝑝𝑂2↓
→   0.5𝑂2

 . (2) 

This confirmed that the electron transfer in 

La2NiO4+δ is p-type [3, 15, 70, 72, 73, 74]. The 

temperature dependence of the electrical conductivity, 

observed for La2NiO4+δ, e.g. in [42], has the extreme 

character of the curve view, the maximum on the curve is 

observed near 400 °C. The presence of a maximum on the 

temperature dependences of the electrical conductivity 

and its further decrease with increasing temperature were 

historically interpreted in different ways. Thus, the 

presence of a maximum on the temperature dependence 

of the conductivity was attributed to a semiconductor-

metal phase transition [75] and a phase transition from the 

orthorhombic phase to the tetragonal phase [76]. Authors 

[3, 42, 77, 78] maintain the interpretation that the 

increase in electrical conductivity in the low temperature 

range   is   associated   with   an   increase   in   the   mobility 

 

  

 

Figure 2 Temperature dependences of the electrical 

conductivity (a) and dependences of the electrical conductivity 

on oxygen partial pressure for Lan+1NinO3n+1 (n = 1, 2, 3) (b); 

temperature dependences of the electrical conductivity in 

La2–xGdxNiO4+δ (x = 0.0 denoted as LNO; x = 0.1–0.5 denoted 

as LGNO01–LGNO05, correspondingly) (c) ((a,b) are adopted 

from [70], Lou et al. [71]; (c) is reproduced from [42] with 

permission of Elsevier B.V.). 

a 

c 

b 
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(number of jumps) of charge carriers – electron holes (or 

Ni3+ ions), and the appearance of the maximum and the 

decrease in electrical conductivity with increasing 

temperature in the range above 400 °C – with the release 

of excess interstitial oxygen from the sample, which results 

in a partial annihilation of the main charge 

carriers – electron holes due to the reduction of Ni3+ to 

Ni2+. In addition, due to the larger radius of Ni2+ cations, 

this causes an increase in the Ni-O1 and Ni-O2 bond 

lengths, which, in the framework of the hopping 

mechanism, can additionally be a reason for decreasing 

the mobility of the electron holes. 

This relationship was confirmed by the results of the 

thermogravimetric analysis provided, for example, in 

[42]. The end of the plateau on the TGA curves of δ-

dependences on temperature, obtained upon heating in 

air, and the beginning of the decrease in the total oxygen 

content, or excess oxygen yield, coincided with the 

position of the maximum in the temperature dependence 

of the electrical conductivity. Based on the conclusions in 

[79], the characteristic behavior of the absolute oxygen 

content in La2NiO4+δ on heating could be influenced by 

two factors. The first is the presence of the phase 

transition of the nickelate from the orthorhombic to the 

tetragonal structure, which leads to an abrupt change in 

the binding energy of the interstitial oxygen ion with the 

lattice and therefore to a sharp change in the oxygen 

desorption rate. The second factor correlates with the 

unequal binding energy of oxygen atoms located at 

different crystallographic positions in the crystal lattice of 

the compounds. As the temperature increases, the 

separate successive removal of oxygen from the different 

positions proceeds in accordance with the increase in the 

binding energy of oxygen in the crystal lattice. It is 

therefore suggested that the end of the plateau at 

temperatures close to 400 °C (Figure 2c) corresponds to 

the release of over-stoichiometric oxygen from the 

interstitial sites of a nickelate crystal lattice, which is the 

weakest binding. 

The presence of the mixed conductivity type in 

lanthanum nickelate La2NiO4+δ determines its high 

electrochemical properties. Gilev et al. [37] observed an 

increase in the polarization resistance, Rp, with increasing 

n in the Lan+1NinO3n+1 series as 0.75 (n = 1), 1.5 (n = 2), 2.25 

(n = 3)  · cm2 at 800 °C in air. Deep analysis of the 

impedance spectra using DRT technique allowed authors 

to define ionic transport in the electrodes as the slowest 

stage of the electrochemical reaction (middle frequency 

polarization resistance, RMF). Despite facilitating oxygen 

exchange kinetics, an increase in the number of perovskite 

layers results in significant deterioration of ionic 

diffusion. Song et al. [70] demonstrated that the oxygen 

self-diffusion coefficients, Ds, calculated from the 

corresponding data on chemical diffusion oxygen non-

stoichiometry, decrease profoundly with the order 

parameter n. 

Based on the DRT analysis, Antonova et al. [19] 

proposed a physical model of the electrochemical process 

in the La2NiO4+δ electrode, identifying three main 

relaxation processes related to oxygen diffusion on the 

electrolyte / electrode interface (high-frequency 

process), charge transfer in the adsorption layer (medium-

frequency process) and low-frequency process presented 

by Gerisher dispersion, attributed to oxygen surface 

exchange and diffusion in La2NiO4+δ and described by the 

parameters, which are consistent with the oxygen isotope 

exchange data [80]. A similar scheme for the La2NiO4+δ 

impedance fitting with the presence of the Gerisher 

element was proposed in [26]. 

