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A B S T R A C T

Oxygen surface exchange properties of lanthanum nickelates La2NiO4þδ, La3Ni2O7-δ and La4Ni3O10-δ (LNOs) have
been investigated using the Pulsed Isotope 18O/16O Exchange (PIE) technique in the temperature range 300–700
�C. The evaluation of the oxygen exchange rate from these lanthanum nickelates was conducted by measurement
of isotope fractions 18O2, 16O18O, and 16O2 in the effluent pulse at the exhaust from the reactor with a packed bed.
The rates of oxygen heterogenous surface exchange (rH), dissociative adsorption (ra) and incorporation (ri) were
calculated. The oxygen surface exchange was found to vary between the three nickelates, with rH decreasing
between samples La3Ni2O7-δ > La4Ni3O10-δ > La2NiO4þδ, which was attributed to a decreasing presence of Ni
cations on the particle surfaces. Despite possessing the lowest oxygen surface exchange, La2NiO4þδ had the best
electrode electrochemical performance, which was attributed to highly mobile interstitial oxygen atoms leading
to the largest ri (surface oxygen incorporation rate into the bulk) of the nickelates. This study reveals the key
limiting factors determining lanthanum nickelate cathode performance in SOFCs, and we suggest avenues to
improve these materials towards functional cathodes in devices.
1. Introduction

The considerable increase in renewable energy integration in elec-
tricity grids is leading to growing demand for energy storage systems.
One option is the conversion of power to gas (P2G) and the employment
of reversible fuel cells, acting as fuel cell or electrolyser, depending on
grid needs. This has opened up renewed possibilities for a wider appli-
cation of Solid Oxide Cells (SOC) as Fuel Cells (SOFCs) for efficient en-
ergy generation and Electrolysers (SOEs) for hydrogen and syngas
production. Both SOC modes increasingly rely on oxygen electrodes
composed of mixed conductors (both oxide ion and electronic charge
carriers) for lower temperature operation. The performance of SOC de-
creases at lower temperature caused by ohmic losses in the electrolyte
and the overpotential generated at the oxygen electrode. The oxygen
electrode degradation issue is considered the biggest challenge for SOC in
both electrolysis and fuel cell mode. Therefore, research on alternative,
Majewski).

rm 27 April 2022; Accepted 6 M

vier Inc. This is an open access a
stable Mixed Oxygen Ionic and Electronic Conducting (MIEC) electrodes
that may provide higher current density, is a priority research in the SOC
field.

Lanthanum Nickelates (LNOs), as mixed ionic (O2�) and electronic
conducting oxides, are promising materials for SOC oxygen electrodes
owing to their high electronic and ionic conductivity and high catalytic
activity for oxygen reduction (for SOFC) and evolution (for SOE) oxygen
electrode reactions and moderate thermal expansion coefficients (TEC)
[1–4]. TEC values for LNOs were reported to be comparable with the
common electrolytes, with the following values: La2NiO4þδ 13.8 � 10�6

K�1, La3Ni2O7-δ 13.2 � 10�6 K�1, and La4Ni3O10-δ 12.6 � 10�6 K�1 over
the temperature range of 40–800 �C [3,5]. The advantage of an LNO
based electrode is the absence of alkaline-earth cations that are reported
to segregate from the Perovskite structure, resulting in electrode degra-
dation [6]. As MIECs, Lanthanum nickelates offer the potential for lower
operational temperatures, thus improving materials durability.
ay 2022
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Lanthanum nickelates Lanþ1NinO3nþ1 have Ruddlesden-Popper (R–P)
structures (ABO3)nAO, which consist of intergrowths of n Perovskite-type
layers (LaNiO3)n with rock-salt-type layers (LaO) along the crystallo-
graphic c direction [2,7,8]. The electronic conductivity is several orders
of magnitude higher than the ionic conductivity for these LNO com-
pounds (σel»σion). This LNO family of compounds, including La2NiO4þδ,
La3Ni2O7-δ and La4Ni3O10-δ, have been suggested as promising candi-
dates for SOC electrodes and oxygen permeation mixed ionic-electronic
conducting membranes [9,10].

