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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

� La2Ni1-xCoxO4þδ nickelates as O2-elec
trode materials for SOEC is reported first 
time. 
� These nickelates are stable and always 

over-stoichiometric in air/O2 
atmospheres. 
� Single cell with La2Ni0.8Co0.2O4þδ oxy

gen electrode shows the best cell 
performance. 
� Lowest degradation is observed for 

La2Ni0.8Co0.2O4þδ electrode under SOEC 
operation.  
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A B S T R A C T   

The present study is focused on the development of alternative oxygen electrodes for Solid Oxide Electrolysis 
Cells (SOECs). Rare earth nickelates with general formula Ln2NiO4þδ (Ln ¼ La, Pr or Nd) have shown good 
performance as oxygen electrodes with various electrolytes. Among them, La2NiO4þδ is most stable nickelate by 
itself however its electrochemical performance is lower compare to Pr2NiO4þδ. Therefore, to further enhance the 
physico-chemical properties, electrochemical performance of La2NiO4þδ as SOECs oxygen electrode, herein, we 
have performed the substitution of nickel with cobalt. Three compositions (x ¼ 0.0, 0.1 and 0.2) were mainly 
considered and completely characterized using several techniques. The symmetrical as well as single cells were 
then prepared and electrochemically characterized using DC- and AC-techniques in the temperature range 
700–900 �C. The electrode reaction mechanism was also investigated by recording the impedance spectra at 
different pO2. With cobalt substitution, an improvement in electrochemical performance as well lower degra
dation rate is observed during long term SOEC operation at � 1 A⋅cm� 2 current density at 800 �C with 50% H2 
and 50% H2O feed gas mixture.   

1. Introduction 

A variety of energy sources, including renewables, can be used to 
produce hydrogen, and one way to transform renewable and other non- 

fossil sources of energy into hydrogen is water electrolysis [1–3]. High 
temperature electrolysis of steam (HTE) using solid oxide electrolysis 
cells (SOECs) is expected to consume less electrical energy as compared 
to electrolysis at low temperature as consequence of the more favourable 
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thermodynamic and electrochemical kinetic conditions for the reaction. 
In solid oxide cells (SOCs) operation, electrode polarizations induce 
large voltage losses especially at the oxygen electrode [4,5], therefore 
the modification in the existing materials as well as investigation of new 
oxygen electrode materials are still under progress. 

With respect to oxygen electrode, two kinds of Mixed Ionic and 
Electronic Conducting (MIEC) oxide materials have been extensively 
studied; the first one concerns oxygen deficient perovskite materials e.g. 
LSCF (La0.6Sr0.4Co0.2Fe0.8O3-δ) and LSC (La0.6Sr0.4CoO3-δ) [6–14]. 
However, these materials are less promising due to Sr-segregation 
especially when the cell is operated during long term [15–17]. 
Another type of MIEC oxides deals with oxygen over-stoichiometry, e.g. 
nickelates Ln2NiO4þδ (Ln ¼ La, Pr, Nd) [18–21]. These compounds with 
the K2NiF4-type layered structure are promising due to their high 
anionic bulk diffusion as well as surface exchange coefficients, com
bined with good electrical conductivity and thermal expansion proper
ties matching with those of electrolyte materials e.g. yttria-stabilized 
zirconia (YSZ) or gadolinium doped ceria (GDC) [22–24]. The structure 
of these nickelates consists of alternate layer of NiO2 square plane layers 
and Ln2O2 rock salt type layers. This kind of structure has strong capa
bility to accept interstitial oxygen located in rock-salt layer leading to a 
mixed valance of Ni i.e. Ni2þ and Ni3þ and hence mixed electronic and 
ionic conductivity (e� /O2� ) [25,26]. In such nickelates, the transport 
properties are highly dependent on the amount of interstitial oxygen i.e. 
δ-value. For instance, Pr2NiO4þδ (PNO) shows a large amount of inter
stitial oxygen (δ ~ 0.25) compare to La2NiO4þδ (LNO) (δ ~ 0.16) [27] 
and hence PNO shows better conductivity (both ionic and electronic), 
oxygen diffusivity, surface exchange and electrochemical properties 
[27]. Despite of good electrochemical properties of Pr2NiO4þδ its 
chemical stability is always an issue [28], while La2NiO4þδ is highly 
chemically stable by itself but has lower electrochemical performance 
[29]. 