Due to high electrochemical activity, La2NiO4+δ air 

electrodes were successfully used in both intermediate 

temperature SOFCs [17, 81, 82] and SOECs [83, 84], as well 

as reversible cells [85] with the performance significantly 

improved compared to the classical perovskite materials 

[86]. 

3. REE substituted La2NiO4+δ 

3.1. Correlation of the synthesis procedure and crystal 

structure 

Solid solutions based on La2NiO4+δ, obtained by 

substitution of lanthanum ions for rare earth ions, are 

currently considered as promising cathode materials for 

SOFCs, since their electrochemical activity can be 

improved compared to unsubstituted La2NiO4+δ due to 

increased oxygen content. So far, La2–xLnxNiO4+δ solid 

solutions have been studied, where the rare-earth element 

(Ln) has been chosen as an element substituting 

lanthanum in the A-position: Ln = Pr [34, 35, 45, 87–98]; 

Ln = Nd [34, 35, 43, 99–101]; Ln = Sm [34, 35, 102]; 

Ln = Eu [34, 35, 103]; Ln = Gd [34, 42, 72, 104]. In 

addition, it could be noted that some other series of 

Ruddlesden – Popper phases with the triple substitution 

on the La-site have been obtained recently, such as 

La2−x−yNdxPryNiO4+δ (x = 0.0; 0.3; 0.5 and y = 0.0; 0.2) 

in [43] and La1.5–xEuxPr0.5Ni0.9Cu0.1O4+δ (x = 0.0; 0.1; 0.2; 

0.3; 0.4; 0.6; 0.8) in [105]. 

Table 3 shows the properties (space groups and 

synthesis methods) of La2–xLnxNiO4+δ complex oxides. 

According to the literature data summarized in the table, 

the solid solutions obtained crystallized predominantly in 

the tetragonal syngony. The formation of an 
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orthorhombic crystal lattice was observed only in the case 

of dopant ions with a radius close to that of lanthanum 

(La2–xLnxNiO4+δ solid solutions, where Ln = Pr, Nd). As 

the radius of the dopant ion decreases, the tetragonal 

lattice stabilizes (La2–xLnxNiO4+δ solid solutions, where 

Ln = Sm, Eu, Gd). Note that for La2–xLnxNiO4+δ both 

types of crystal lattice can be realized depending on the 

amount of dopant and the synthesis method [34, 43]. 

According to the detailed crystallographic study 

performed by Vibhu et al. [87], in the La2–xPrxNiO4+δ 

series the compositions in the range of 0 < x < 0.5 were 

single-phase and possessed a tetragonal structure 

(sp. gr. F4/mmm). Single-phase compositions with a 

monoclinic structure (sp. gr. F2/m) formed in the range 

of 1.0 < x ≤ 2.0. At the same time in the composition 

range of 0.5 ≤ x ≤ 1.0 the authors observed coexistence of 

monoclinic and tetragonal phases. 

The influence of thermal pre-treatment on the crystal 

structure of the La2–xNdxNiO4+δ compounds was 

investigated by Ishikawa et al. [99]. It was established that 

phases with a tetragonal structure formed at x ≤ 0.75 for 

the quenched samples and at x ≤ 0.50 for the annealed 

samples (δ ≤ 0.15), while the phases with an orthorhombic 

structure formed at x > 0.75 and at x > 0.50 (δ > 0.15). 

Table 4 – Crystal structure and synthesis techniques applied for 

La2–xLnxNiO4+δ (Ln = Pr, Nd, Sm, Eu, Gd). 

Sample 
Space 
group 

(structure) 

Synthesis 
method, 

final annealing 
temperature, °C 

Ref. 

La2–xPrxNiO4+δ Fmmm (O) Solid-state route, 
1350 

[93] 
x = 0.0, 0.6  

x = 1.0, 1.4, 2.0 Bmab (O) 
x = 0.0, 0.5, 1.0 Fmmm (O) Electrostatic 

atomization 
method, 950 

[45] 

La1.7Nd0.3NiO4+δ Fmmm (O) Citrate-nitrate 
combustion, 

1000 

[16] 

La1.6Nd0.4NiO4+δ I4/mmm 
(T) 

Glycerol-nitrate 
combustion, 

1200 

[34], 
[35] 

La2–xSmxNiO4+δ 
0.0 ≤ x ≤ 1.1, 

Δx = 0.1 

F4/mmm 
(T) 

Pechini method, 
800 

[102] 