The most extensively studied material, La2NiO4þδ, was reported to
have higher oxygen diffusivity and surface oxygen exchange than that of
the state of the art LaxSr1-xCoyFe1-yO3-δ (LSCF) [11,12] and
LaxSr1�xMnO3�δ (LSM) oxygen electrodes [13] due to a lower activation
energy for ionic conductivity.

La2NiO4þδ is an interesting system as it accommodates oxygen excess
in interstitial sites in the LaO rock-salt layers [14], which allows rapid
oxygen transport through the ceramic material. The incorporated inter-
stitial oxide ions can be compensated by Ni3þ or a combination of an
oxidized lattice oxygen ion O� and Ni3þ cation defects [14,15]. The
oxygen transport via vacancies in the La2NiO4þδ Perovskite layer is low.
However, the literature data for the oxygen surface exchange coefficient
(k) and oxygen tracer diffusion coefficient (D) for La2NiO4þδ, show a
large distribution of values due to different materials synthesis proced-
ures, microstructure, etc. [1,16]. Despite these inconsistencies, the
rate-determining step for La2NiO4þδ has been found to be the dissociative
adsorption of oxygen [16,17], with the activation energy for the surface
exchange found to be approximately double that of the diffusion process
[11].

Despite these reported advantages, significant degradation was
observed for La2NiO4þδ during SOFC or SOE operation. The applicability
of La2NiO4þδ as SOC Intermediate Temperature (IT) oxygen electrode is
also limited by chemical reactions with YSZ above 900 �C and with CGO
above 700 �C [18]. Lee and Kim [19] also observed that high calcination
and sintering temperature affected mass transfer resistance of La2NiO4þδ
electrodes. In addition, the electronic conductivity of La2NiO4þδ was
reported to be low [20]. To improve the stability, a nano-scale structure
produced by infiltration into an electrolyte material scaffold was pro-
posed [21]. Doping with alkaline earth metal cations was also reported to
improve the electronic conductivity [22] but reduced the oxygen trans-
port properties and surface reactivity [23], reducing the electrochemical
performance. Also, the level of interstitial oxygen for La2NiO4þδ, de-
creases when doping with alkaline-earth metals [23].

The electrical conductivity of Lanþ1NinO3nþ1 was reported to increase
with the number of Perovskite layers in a formula unit (n) resulting in
values of 63, 100 and 250 S cm�1 at 600 �C in ambient air, for n ¼ 1, 2 to
3, respectively [1–4,12,24]. Song et al. [25] reported slightly higher
electrical conductivity value probably related to higher sample density.
Metallic behaviour was also reported for the La4Ni3O10-δ phase due to the
high Ni content [3,4]. The electronic conductivity of R-Ps phases in-
creases with the n parameter due to the increase in the number of
Perovskite layers responsible for this electronic conduction. In addition,
the relative stabilities for La3Ni2O7-δ and La4Ni3O10-δ were found to be
higher than for La2NiO4þδ due to increased Ni3þ content that is more
stable in air at IT [3,24,26]. Increasing the number of Perovskite layers,
improves the resistance to Cr poisoning [27]. Good LNO ionic and elec-
tronic conductivity can be achieved by a formulation of graded electrodes
composed of a mixture of La2NiO4þδ with higher-order nickelates
La3Ni2O7-δ or La4Ni3O10-δ [1]. Other applications of LNOs include
coating metallic interconnects [28] or the oxidation of hydrocarbons
(chemical looping) [29].