The present work is focused on cobalt substituted lanthanum nick
elates La2Ni1-xCoxO4þδ (x ¼ 0.0, 0.1 and 0.2) (LNCO) and aims partic
ularly at the enhancement of electrochemical activity and durability of 
LNO used as oxygen electrode in SOECs. At first, the preliminary 
structural and physicochemical characterizations including chemical 
stability and evolution of the δ-value with temperature and atmosphere 
(air and oxygen) of LNCO phases are studied. Further the electro
chemical behaviour of these materials are investigated with symmetrical 
half-cells. Finally the electrochemical performance and short term 
durability test under SOECs conditions are investigated using single 
cells. 

2. Experimental 

2.1. Powder preparation 

Three compositions of the La2Ni1-xCoxO4þδ (x ¼ 0.0, 0.1 and 0.2) 
were prepared using a solid state synthesis route. The corresponding 
precursors were La2O3 (Aldrich chem, 99.9%), NiO (Alfa Aesar, 99%) 
and Co3O4 (Alfa Aesar, 99%). La2O3 powder was pre-fired in a first step 
at T ¼ 900 �C overnight to remove the water content, due to its high 
hygroscopic character. The precursors were weighed according to the 
composition of nickelates and then ball milled for 4 h at 250 rpm using 
zirconia balls and isopropanol (VWR, 99.8%). After drying at 80 �C 
overnight, the final annealing was performed at 1300 �C for 12 h in air, 
leading to well crystallized phases. The nickelates with more than 20% 
cobalt content were not considered in this work due to instability of the 
layered structure in air/oxygen atmosphere. The obtained powders were 
crushed and milled again with zirconia balls and isopropanol for 8 h 
with the aim to obtain a mean particle size of about 1 μm (as checked 
using particle size distribution and SEM). 

2.2. X-ray diffraction analysis 

The powders were first investigated by X-Ray diffraction (XRD) at 
room temperature using a PANanalytical X’pert MPD diffractometer 
with Cu-Kα incident radiation to check the purity of phase. Each X-ray 
diffractogram was fitted by profile matching using the Fullprof software 
and Rietveld Refinements were carried out. 

2.3. Microstructure analysis 

The morphologies of the materials were analysed using a Scanning 
Electron Microscope (Quanta FEG 650, FEI equipped with an EDS de
tector) operating at 10 kV. The particle size distributions were analysed 
by laser diffraction particle size analyser (HORBIA, LA-960). 

2.4. Thermo gravimetric analysis (TGA) 

TGA experiments were carried out using a TA Instrument® TGA- 
5500 device, with the aim to determine the delta value, δ, at room 
temperature under air and then its variation as a function of temperature 
under air and oxygen. In the first case the powders were equilibrated 
under air up to 1000 �C, then cooled down to room temperature with a 
slow rate (2 �C⋅min� 1), this cycle being reproduced twice to ensure a 
stable state of the material, i.e. a reproducible oxygen content. Then, a 
second cycle was performed under Ar - 5% H2 flux with a very slow 
heating rate of (0.5 �C⋅min� 1), the decomposition of the material leading 
to the determination of the oxygen stoichiometry after cycling the 
sample down to room temperature (La2O3, metallic Ni and Co being 
formed as verified by XRD after the thermal cycle). The variation of the 
oxygen stoichiometry of the materials was studied either under air or 
oxygen atmosphere. For this purpose, the powders were first thermo
dynamically equilibrated under air in the TGA device as described above 
(i.e. two cycles were performed). Then the gas was changed from air to 
oxygen at high temperature (1000 �C) for faster solid/gas reactivity and 
kept for 6 h to achieve the equilibrium, and then two cycles were per
formed under oxygen. 

2.5. Dilatometry measurements 

Thermal variations of the relative expansion of dense pellets (dL/L) 
were carried out in the temperature range 35–1000 �C, under air using a 
differential dilatometer (Netzsch® 402 C), with the aim to determine the 
TECs of the materials. 

2.6. Conductivity measurements 

The electrical conductivity of these materials were determined under 
air using the four-probe technique, in the temperature range 25–850 �C 
with the heating and cooling rate of 1 �C⋅min� 1. The nickelates were 
previously sintered at 1350 �C for 6 h in order to get dense pellets. 