La1.6Sm0.4NiO4+δ I4/mmm 
(T) 

Glycerol-nitrate 
combustion, 

1200 

[34] 

La2–xEuxNiO4+δ 
х = 0.0, 0.2, 0.4, 

0.6, 0.8 

I4/mmm 
(T) 

Solid-state route, 
1250 

[103] 

La2–xGdxNiO4+δ 

x = 0.0, 0.1, 0.2, 
0.3, 0.4, 0.5 

I4/mmm 
(T) 

Formate 
pyrolysis, 1350 

[42] 

La2–xGdxNiO4+δ 

x = 0.0, 0.2, 0.4 
I4/mmm 

(T) 
Glycerol-nitrate 

combustion, 
1200 

[72] 

Pikalova et al. [34] studied the change in unit cell 

parameters and volume for La1.6Ln0.4NiO4+δ (Ln = Pr, Nd, 

Sm, Eu, Gd) as a function of the ionic radius of the dopant 

in the A-position (Figure 3a). The observed decrease in 

the cell parameters and volume with decreasing the 

dopant radius was in strong accordance with the Vegard's 

law [106]. 

Based on the structural data represented in literature, 

Guseva et al. [107] analyzed the concentration 

dependences of the parameters and volume of 

La2-xLnxNiO4+δ complex oxides. It is shown that for all 

series the parameters c and V have a linear dependence, 

both on the composition of the solid solution, and on the 

average radius (ravg) of the ion in the A-site (Figure 3a and 

3b). By approximating the experimental points, the 

equations of the planes c = f(x, ravg) and V = f(x, ravg) were 

determined, which make it possible to predict the 

parameter values and the structure of complex solid 

solutions. 

It is also shown that the course of the concentration 

dependences of a and b parameters on the average radius 

of the A-site ion is more complex (Figure 4a and 4b). This 

is due to the fact that due to the introduction of interstitial 

oxygen into the rock salt  layers  in order  to  increase  the 

 

 

 

Figure 3 Dependences obtained for La2–xLnxNiO4+δ on the 

content and ionic radius of the Ln3+
IX dopant: unit cell volume, 

V (a); c lattice parameter (b) (Ln = Pr [34, 87], Nd [34, 99, 100], 

Eu [34, 103], Sm [107], Gd [42]. 

b 

a 
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Figure 4 Dependences obtained for La2–xLnxNiO4+δ on the 

content and ionic radius of the Ln3+
IX dopant: a lattice 

parameter (a); b lattice parameter (b) (Ln = Pr [34, 87], Nd 

[34, 99, 100], Eu [34, 103], Sm [107], Gd [42]. 

stability of the RP phase, the data values parameters are 

determined not only by the composition x and the size of 

the A-site ion, but also depend on the value of oxygen 

non-stoichiometry, i.e. a = f(x, ravg, δ), b = f(x, ravg, δ). 

These data prove that stabilization of the original 

structure of a Ruddlesden – Popper phase, having the size 

discrepancy of the perovskite La(Ln)NiO3 and the rock-

salt layers La(Ln)O in the a, b-plane [108] upon lanthanum 

substitution in the A-position is due to the intercalation 

of the excess interstitial oxygen into the oxide lattice. The 

increase in over-stoichiometric oxygen leads to a change 

in the degree of oxidation of nickel from Ni+2 to Ni+3, 

which has a smaller radius (according to [109], the ionic 

radii of Ni3+VI are equal to 0.56 Å for the low-spin state 

and 0.60 Å for the high-spin state compared to the ionic 

radius of Ni2+VI, which is equal to 0.69 Å). Table 5 

summarizes the values of the tolerance factors calculated 

without and with considering the excess interstitial 

oxygen and absolute oxygen non-stoichiometry for 

La1.6Ln0.4NiO4+δ solid solutions [34]. As it can be seen 

from Table 5, the Goldschmidt tolerance factor t, which is 

Table 5 – Values of tolerance factors and absolute oxygen non-

stoichiometry of complex oxides La1.6Ln0.4NiO4+δ depending on 

the Ln substituent element [34] 

Value Ln = Pr Ln = Nd Ln = Sm Ln = Eu Ln = Gd 
ta 0.882 0.881 0.879 0.879 0.878 

δ 0.18(1) 0.17(1) 0.17(1) 0.16(1) 0.14(1) 

toxb 0.896 0.895 0.892 0.891 0.888 

a – calculated without δ account; 
b – calculated with δ account. 

a quantitative assessment of the presence of microstrains 

in the crystal lattice [110, 111], increases significantly when 

oxygen is incorporated into the oxide lattice, thus 

demonstrating the stabilization of the phase by increasing 

the value of the oxygen non-stoichiometry. 