To better understand the processes at the oxygen electrode, there is a
need to analyse the interaction between the electrode and the gaseous
phase. In the literature, oxygen kinetics are usually described by the
oxygen surface exchange coefficient k, the oxygen heterogenous ex-
change rate rH, or the oxygen diffusion coefficient D. The performance of
oxygen electrodes depends on the oxygen surface exchange because it
2

affects the overall kinetics of porous electrodes [11]. Therefore, the
gas/solid interfaces of oxygen electrodes play an important role in the
development of such electrodes. Several reports are found in the litera-
ture on La2NiO4þδ oxygen surface exchange properties. However, for
La3Ni2O7-δ and La4Ni3O10-δ, this information needs affirmation. To the
authors’ knowledge the only report on La3Ni2O7-δ and La4Ni3O10-δ oxy-
gen transport properties [25] showed that the oxygen self-diffusion co-
efficients (Ds) decreased with the order of parameter n. Therefore, the
goal of this study is to determine the oxygen surface exchange properties
for La3Ni2O7-δ, La4Ni3O10-δ, and compare with properties of La2NiO4þδ,
using the pulse 18O-isotope exchange method. Knowledge of the rate of
the oxygen surface exchange will help to understand activity in catalytic
reactions.

Furthermore, literature reports on the area specific resistance of LNOs
are contradictory. Some authors reported that an increase in the number
of Perovskite layers, decreased the overall resistance of the LNO cells. For
example, for symmetrical cells with a La0⋅9Sr0.1Ga0.8Mg0⋅2O3�δ (LSGM)
electrolyte, Amow et al. [3] reported lower Area Specific Resistance
(ASR) with increasing n and attributed this to the increase in electrical
conductivity. A similar effect was reported by Choi et al. [2], however,
they tested LNOs electrodes as a composite with YSZ and the formation of
a long triple-phase boundary (TPB) could account for the performance of
the cells. The opposite effect, similar to what is presented in this work,
was reported by Sharma et al. [1,24] for cells with a Ce0.9Gd0.1O2-δ (CGO)
electrolyte and by Woolley et al. [30] with an LSGM electrolyte. There-
fore, more research is needed to explain how the microstructure, pres-
ence of impurity at the interface, and the electrolyte properties affect the
ASR of the LNO cells.

Herein, the authors report the effect of LNO composition and phase on
the oxygen surface exchange kinetics and electrochemical performance,
revealing that La2NiO4þδ possessed the lowest polarisation resistance and
the best electrode performance. The dependence of the oxygen heter-
ogenous exchange rate was analysed with the rates of oxygen dissociative
adsorption and incorporation rate on the temperature in the context of
surface composition and defect structure. This suggests future research
directions that could lead to further improvements in LNOs towards
functional SOFC cathode materials.

2. Experimental

2.1. Materials preparation

La2NiO4þδ electrode material was synthesized by the standard co-
precipitation method, with preliminary synthesis at 950�С for 2 h and
final annealing at 1,250 �C. The product was then ground and sieved to a
size of 20 μm.

The La3Ni2O7-δ and La4Ni3O10-δ samples were synthesized using an
initial continuous hydrothermal flow synthesis method to precipitate an
intimate mixture of the respective homometallic oxides, that were then
heat treated to give phase pure materials. The synthesis pathway has
been described elsewhere, with final heat treatment at 1,100 �C for 5 h in
ambient air [31].

All tested powders were well crystallised. The sintering temperature
was determined by the structural stability of lanthanum nickelates as
reported in the literature [30,32]. For the La3Ni2O7-δ and La4Ni3O10-δ, it
was impossible to fabricate dense pure phase pellets. According to the
literature [30] and also from preliminary results, the stability of those
materials was affected by exposure to a temperature above 1,200 �C (due
to the resultant oxygen loss) and decomposition into the n¼ 1 La2NiO4þδ
occurred. Pellets sintered below 1,200 �C were not dense enough for the
oxygen isotope exchange with the gas phase equilibration experiment.
For those samples, complex sintering at high oxygen partial pressure or
post-sintering oxidation is required for the formation of dense pellets
[33]. Song et al. [25] reported fabrication of La3Ni2O7-δ and La4Ni3O10-δ
relatively dense pellets sintered at 1,300 �C. However, even using the
complex procedure with 2 days milling and over 200 h of post-sintering
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results in pellets with impurity up to 4%. Nevertheless, the properties of
the interaction of oxygenwith the surface can be quantitatively measured
from powder samples using oxygen pulsed isotopic exchange.