2.7. Cell preparation 

Symmetrical half cells, electrode//GDC//8YSZ//GDC//electrode, 
were prepared for the electrochemical studies. Terpineol-based slurries 
were prepared with each nickelate material and with gadolinium doped 
ceria i.e. Ce0.8Gd0.2O2-δ (GDC) powder (CerPoTech). First, GDC layers 
(thickness ~ 3–4 μm, ∅ ~ 12 mm) were symmetrically screen printed on 
both sides of the dense supports of 8 mol% of yttria stabilized zirconia 
(8YSZ) with diameter ~20 mm and thickness ~300 μm and sintered at 
1350 �C for 1 h under air. This dense and thin GDC buffer layer was 
deposited in order to avoid the reactivity between electrode and 8YSZ 
[19]. The nickelate layer (thickness ~ 15–20 μm ∅ ~10 mm) was af
terwards deposited using the same method and sintered at 1200 �C for 
1 h under air. The sintering temperature (1200 �C) was optimized for 
LNO, to obtain a controlled homogenous porous electrode 
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microstructure. The same conditions are used for preparing the 
Co-doped nickelates. 

2.8. Electrochemical characterization 

The electrochemical measurements were performed under air, using 
a two electrodes configuration with signal amplitude of 50 mV under 
zero current condition with the aim to determine the Rp values. 

The single cell measurements were performed using NiO-YSZ sup
ported cells (NiO-YSZ//YSZ//GDC//electrode, CeramTec®, ASC-10C 
type). Anode layers i.e. nickelates were deposited by screen printing 
and sintered at 1200 �C for 1 h under air. For the measurement, Gold and 
Nickel grids (1.024 cm� 2 mesh) were used as current collectors for ox
ygen electrode and fuel electrode respectively. The i-V characteristic was 
measured in electrolysis mode from OCV to 1.5 V with a 50% H2O and 
50% H2 gas mixture in the temperature range of 700–900 �C. The 
impedance diagrams were recorded at OCV and from 1.0 to 1.5 V with 
an increase of 0.1 V, under potentiostatic control with 50 mV ac 
amplitude, from 106 Hz down to 10� 1 Hz, using IVIUM VERTEX poten
tiostat/galvanostat with integrated frequency response analyser mod
ule. The complex impedance diagrams were fitted using an equivalent 
circuit by means of the RelaxIS® software. The polarization resistance 
Rp values were calculated from the difference between the low fre
quency (LF) and the high frequencies (HF) diagram intercepts with the 
real axis of the Nyquist representation. 

3. Results and discussion 

3.1. XRD analyses 

The XRD study shows that all three nickelates are single phases, their 
patterns being indexed with an orthorhombic cell described by the 
Fmmm space group. Furthermore, full pattern matching was carried out 
using the FULLPROF software with the aim to find the lattice parame
ters. As an example, for La2Ni0.9Co0.1O4þδ (LNCO10) and 
La2Ni0.8Co0.2O4þδ (LNCO20), a good agreement is obtained between the 
experimental and refined patterns (Fig. 1). The obtained cell parameters 
and unit cell volume are reported in Table 1. 

An increase in the lattice parameters a and b is observed while a 
decrease is observed in lattice parameter c. The decrease in c is large 
compare to an increase in a and b, as a result the overall volume of the 
cell decreases with the cobalt substitution. This behaviour is good 
agreement with the size of ionic radius of Co and Ni. As the ionic radius 
of Ni2þ (0.69 Å) is higher than Co2þ (0.65 Å), the cobalt substitution 
leads to decreases the overall volume of the cell [30]. 

3.2. Thermo Gravimetric analysis 

3.2.1. Determination of δ of material equilibrated under air 
The oxygen over-stoichiometry (δ) at room temperature for LNCO 

phases was calculated using the results of TGA experiments performed 
under reducing conditions (Ar� 5% H2 atmosphere, heating rate 
0.5 �C⋅min� 1). The thermal variation of weight loss as a function of 
temperature is reported in Fig. 2a. As earlier reported [31], two weight 
losses occur. The first one, around 400 �C, corresponds to the reduction 
of Ni3þ/Co3þ into Ni2þ/Co2þ (the oxygen over-stoichiometry being 
reduced down to δ ¼ 0 when expecting only La3þ cations). The second 
weight loss characterizes the complete reduction of LNCO in appropriate 
ratio (i.e. x dependent) into La2O3, Ni and Co, leading to the determi
nation of 4þδ. The value of δ was as well calculated via iodometric 
titration [25]. The δ values calculated by iodometry and TGA are 
gathered in Table 2. An increase of δ is observed with Co substitution, 
from 0.16 (LNO) to 0.20 (LNCO20). The values of δ in this study are in 
good agreements with the earlier reported results [31]. 