3.2. Oxygen transport properties 

There are a limited number of the studies on 

oxygen diffusion In REE substituted La2NiO4+δ. Vibhu et 

al. [44, 112] reported D* values for the substituted samples 

in the La2–xPrxNiO4+δ series to be in the range of those 

reported for La2NiO4+δ and Pr2NiO4+δ 

(1.5 · 10−8–2.5 · 10−8 cm2 · s–1 at 600 °C). The authors noted 

that k* values were slightly higher than those for the base 

materials. Usenka et al. [95] investigated temperature 

programmed oxygen desorption-sorption (TPD) processes 

in Pr2–xLaxNiO4+δ compositions. The TPD spectra of the 

doped samples were found to exhibit two sharp peaks 

related to the removal of oxygen from different sites of 

the crystal lattice. When increasing the Pr amount, the 

oxygen desorption shifted to lower temperature 

compared to La2NiO4+δ. The TPD spectrum of Pr2NiO4+δ 

recorded under the same conditions exhibited three sharp 

and two local maxima in the range of the temperature of 

210–700 °C and prominent maximum fourth above 

600 °C. These maxima were supposed to relate to 1) 

removal of interstitial sites with the coordinates (¼, ¼, ¼) 

(around 200 °C); 2) orthorhombic-tetragonal phase 

transition (370 °C); 3) (non-equilibrium) migration 

positions of mobile oxygen from the crystal lattice under 

heating (400–650 °C); and 4) removal of oxygen from 

NiO6 octahedra of the perovskite layers above 650 °C). It 

was shown that removal of oxygen from the perovskite 

layers occurred at δ equal to 0.07–0.09 for 

Pr2–xLaxNiO4+δ and δ equal to 0.12–0.14 for Pr2NiO4+δ. 

Sadykov et al. [104] investigated oxide ionic transport 

features in La2–xGdxNiO4+δ (x = 0.0–0.4) using the mass 

relaxation method and oxygen isotope exchange with 

C18O2 in a flow reactor. Both techniques demonstrated a 

decrease in oxygen mobility and surface reactivity with 

doping. Substitution Gd for La resulted in the emergence 

of   oxygen    diffusivity    nonuniformity.     The   authors 

b 

a 
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Figure 5 Schematic illustration for the mathematical model of 

oxygen isotope exchange with C18O2 in the flow reactor for Gd-

doped La2NiO4+δ (a); comparison of oxygen surface exchange 

constant (k*) and tracer diffusion coefficient (D*) at 700 °C for 

the La1.6Ln0.4NiO4+δ samples (b) ((a) is reproduced from [104] 

with permission of Elsevier B.V.; (b) is reproduced from [34] 

with permission of Elsevier B.V.). 

proposed a mathematical model with a fast diffusion 

channel (via cooperative mechanism of oxygen migration) 

and a slower exchange with the neighboring oxide anions 

for the description of oxygen transport in La2–xGdxNiO4+δ 

(Figure 5a). 

This model was further applied for the fitting of the 

isotope exchange data obtained by authors for the 

La1.6Ln0.4NiO4+δ series (Ln = Pr, Nd, Sm, Eu, Gd) [34]. The 

authors noted that all substituted samples were 

characterized as having fast oxygen diffusivity provided 

by a cooperative mechanism of oxygen migration 

involving both regular and highly mobile interstitial 

oxygen. However, the contribution of fast oxygen to the 

overall exchange decreased with doping as 92 % for 

undoped LNO, 90 % for Gd-doped, 87 % for Pr, Sm, Nd-

doped, and 83 % for Eu-doped. Comparison of the 

oxygen exchange parameters obtained for the samples 

with different dopants (Figure 5b) revealed that both the 

oxygen tracer diffusion coefficient and the surface 

exchange constant tend to slightly increase and then 

decrease in the row with a broad maximum observed for 

Pr, Nd, and Sm-doped samples, while the effective 

activation energy characterizing the oxygen migration 

barrier did not vary within the calculation error in the 

series. The authors argue that this fact implies that oxygen 

diffusion characteristics vary not due to the migration 

barrier value, but mainly due to the mobile oxygen 

content. 

3.3. Functional properties 

Table 6 summarizes the data on the values of the 

thermal expansion coefficients for La2–xLnxNiO4+δ 

(Ln = Pr, Nd, Sm, Eu, Gd) complex oxides obtained in air 

in the temperature range from 50 °C (Tl) to 900 °C (Th), 

if not shown specifically. 