The Ce0.8Sm0.2O1.9 electrolyte powder was prepared using a glycerol-
nitrate route. The obtained powder was annealed at 1,300 �C for 4 h,
ground and dry-pressed at 6 MPa into tablets with the subsequent sin-
tering in ambient air at a temperature of 1,650�С for 5 h Ce0.8Sm0.2O1.9
has a fluorite structure (space group Fm-3m, a ¼ 5.4347(1) Å).

2.2. Materials characterisation

The phase purity and crystal structure of the samples were deter-
mined by powder X-Ray Diffraction (XRD). XRD patterns were collected
with a D8 ADVANCE (Bruker) diffractometer with Cu-Kα radiation at
room temperature in ambient air. The structural refinements (the lattice
parameters and phase fractions) were performed with GSAS-II software
based on the Rietveld method [34].

Nonstoichiometric oxygen coefficient (δ) of the tested materials was
measured by thermogravimetric analysis (TGA) in a reducing atmo-
sphere (5%H2:N2, 50 ml min�1), which used the mass loss observed to
deduce the original oxygen content. The δ value was calculated assuming
that the final product of the reduction process for all tested
Lanþ1NinO3nþ1 samples was La2O3 and Ni0, with the excess oxygen
removed in the form of water. TGA profiles were analysed using a
Netzsch 209F1 instrument, evaluated between room temperature and
1,000 �C, at a heating rate of 5 �C⋅min�1, with a sample mass in the range
10–20 mg.

Analysis of the microstructure and chemical elemental composition of
sintered powders were conducted using an SEM Hitachi TM3030Plus
equipped with Quantax70 EDX. The deviation of the cationic composi-
tion from the theoretical value was below 2%.

The surface area analysis of the powders was performed via the
Brunauer-Emmett-Teller (BET) method on a Sorbi N.4.1. Samples were
preliminarily degassed for 1 h under a He flux at 200 �C. The BET surface
area was determined as 0.7, 1.2 and 1.3 m2g-1 for La2NiO4þδ, La3Ni2O7-δ
and La4Ni3O10-δ, respectively. These values were used for the oxygen
exchange rate calculations.

For Low-Energy Ion Scattering (LEIS) tests, the obtained powders
were ground, sieved to 100 μm, and pressed into 6 mm diameter pellets
with a weight of 0.5 g. The pellets were sintered at 1,100 �C for 4 h in
ambient air. The LEIS study was carried out using a Thermo NEXSA
spectrometer with monochromated Al kα as dual-beam low-energy
electron/ion source for the X-ray source. The analysis spot size was 200
� 100 μm, at 300 K with Ar clean with ion beam settings: 4,000 eV, Arþ,
30 s, 0.4 mm raster. Depth of measurement values was based on sputter
rates determined through the analysis of a tantalum oxide calibration
standard.

2.3. Oxygen isotopic exchange experiment

The idea of the Pulsed Isotope Exchange (PIE) technique was sug-
gested by Bouwmeester for the first time in reference [35]. PIE in a flow
reactor with gas-phase analysis, was applied to characterise the oxygen
surface exchange activity of the LNO samples. The PIE measurements
were used to calculate the oxygen heterogenous surface exchange (rH)
rate and the rates of the three exchange types, according to the Boreskov
and Muzykantov theory [36]. Before the pulsing of labelled 18O through
the reactor, the sample was flushed with the carrier gas 21% 16O2:He at
900 �C for 30 min to remove any impurities (adsorbates). PIE was carried
out using 21%18O2/N2 pulses in the temperature range of 350–700 �C.
The oxygen purity was 99.9996%, the labelled oxygen was enriched by
the 18O isotope to 83%. The surface oxygen exchange parameters were
calculated by analysis of 18O2 and 16O18O molecule fractions in the gas
phase at the reactor exit over time, using isotope kinetic equations as
described elsewhere [10,16,35,37–39]. During the experiments, the
response from the surface and bulk of the tested oxide powders resulted
3