The thermal variations of the oxygen content, 4þδ, for the 
La2Ni1-xCoxO4þδ phases under air and oxygen atmospheres are plotted in 
Fig. 2b and c, respectively. In both atmospheres, all LNCO nickelates 
show reversible oxygen exchange and remain always oxygen over- 
stoichiometric (δ > 0) over the whole temperature range confirming 
MIEC properties under air and oxygen atmosphere. For instance, in air 
the δ-values are 0.06, 0.08 and 0.10 for LNO, LNCO10 and LNCO20 
respectively at 1000 �C. A sudden decrease of oxygen content around 
T � 270 �C is evident under air for all LNCO phases (Fig. 2b). This 
discontinuity may be ascribed to the structural phase transition from the 
orthorhombic to the tetragonal phase [24]. In addition for LNO, δ de
creases from 0.11 to 0.08 at operating temperature of solid oxide cells 
(600 � 800 �C) which is in good agreement with Nakamura et al. [32]. In 
oxygen atmosphere, an uptake of oxygen content is observed for all 
nickelates which lead to increase in the δ-values (Fig. 2c). For instance, δ 
increases from 0.16 to 0.25 for LNO at room temperature. However, all 
these materials are stable in oxygen atmosphere, as confirmed by the 
XRD after the TGA experiment. 

3.2.2. Dilatometry measurements 
The thermal variations of the relative expansion dL/L measured 

under air for LNCO phases are reported in Fig. 3. The thermal expansion 
coefficients (TECs), calculated from the slope of the corresponding 
straight lines in the full range of temperature indicates a slight increase 
in TEC with cobalt substitution. The TEC value obtained for LNO is 
13.1 � 10� 6 �C� 1, which increases up to 15 � 10� 6 �C� 1 for LNCO20. 
Therefore from a thermo-mechanical point of view these nickelates can 
be used as oxygen electrode in solid oxide cells involving 8YSZ as well as 
GDC as electrolytes [24]. The chemical expansion contribution has not 
been considered as a significant feature due to the absence of a major 
deviation of the dL/L vs. T. This is in agreement with previously reported 
works, indicating almost zero chemical expansion coefficients for 
K2NiF4 -type phases [32,33]. 

3.2.3. Electrical conductivity measurements 
The variations of the total electrical conductivity σ vs. 1000/T under 

air for LNCO compounds are reported in Fig. 4. 
Fig. 1. Fullprof refinement of X-ray patterns of La2Ni0.9Co0.1O4þδ (χ2 ¼ 2.33) 
and La2Ni0.8Co0.2O4þδ (χ2 ¼ 2.89) using Fmmm space group. 

Table 1 
Lattice parameters a, b, c and space groups of La2Ni1-xCoxNiO4þδ  

Samples a (Å) b (Å) c (Å) V (Å3) Space 
Group 

La2NiO4þδ 5.459 
(3) 

5.463 
(4) 

12.685 
(4) 

378.41 
(3) 

Fmmm 

La2Ni0.9Co0.1O4þδ 5.464 
(4) 

5.468 
(3) 

12.648 
(5) 

378.21 
(4) 

Fmmm 

La2Ni0.8Co0.2O4þδ 5.472 
(3) 

5.476 
(3) 

12.610 
(2) 

377.98 
(3) 

Fmmm  
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All LNCO phases exhibit a semi-conducting behaviour for T < 600 �C, 
with a maximum of conductivity observed in the 600–800 �C range. At 
room temperature, LNO shows maximum electrical conductivity 
(40 S⋅cm� 1), which is in agreement with the previously reported result 
[18]. With cobalt substitution or increasing cobalt content a decrease in 
conductivity is observed especially for T < 600 �C. Boehm et al. have 
reported similar results for copper substituted LNO i.e. the conductivity 
decreases with increasing Cu content [18]. Above T > 600 �C, all three 
phases shows almost similar conductivity value of ~70 S⋅cm� 1. Thus 
partial substitution of cobalt at the nickel site does not improve the 
electronic conductivity which is contrary to LSCF based perovskites 
materials [34]. 