Tc usually correlates with the beginning of oxygen 

release from the layered structure of the oxide and is 

individual for every specific dopant. Thus, difference in 

TECs below and above Tc occurs presumably due to 

chemical expansion [114] associated with the loss of 

interstitial oxygen from the crystal structure which is 

compensated by the corresponding reduction in the 

Ni3+/Ni2+ ratio. This results in compressive stress in the 

oxide structure along the c axis and tensile stresses in the 

a, b layers. Due to these processes compensating each 

other, all La2NiO4-based derivatives demonstrate 

significantly lower chemical expansion than most 

perovskite materials. Comparing Table 3 and  5  it  can  be 

Table 6 – TEC values for REE or AEE substituted La2NiO4+δ. 

Composition 
TEC · 106, K–1 

Ref. 
Tl < Tc Th ˃ Tc Tl – Th 

La1.9Gd0.1NiO4+δ 

La1.8Gd0.2NiO4+δ 

La1.7Gd0.3NiO4+δ 

La1.6Gd0.4NiO4+δ 

La1.5Gd0.5NiO4+δ 

12.3 

12.2 

12.2 

12.4 

11.9 

12.3 

13.6 

12.5 

12.4 

13.5 

12.3 

13.6 

12.5 

12.4 

13.5 

[42] 

La1.8Sm0.2NiO4+δ 

La1.6Sm0.4NiO4+δ 

La1.4Sm0.6NiO4+δ 

12.56 

12.81 

12.24 

12.77 

12.89 

12.27 

12.68 

12.82 

12.28 

[113] 

La1.6Pr0.4NiO4+δ 

La1.6Nd0.4NiO4+δ 

La1.6Eu0.4NiO4+δ 

La1.6Sm0.4NiO4+δ 

14.1 

13.8 

13.6 

13.5 

15.2 

15.1 

15.3 

15.0 

a14.6 

14.5 

14.4 

14.2 

[35] 

La1.5Pr0.5NiO4   b15.0 [92] 

La2NiO4 

La1.6Sr0.4NiO4+δ 

La1.2Sr0.8NiO4+δ 

  c13.1 

13.6 

12.8 

[58] 

La1.7Ca0.3NiO4 

La1.7Sr0.3NiO4 

La1.7Ba0.3NiO4 

  d13.9 

14.2 

15.2 

[63] 

a – 200–1000 °C; 
b – 50–1000 °C; 
c – 30–1000 °C; 
d – 100–900 °C. 

b 

a 
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concluded that substitution with Gd, Sm and Ca results in 

decreasing TEC values. Moreover, these derivatives are 

chemically more compatible with CeO2-based electrolytes 

compared to undoped La2NiO4+δ [18, 42, 113]. 

According to [72, 92, 93, 113], REE substitution of 

lanthanum in La2NiO4+δ resulted in an increase in 

electrical conductivity. This was explained by the fact that 

the observed decrease in unit cell parameters (and bond 

lengths) led to an increase in carrier mobility via the small 

radius polaron mechanism, as it was observed earlier for 

the RP phases in [115, 116]. At low concentration of the 

dopant (x ≤ 0.4), REE substitution may have an even 

more pronounced influence on the conductivity of the 

base oxide compared to some AEE, introducing additional 

defects due to charge compensation (Figure 6a). 

However, at a high substitution level, increasing the 

conductivity in the REE-substituted La2NiO4+δ series 

becomes less and less pronounced. As for example, for the 

La2–xPrxNiO4+δ series in the range of 0 ≤ х ≤ 1 an increase 

in Pr content resulted in increasing the conductivity (from 

50 to 110 S · cm–1), while there was almost no difference 

between  the  conductivity  of  the  doped  composition  at 

 
 

 

Figure 6 Temperature dependences of electrical conductivity 

for La1.6Ln0.4NiO4+δ, where Ln = La, Pr, Nd, Sm, Eu, compared 

with data of Shen et al. [117], Amow & Skinner [102], 

Zakharchuk et al. [118], Guan [119], Vibhu et al. [98], 

Tsvinkinberg et al. [42] for doped La2NiO4+δ (a); temperature 

dependences of the absolute oxygen content for 

La1.6Ln0.4NiO4+δ, where Ln = La, Pr, Nd, Sm, Eu (b) ((a, b) are 

reproduced from [35] with permission of Elsevier B.V.). 

x = 1.0 and 2.0 [112]. Similar tendency was found for Gd 

and Sm doped systems, where conductivity reached 

“saturation” at x = 0.4–0.5 (90–96 S · cm–1 at 450 °C and 

x = 0.6–0.8 (111–112 S · cm–1), respectively. Significantly 

higher values of total conductivity can be achieved at high 

doping levels in the La2–xSrxNiO4+δ (273 S · cm–1 at 600 °C, 

x = 0.75 [120]) and in the La2–xBaxNiO4+δ series 

(127 S · cm–1 at 600 °C, x = 0.5) [118]. However, despite 

higher total conductivity values, the ionic component of 

conductivity in such materials drops significantly with 

doping, which may result in deterioration of 

electrochemical properties of the related electrodes [46]. 