in changes to the gas-phase composition. Powder samples in the mass
range 300–350 mg were supported by quartz wool plugs in a quartz
continuous-flow packed-bed microreactor with an inner diameter of 2
mm and a bed length of ca. 10 mm. When the chemical equilibrium for
the gas-carrier was achieved at the required temperature, the pulse of a
mixture of 18O2:N2 was injected using a loop with 1,000 μl pulse. The
oxygen partial pressure in the pulse was the same as in the carrier gas to
maintain chemical equilibrium. The response to the 18O-enriched pulse
feed through the reactor was monitored by mass spectrometric analysis
of the gaseous phase fractions. The gas mass spectrometer allowed
analysis in the distribution of isotopologues 18O2, 16O18O and 16O2 in the
effluent pulse at the exit of the reactor. The used packed bed length was
as described in reference [10] to assure the governance of oxygen ex-
change by the surface reaction, and not by bulk oxygen diffusion. Pulse
injection results were analysed at various temperatures in reference to
experiments carried out at low temperatures when the sample had no
activity to oxygen isotopic exchange. The temperature range for which
the oxygen exchange rate was analysed was limited to a maximum of 700
�C because of the amount of 18O isotope injected and the contribution of
diffusion (sample porosity).
2.4. Electrochemical cell preparation and characterisation

2.4.1. Symmetrical cells

O2, Lanþ1NinO3nþ1 | Ce0.8Sm0.2O1.9 | Lanþ1NinO3nþ1, O2

(n ¼ 1, 2 and 3) were fabricated by a screen-printing method. The
preparation technique was comprised of two steps: initial deposition by
screen printing of the electrode slurry with organic binding, which pre-
vented the trickling of the slurry onto the electrolyte. This slurry was
subsequently sintered at 1,100 �C for 1 h in air. Both electrodes were
prepared and sintered in one step. The area of the Lanþ1NinO3nþ1 (n ¼ 1,
2 and 3) electrodes was 0.36 cm2. After sintering, the electrodes had a
porous structure (Fig. 6e and f).

Electrochemical measurements of the symmetric cells were carried
out by Electrochemical Impedance Spectroscopy (EIS) using the Versa-
STAT 4000 in the temperature range 600–800�С in air. The electrical
contacts were provided by pressing between Pt-grids. Impedance spectra
were registered in the frequency range of 0.05–105 Hz at the AC ampli-
tude of 20 mV. The scheme of the experimental setup for electrochemical
measurements was described elsewhere [40]. Both the electrochemical
measurements and the oxygen isotope exchange were carried out under
similar conditions to correlate results.

3. Results and discussion

3.1. Chemical composition of the bulk and the surface

Oxygen nonstoichiometry of tested samples was studied using the
thermogravimetric technique. Fig. 1 shows the temperature de-
pendencies of the sample mass in the temperature range of 30 to 1,000
�C.

In agreement with the literature the reducing atmosphere (5%H2:N2)
treatment showed a two-stage mass reduction process, attributed to the
loss of oxygen. At a low-temperature range up to 380 �C, the plots are
nearly horizontal with no mass reduction. In the first stage (range
380–498 �C), reduction of mass by 0.5, 1.06 and 1.73% was observed for
La2NiO4þδ, La3Ni2O7-δ, La4Ni3O10-δ, respectively. The oxygen released at
low temperature can be assigned to the reduction of Ni3þ to Ni2þ and the
small amount of NiO impurity detected by XRD, whereas the weight loss
at the high-temperature range, is most likely related to the reduction of
LNOs to Ni0 and La2O3. The two-step reduction process found for all
compositions was in agreement with the literature reports [25,41]. The
Temperature-Programmed Reduction (TPR) results suggested decreasing
stability of the LNO samples with increasing n in the reductive