3.3. Electrochemical measurements 

3.3.1. Symmetrical half-cells measurements 
The symmetrical cell was mounted into the measurement setup, with 

flow of air. The cell was heated at 900 �C and the impedance diagrams 
were investigated by EIS at idc ¼ 0 condition in the temperature range 
700–900 �C under air. The Rp values were obtained by fitting the 
impedance diagrams recorded for all the LNCO half-cells with three 
RǁCPE (constant phase element) in series along with a series resistance 
Rs, which is the simplest equivalent circuit model that yields a good fit to 
the data. The variations of calculated total Rp for LNO, LNCO10 and 
LNCO20 electrodes, as a function of T (Arrhenius plot) are shown in the 
supplementary information Fig. S1. 

Fig. 2. (a) Weight loss curve in Ar–5%H2 atmosphere, thermal variation of the 
oxygen content (4þδ) (b) in air and (c) in oxygen atmosphere (50 �C �
T � 1000 �C), for La2Ni1-xCoxO4þδ phases. 

Table 2 
Oxygen over-stoichiometry δ calculated from TGA and iodometry measure
ments, and the average δ value.  

Nickelates δ (by TGA) δ (by Iodometry) δ (average) 

La2NiO4þδ 0.16 0.16 0.16 
La2Ni0.9Co0.1O4þδ 0.176 0.18 0.18 
La2Ni0.8Co0.2O4þδ 0.20 0.195 0.20  

Fig. 3. Thermal variation of the relative expansion (dL/L) with temperature 
(30 �C � T � 1000 �C) for La2Ni1-xCoxO4þδ phases under air atmosphere. 

Fig. 4. Thermal variation of the electrical conductivity measured 
(50 �C � T � 800 �C) under air for La2Ni1-xCoxO4þδ phases. 
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The electrochemical performance is notably improved (i.e. decrease 
of Rp) by the substitution of Ni by Co, irrespective of the temperature. 
For instance, a Rp value of 135 mΩ⋅cm2 is achieved at 800 �C for LNO 
while after substitution of Ni by Co, the Rp values decrease down to 88 
and 80 mΩ⋅cm2 for LNCO10 and LNCO20, respectively (Fig. S1). From 
those preliminary results, it can be concluded that the best electro
chemical property (i.e. lowest Rp) is achieved with the LNCO20 elec
trode. In addition, the obtained Rp value for LNO is in good agreement 
with the earlier reported results [27]. No data is available in the liter
ature for electrochemical performance of cobalt doped nickelates. 

Furthermore, the activation energies (Ea) are calculated from the 
slopes of Rp vs. reciprocal temperature curves. A slight increase in 
activation energy is observed with cobalt substitution, for instance, the 
activation energies are 1.13, 1.21 and 1.26 eV respectively for LNO, 
LNCO10 and LNCO20 half-cells. In general, an increase in activation 
energy is observed with increasing cobalt content. Lim et al. have shown 
that the activation energy values for Ba0.5Sr0.5CoxFe1-xO3 (BSCF) were 
0.95, 1.37, 1.48, and 1.48 eV for x ¼ 0.2,0.4,0.6 and 0.8 respectively 
[35]. Nevertheless the activation energy values for LNCO electrodes are 
far below those from La0.6Sr0.4Co0.2Fe0.8O3 half-cells (1.63 eV) [36]. 