It should be noted that, in contrast to the character 

of the electrical conductivity curve for AEE substituted 

La2NiO4+δ, temperature dependences of conductivity for 

La2–xLnxNiO4+δ also exhibit extremal behavior. As in the 

case of La2NiO4+δ, the peak value of the electrical 

conductivity for La2–xLnxNiO4+δ (Ln = Pr, Nd, Sm, Eu, Gd) 

correlates with the beginning of the oxygen release, which 

is responsible for the sharp decrease at the 

thermogravimetric curves after the horizontal plateau, as 

seen from (Figure 6b). 

3.4. Electrochemical performance 

The electrochemical activity of La2NiO4+δ-based 

materials is traditionally studied using impedance 

spectroscopy. There are several ways of presenting 

impedance data, the most common being Nyquist plots 

and relaxation time distributions. The relaxation time 

distribution method uses a Fourier transform to provide a 

greater degree of separation between processes. The shape 

of the peak reflects the nature of the process occurring in 

the system, so the resulting plot gives an indication of the 

number and magnitude of the processes occurring. The 

information obtained can be used to select elements in the 

equivalent circuit method. The electrochemical properties 

of La2NiO4+δ have been studied using impedance 

spectroscopy by the equivalent circuit method with 

analysis of the distribution of relaxation times [19, 81, 121–

125]. The authors consider that the oxygen reduction 

process at the cathode, La2NiO4+δ, consists of three stages. 

In [122] three contributions to the process are described in 

detail: 

• High frequency process – the resistance of this 

contribution decreases with increasing the temperature 

and does not depend on the partial pressure of oxygen; it 

can be caused by the transfer of oxygen ions across the 

electrolyte / electrode interface. The ohmic capacitance 

of the process was 5 · 10–7 F · cm−2 and the relaxation 

frequency was 105 Hz. 

• Medium  frequency  process – the  contribution  of 

b 

a 
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Figure 7 Impedance spectra for the La1.6Ln0.4NiO4+δ electrodes sintered at 1200 °C with the LaNi0.6Fe0.4O3–δ + CuO collector layer 

(La2NiO4+δ denoted as LNO, La1.6Pr0.4NiO4+δ as LPNO, La1.6Nd0.4NiO4+δ as LNNO, La1.6Sm0.4NiO4+δ as LSNO, La1.6Eu0.4NiO4+δ as 

LENO, La1.6Gd0.4NiO4+δ as LGNO) (a); DRT analysis of the spectra for the La1.6Ln0.4NiO4+δ (Ln = La, Pr, Nd, Sm, Eu, Gd) electrodes 

collected at 700 °C in air (b); Nyquist plots for La2NiO4+δ aged at 700 °C for 1800 h at idc = 300 mA · cm–2 in the SOFC mode (c); 

Time plots of polarization difference ∆RP for La2–xPrxNiO4+δ (La2NiO4+δ denoted as LNO, as LP5NO, Pr2NiO4+δ as PNO), aged at 

700 °C for 1800 h at idc = 300 mA · cm–2 in the SOFC and SOEC modes (d) ((a, b) are reproduced from [34] with permission of 

Elsevier B.V.; (c, d) are reproduced from [90]).

this resistance decreases with increasing the temperature 

and the oxygen partial pressure. The process may be 

related to the diffusion of oxygen atoms with subsequent 

charge transfer, the capacitance and relaxation frequency 

were 10–4 F · cm−2 and 103 Hz respectively. 

• Low frequency process – the resistance of this 

contribution decreases with increasing temperature and 

becomes dominant at low partial pressures. The 

capacitance of the process was 10–1 F · cm−2, and the 

relaxation frequency was 1 Hz. The process can be related 

to the phenomenon of molecular oxygen dissociation; the 

same view is taken in [126]. 

The total resistivity of the oxygen reduction process 

was obtained by summing the individual resistances 

associated with each stage. It decreases significantly with 

increasing temperature and insignificantly with increasing 

oxygen partial pressure [122]. 

The group led by Pikalova has extensively 

investigated the electrochemical activity of the Ln-

substituted La2NiO4+δ: La2–xGdxNiO4+δ in [10, 72] and 

La1.6Ln0.4NiO4+δ (Ln = Pr, Nd, Sm, Eu) in [34, 35]. 

Figures 7a and 7b show typical impedance spectra for the 

La1.6Ln0.4NiO4+δ (for Ln = La, Pr, Nd, Sm, Eu, Gd samples 

were designated as LNO, LPNO, LNNO, LSNO, LENO, 

LGNO, respectively) electrodes, sintered at 1200 °C, with 

the LaNi0.6Fe0.4O3–δ + 3 wt. % CuO collector layer (CL), 

sintered at 900 °C, which were collected at 700 °C in air, 

and DRT analysis of the above spectra, respectively. 

According to the DRT analysis performed by the authors, 

processes with an equivalent capacity of 

~10−6−10−7 F · cm−2 (the area highlighted in black in 

Figure 7b) are associated with the ohmic electrolyte 

resistance. A process with a capacity of ~101 F · cm−2 

(highlighted in violet in Figure 7b) the authors considered 

as describing the electron transfer at the current 

collector / electrode interface. Due to high conductivity 

of the collector layer, the contribution of this process was 

less significant compared to other processes. In the 

medium-frequency range, the presence of the Gerisher 

dispersion (the area highlighted in blue in Figure 7b) is 

clearly seen, which is mathematically equivalent to the 

dispersion given in the Adler – Lane – Steel (ALS) model 

[127, 128] to describe the electrochemical behavior of 

MIEC electrodes: 

𝑍𝑐ℎ𝑒𝑚 = 𝑅𝑐ℎ𝑒𝑚
1

√1+𝑗𝜔𝜏𝑐ℎ𝑒𝑚
, (3) 

where 𝑍𝑐ℎ𝑒𝑚, 𝑅𝑐ℎ𝑒𝑚 and 𝜏𝑐ℎ𝑒𝑚 are the impedance 

diffusion part related to non-charge-transfer processes, 

resistance, and time constant, respectively. Using this 

equivalency, the authors established a close correlation of 

electrode performance with oxygen transport properties 

of the related MIEC electrode materials using the 

following equation [129]: 

a 

c d 

 

b 

https://www.sciencedirect.com/topics/materials-science/electron-transfer
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𝑅𝑐ℎ𝑒𝑚 =
𝑅𝑇

4𝐹2√
𝜏

(1− )4𝑎𝑐𝑂𝑥𝛿
𝑂𝐷∗𝑘∗

, (4) 

where 𝑅, 𝐹 are the universal gas and Faraday constants; 𝜀, 

𝜏 are electrode porosity and tortuosity, defined by the 

authors from the electron images of the electrode 

microstructure; 𝑎 is specific surface area of electrode 

powders, 𝑐𝑂, 𝑥𝛿
𝑂 are concentration of oxygen lattice sites 

involved in the diffusion mechanism and molar fraction of 

O-defects at equilibrium; k*, D* are oxygen surface 

exchange constant and tracer diffusion coefficient, 

respectively. The values for the diffusion impedance, 

𝑅𝑐ℎ𝑒𝑚, were calculated by the authors using the 

impedance spectroscopy data and amounted 0.59  · cm2 

for LNO, 0.63  · cm2 for LENO, 0.79  · cm2 for LPNO, 

0.87  · cm2 for LSNO, 1.14  · cm2 for LNNO, and 

1.52  · cm2 for LGNO, respectively. The values of 𝑟𝑂, D*, 

k*, calculated in the framework of the 

Adler – Lane – Steele (ALS) model using the impedance 

spectroscopy data, were shown to be in a good agreement 

with the data obtained by the temperature-programmed 

isotope exchange of oxygen with C18O2 in a flow reactor 

using materials of the La1.6Ln0.4NiO4+δ series. The data, 

obtained in [34, 35], for the two-layer electrodes with 

functional La1.6Ln0.4NiO4+δ layers in comparison with 

results for La2–xLnxNiO4+δ from the other works are 

summarized in Table 7. As can be seen from the data in 

the Table, the smallest value of the polarization resistance, 

equal to 0.184  · cm2 at 700 °C, was measured by Zhao 

et al. in [92] for the La1.5Pr0.5NiO4+δ electrode. 

Summarizing the data in Table 7, it is worth noting that Rp 

values depend on both the composition of the solid 

solution and the composition of the electrolyte. 

It is important to note that the method of synthesis 

of the complex oxide affects its electrochemical 

properties. For example, La1.6Eu0.4NiO4+δ obtained by the 

solid phase method and by combustion of glycerol nitrate 

compositions had values of Rp = 1.6 [103] and 0.63  · cm2, 

respectively, at 700 °C [34]. In addition, according to the 

study [35] the sintering temperature and collector 

layer (CL) using both influence on the electrode activity. 

For La1.6Eu0.4NiO4+δ with CL, sintered at 1100 and 1200 °C, 

Rp values were equal to 3.35 and 0.64  · cm2, 

respectively, at 700 °C, although for La1.6Eu0.4NiO4+δ with 

and without CL, sintered at 1200 °C, Rp values were equal 

to 0.64 and 0.70  · cm2, respectively, at 700 °C [35]. 