3.3.2. Determination of rate limiting step in electrode reaction 
In order to investigate the effect of cobalt substitution on the elec

trode reaction mechanism, the impedance measurements were per
formed under different oxygen partial pressures. At steady state OCV 
conditions, the polarization resistance of each electrode process depends 
on the partial pressure of oxygen according to the following relation: 

Rp ¼ R0
p � ðpO2 Þ

� m  

where the exponent m characterizes the nature of the step involved in 
the electrochemical reaction [37–40]. The reaction steps with the 

variation of corresponding exponent m can be described as follows:  

a) m ¼ 0 characterizes the ionic transfer of O2� ions across the 
electrolyte-electrode interface and diffusion of O2� oxide ions: 

O2�
ðelectrolyteÞ ⇔ O2�

ðelectrodeÞ

b) m ¼¼ corresponds to the oxygen surface exchange reaction (charge 
transfer process), which occurs at the two-phase gas/electrode 
interface; it involves the oxidation of O2� ions and the adsorption of 
oxygen at the surface of electrode 

O x
O ⇔ O2�

ads þ V��O  

O2�
ads ⇔ Oads þ 2e�

c) m ¼½ is related to the association of the desorbed atomic species 
(Oads) into molecular oxygen (O2,ads) at the electro-active sites of the 
mixed ionic electronic conductor (MIEC) oxide: 

2 Oads ⇔ O2 ads    

d) m ¼ 1 characterizes the desorption of O2,ads at the active reaction 
sites according to the given relation and then the diffusion of O2(g) in 
the pores of the electrode or above the electrode. 

O2 ads ⇔ O2 ðgÞ

The variations of impedance spectra with pO2 at 800 �C for LNO and 
LNCO20 symmetrical half-cell are shown in Fig. 5a and b. An increase in 
total polarization resistance is observed with decreasing pO2. The 
impedance diagrams were well fitted using three RǁCPE elements along 

Fig. 5. Variation of impedance spectra and polarization resistances as a function of oxygen partial pressure at 800 �C for (a) LNO and (b) LNCO20 symmetrical 
half-cells. 
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with a series resistance Rs. 
The variations of Rp of each contribution (R1, R2 and R3) as a function 

of pO2 are depicted in Fig. 5a and b. Three different exponents (m) are 
obtained after performing linear fitting to the three different polariza
tion resistance R1, R2 and R3 for both LNO and LNCO20 symmetrical 
half-cells. 

The exponents m ~0, 0.5 and 1 indicate that the ionic transfer of O2�

ions, association of desorbed atomic species into molecular oxygen and 
the gas diffusion process, respectively are involved for the electrode 
reaction process for both LNO and LNCO20 symmetrical half-cells. It 
further indicates that the substitution with cobalt at Ni site does not 
change the electrode process. The polarization resistance R2 > R1 at 
lower pO2 while at higher pO2, R2 < R1 indicates that the electrode re
action may be limited by both O2� ions transfer and the association of 
desorbed atomic species into molecular oxygen. 

3.3.3. Single cell measurements 
The single cell was mounted into the measurement setup, with flows 

of air and N2 on the anode and cathode sides, respectively. The cell was 
heated at 900 �C and N2 at the anode side was progressively replaced by 
dry hydrogen (H2) to reduce NiO into metallic Ni. After reduction of the 
single cell, the OCV under dry condition (9 NL⋅h� 1 H2 and 9 NL⋅h� 1 air, 
on fuel electrode side and oxygen electrode side respectively) was 
�1.21 V at 900 �C for all three cells. Under 50% H2 and 50% H2O 
mixture (4.5 NL⋅h� 1 H2 þ 4.5 NL⋅h� 1 H2O and 9 NL⋅h� 1 air, on fuel 
electrode side and oxygen electrode side respectively), the measured 
OCVs, at 800, 850 and 900 �C are 0.97, 0.955 and 0.94 V, respectively, 
for LNO single cells. Similar OCVs were also observed for LNCO10 and 
LNCO20 cells. The decrease in OCV with increase the operating tem
perature demonstrates that the electrical energy barrier that must be 
overcome to perform electrolysis decreases with increasing temperature. 

The current-voltage characteristics of LNCO single cells at 800 and 
900 �C are plotted in Fig. 6. An increase in electrochemical performance 
is observed with increasing temperature. The cell current densities ob
tained under the applied voltage of 1.5 V at 900 �C are 2.05, 2.10 and 
2.30 A⋅cm� 2 respectively for LNO, LNCO10 and LNCO20 single cells, 
and at 800 �C, the current densities are 1.42, 1.45 and 1.60 A⋅cm� 2 