The electrochemical activity of the La2–xPrxNiO4+δ 

based (x = 0.0; 0.5; 2.0) cells during long-term operation 

was investigated in [90]. Symmetric cells for polarization 

impedance measurements were fabricated by applying a 

cathode slurry to the electrolyte by screen printing. 

Yttrium stabilized zirconia (YSZ) was chosen as the 

electrolyte. Figure 7c shows the normalized impedance 

spectra of a La2NiO4+δ sample aged at 700 °C for up to 

1800 h at a constant current idc = 300 mA · cm–2 in the 

fuel cell (SOFC) operating mode. It was found that the 

polarization resistance increased from Rp = 0.18  · cm2 to 

2  · cm2 after 1800 h (+ 1110 %) [90]. 

To facilitate the analysis of the variation of the 

electrochemical activity of the cell with time, a 

polarization difference dependence graph was plotted 

(Figure 7d) ∆RP = RPgt – RPini, where RPini and RPgt are the 

polarization resistances at t = 0 h and at the given time, 

respectively. The data obtained showed that in the fuel cell 

mode,  La1.5Pr0.5NiO4+δ is  characterized  by  a  decrease  in 

Table 7 – The polarization resistance values for La2–xLnxNiO4+δ - based electrodes at 700 °C. 

Cathode Rp,  · cm2 Electrolyte Ref. 

La2NiO4+δ 0.57 Ce0.8Sm0.2O1.9 [26] 

La2NiO4+δ 0.85 Ce0.8Sm0.2O1.9 [35] 

La1.6Pr0.4NiO4+δ 0.82 

La1.6Nd0.4NiO4+δ 1.18 

La1.6Sm0.4NiO4+δ 0.89 

La1.6Eu0.4NiO4+δ 0.64 

La1.9Sm0.1NiO4+δ 11 La0.8Sr0.2Ga0.8Mg0.2O3–δ [102] 

La0.9Sm1.1NiO4+δ 18 

La2NiO4+δ 2.8 Ce0.8Sm0.2O1.9 [103] 

La1.8Eu0.2NiO4+δ 1.3 

La1.6Eu0.4NiO4+δ 1.6 

La1.4Eu0.6NiO4+δ 4.6 

La1.2Eu0.8NiO4+δ 2.6 

La2NiO4+δ 0.78 Ce0.8Gd0.2O1.9 [72] 

La1.8Gd0.2NiO4+δ 0.92 

La1.6Gd0.4NiO4+δ 1.9 

La1.5Pr0.5NiO4+δ 0.18 Ce0.8Sm0.2O1.9 [92] 
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polarization resistance compared to the non-substituent 

La2NiO4+δ sample [90]. 

So, the results of physicochemical property and 

electrochemical activity studies for La2–xLnxNiO4+δ 

(Ln = Pr, Nd, Sm, Eu) [34, 35], La2–xPrxNiO4+δ 

[43, 45, 90–93, 96, 98, 130] and La2–xGdxNiO4+δ 

[34, 42, 72, 104] show that, firstly, optimal doping of basic 

lanthanum nickelate La2NiO4+δ with REE ions can 

improve physicochemical properties such as electrical 

conductivity, polarization resistance and mechano-

thermal compatibility with traditionally used electrolytes 

in SOFCs. Secondly, a study by Pikalova et al. [35] showed 

that it is the doping of lanthanum nickelate La2NiO4+δ 

with Sm that gives better electrical conductivity results 

compared to other rare earth elements such as Pr, Gd 

[42, 98, 102]. 

4. Conclusions and future perspectives 

The literature review allows us to conclude that 

doping lanthanum nickelate La2NiO4+δ with rare-earth 

element ions can improve the functional properties of this 

oxide material from the point of view of its use as a 

cathode for intermediate-temperature SOFCs. First, the 

REE doping does not lead to the formation of carbonates 

on the surface of the working cathode, which is typical of 

La2NiO4+δ materials doped with alkaline earth elements. 

Second, this kind of doping allows preservation or even 

rising the interstitial oxygen content, thus improving 

electrode oxygen transport properties and, as a result, the 

electrode performance. It should be noted that among the 

solid solutions of general composition La2–xLnxNiO4+δ 

(Ln = Pr, Nd, Sm, Eu, Gd) studied so far, those of 

La2–xSmxNiO4+δ are the least studied: there are very few 

studies in the literature for a wide range of compositions 

on the analysis of a crystal structure, thermomechanical 

and chemical compatibility with electrolyte materials 

intermediate-temperature SOFCs, electrical conductivity, 

polarization resistance. Due to the relevance of the studies 

on the doping of La2NiO4+δ with REE ions and the limited 

literature data for Ln = Sm, as well as for combinations of 

two or more REE dopants, the future works could be 

directed on these complex oxide systems starting from 

their physicochemical properties and further to possible 

application in SOFC and SOEC cells. 
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