respectively for LNO, LNCO10 and LNCO20 single cells (Fig. 6). It is seen 
that the single cell performance is increasing with increasing cobalt 
content. It is worth mentioning that the symmetrical half-cell mea
surements containing LNCO electrodes show similar trend i.e. a decrease 
in total Rp with increasing cobalt content. Among the three cells of 
LNCO, the best electrochemical performance is observed for the single 
cell with LNCO20 electrode. The increase in performance with cobalt 
doping can be understand in terms of transport properties i.e. diffusion 
(D*) and surface exchange coefficient (k*). Kilner et al. and Munnings 
et al. have reported that the substitution of nickel by cobalt in LNO 

slightly improves the diffusion coefficient but largely enhances the 
surface exchange coefficient of the material with remarkable decrease in 
activation energy [23,31]. As these transport properties are directly 
linked with the electrochemical properties of the materials, the elec
trochemical performances of the cells with cobalt doped LNO electrodes 
are increased. 

In addition, the electrochemical performances of LNCO cells were 
compared with commercial LSCF single cell and it was found that the 
performance of LNO and LNCO10 cell are comparable with LSCF cell at 
800 �C with 1.5 V applied electrolysis voltage. For LNCO20 cell, the 
performance is higher than that of LSCF cell under same measurement 
conditions. However, the performance of LSCF is slightly higher than all 
LNCO cell at 900 �C and at 1.5 V. The behaviour of LNO and LSCF, in this 
work, is consistent with the earlier reported result. Kim et al. have 
recently compared that the performance of LNO and LSCF and investi
gated similar behaviour in SOEC mode at 650 �C with 80% H2O þ 20% 
H2 gas mixture [41]. 

Furthermore, the activation energies (Ea) at OCVs conditions are 
calculated from the slopes of the total electrode resistance (ASR) vs. 
reciprocal temperature curves. Similar trend i.e. increase in Ea was also 
observed for the symmetrical half-cells in 700–900 �C temperature 
range under OCV conditions (cf. Fig. S1). The activation energy is 
increasing slightly with increasing cobalt content in lanthanum nickel
ate, as shown in supplementary information Fig. S2. For instance, the 
activation energies are 0.85, 1.08 and 1.1 eV for LNO, LNCO10 and 
LNCO20 single cells respectively. 

The impedance spectra were also recorded in the 700–900 �C tem
perature range for all three cells as a function of applied potential and 
then the total cell resistance (ASR) were calculated. The supplementary 
information Fig. S3 compares the ASRs of LNO and LNCO20 at 800 and 
900 �C (LNCO10 is not plotted for clarity). The ASR of LNCO20 is always 
lower than that of LNO throughout the temperature range and applied 
potential. The ASR is dependent on both operating temperature and 
applied potential. At lower applied potential the ASR is largely depen
dent on the operating temperature whereas at high applied potential the 
ASR is less dependent on operating temperature. For instance, the ASR at 
1.0 V is 0.18 and 0.28 Ω⋅cm2 at 900 and 800 �C respectively for LNCO20 
whereas at 1.5 V, it is 0.49 and 0.54 Ω⋅cm2 at 900 and 800 �C respec
tively. The change in ASR value is consistent with the slope of voltage- 
current density curve. It is also observed that the ohmic resistance, 
exhibited as the first intercept with real axis, doesn’t show much change 
with applied potential. Consequently, the increased performance of 
LNCO20 cell is mainly attributed to the enhanced electrode reaction. 

3.3.4. Durability test with single cells 
The durability operations of LNCO cells for steam electrolysis were 

galvanostatically carried out in the electrolysis mode. Fig. 7 depicts the 
stability of the single cell measured at 800 �C with a high current density 

Fig. 6. Voltage vs. current density curves for the single cells containing LNO, 
LNCO10, LNCO20 and LSCF electrodes at 800 and 900 �C. 

Fig. 7. Durability of LNO, LNCO10 and LNCO20 single cells at 800 �C under 
current density of � 1 A⋅cm� 2 with 50% H2 þ 50% H2O feed gas mixture. 
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of � 1 A⋅cm� 2 for 250 h, during which the feed gas mixture of 50% H2, 
50% H2O with a total flow of 9 NL⋅h� 1 was introduced to the fuel 
electrode. 

During the stability test, all three cells experienced degradation, with 
increase in electrolysis voltage. No significant cell deterioration was 
observed within the 250 h operation period for all three cells. However 
the three cells behave differently during the stability test. All cells show 
a rapid increase initially and then show stable behaviour. The electrol
ysis voltage increased from 1.41 to 1.52 V for LNO after 250 h, shows 
highest degradation among all. The degradation rate was estimated (in 
mV⋅kh� 1) by performing linear fit in the stability region of Voltage vs. 
Time curve and found ~113 mV⋅kh� 1 for LNO cell. However, the other 
two cells show lower degradation rates i.e. ~64 mV⋅kh� 1 and 
~30 mV⋅kh� 1, for LNCO10 and LNCO20 single cell respectively. 
Remarkably, the LNCO20 single cell shows lowest degradation after 
250 h under electrolysis conditions. 

Finally it can be concluded that, the substitution with cobalt in LNO 
enhance the electrochemical activity of the material. The single cell 
containing LNCO20 electrode shows highest performance with 
enhanced durability at least up to 250 h at � 1 A⋅cm� 2 under steam 
electrolysis conditions. 

3.3.5. Post-test analysis of single cell 
The single cells were inspected using SEM after electrochemical 

measurement. Mainly four regions were considered for characterizing 
the cross section i.e. electrolyte, electrodes, electrode/GDC interface and 
GDC/electrolyte interface (as fuel electrode was same for all three cells). 
Since, almost no change is observed in the bulk of the electrodes and the 
electrolyte, the interface electrode/GDC is mainly discussed here. Fig. 8 
compares the electrode//GDC//electrolyte interfaces after 250 h oper
ation at � 1 A⋅cm� 2 under steam electrolysis condition at 800 �C, for 
LNO and LNCO20 single cells. The backscattered electron images of 
electrode//GDC//8YSZ//Ni-YSZ single cells are reported in Fig. 8a and 
b. No delamination or cracks were observed for the all the cells. How
ever, the electrode/GDC interface for LNO and LNCO20 cells seems 
different. The formation of an interphase between electrode and GDC is 
clearly observed for both the cells, though, the interphase is quite large 
for LNO single cell (Fig. 8a), indicating that the inter-diffusion of cations 
are taking place at the electrode/GDC interface. The formation of new 
interphase might be ion blocking and could explain the large degrada
tion for LNO single cell. The formation of interphase is also detected for 
LNCO20 single cell, but lower in extent (Fig. 8b). 

Later on to confirm the interphase formation, the reactivity test be
tween LNO and GDC was separately performed at sintering as well as 
operating temperatures. The powder of LNO and GDC were mixed in the 
ratio of 50:50 and sintered at 1200 �C/1 h (sintering temperature) and 
800 �C/250 h (operating temperature). Various phases were observed by 
XRD at the sintering temperature including LNO, La2Ce2O7, (La,Gd) 
CeO2, La3Ni2O7 and La4Ni3O10, as shown in supplementary information 
Fig. S4. While at the operating temperature i.e. (800 �C/250 h), almost 
no reactivity was observed (Fig. S5). These results indicate that the inter- 
diffusion of cation mainly occurs at the sintering temperature which 
further deteriorates the cell performance during long term operation. 

4. Conclusion 

The present study is focused on alternative oxygen electrodes for 
SOECs based on K2NiF4 structural type La2Ni1-xCoxO4þδ nickelates 
(LNCO). The selected compositions (x ¼ 0.0, 0.1 and 0.2) were suc
cessfully synthesized and exist with orthorhombic structure. The δ value 
increases with increasing x i.e. with increasing cobalt content. A 
decrease in polarization resistance is observed for symmetrical half-cells 
with increasing cobalt content throughout the temperature range of 
700–900 �C under OCV conditions. An increase in electrochemical per
formance is observed in case of single cells with cobalt substitution. The 
highest current densities i.e. 2.30 and 1.60 A⋅cm� 2 at 900 and 800 �C 

respectively, are observed for La2Ni0.8Co0.2O4þδ single cell. During the 
stability test up to 250 h at 800 �C and � 1 A⋅cm� 2, a large degradation is 
observed for La2NiO4þδ single cell. However with cobalt substitution, a 
stable behaviour is observed. More especially with La2Ni0.8Co0.2O4þδ 
single cell, a very stable behaviour is observed with slight increase in 
electrolysis voltage (~30mV⋅kh). Therefore, among all LNCO single 
cells, the best performance is obtained for La2Ni0.8Co0.2O4þδ single cell 
under electrolysis condition. 
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