Fig. 1. TGA plot for La2NiO4þδ, La3Ni2O7-δ, La4Ni3O10-δ; under 5%H2:N2 50 ml
min�1, heating rate 5 �C⋅min�1.
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atmosphere. There was no further oxygen loss at a temperature above
600, 700, and 800 �C for La4Ni3O10-δ, La3Ni2O7-δ, La2NiO4þδ, respec-
tively. The H2-TPRmeasurements showed a lower reduction temperature
for La4Ni3O10-δ. In general, the reduction temperature decreased with an
increase in the n factor in Lanþ1NinO3nþ1. The calculated δ value was
0.25(5) as hyperstoichiometric oxygen with interstitial positions for
La2NiO4þδ, which is consistent with values reported in the literature for
this class of compounds with δ from 0.16 to 0.25 [23,25,42]. For
La3Ni2O7-δ the δ value was 0.23(1), and for La4Ni3O10-δ the δ value was
0.63(7) as oxygen deficiency. The obtained δ value for La3Ni2O7-δ and
La4Ni3O10-δ was in the same order but slightly larger than reported by
Song et al. [25] with oxygen deficiency δ 0.08 for La3Ni2O7-δ and 0.15 for
La4Ni3O10-δ. However, sample thermal history is known to influence
oxygen stoichiometry. Aside from the differences observed with
Fig. 2. SEM images of (a) La2NiO4þδ, (b) La3Ni2O7-δ, (c) La4Ni3O10-δ powders; (d

4

increasing n value, the oxygen nonstoichiometry aspect can depend on
the synthesis method [43], with over-stoichiometric oxygen δ ¼ �0.05
reported for La3Ni2O7-δ (in contrast to the sub-stoichiometry observed in
this report) [1]. Moreover, a slight deviation in the La:Ni metal stoichi-
ometries can result in a large deviation in the oxygen stoichiometry [31],
and under SOC operating conditions the nonstoichiometric oxygen con-
tent of LNO depends also on oxygen partial pressure and temperatures
[44]. Regardless of this variability, the presence of oxygen non-
stoichiometry in LNO compounds results in comparatively good O2�

ionic conductivity, and opens the potential for these materials to work as
SOC oxygen electrodes. However, the oxygen transport mechanism for
La2NiO4þδ is different than for La3Ni2O7-δ and La4Ni3O10-δ.

The microstructure of the electrode powders of the sintered LNO
electrode materials is presented in SEM scans, Fig. 2a–c, where all sam-
ples showed high porosity. The mean particle size for La2NiO4þδ was
around 2 μm, for La3Ni2O7-δ around 1–2 μm, while for La4Ni3O10-δ it was
around 1 μm, according to SEM data. The particle size was in good
agreement with porosity and surface area measured by BET of 0.69, 1.23
and 1.31 m2 g�1, respectively. Similar results for the relationship be-
tween the LNO's n parameter and the porosity and particle size were
reported by Choi et al. [2].

The phase composition of the LNO powder samples was analysed at
room temperature by XRD (Fig. 2d). The refinement results confirmed
that sintered La2NiO4þδ, La3Ni2O7-δ, La4Ni3O10-δ powders were almost
single phase with the expected Ruddlesden-Popper structures. No evi-
dence the La6Ni5O16 impurity phase, as previously reported, was
observed [45]. A few weak peaks related to NiO and lanthanum oxide
phase impurities were observed in the XRD patterns, however, their
refined content was too small to influence the oxygen isotope kinetic
study results. The lattice parameters calculated by the Rietveld method
(Table 1) were in good agreement with previously reported data [1,25].

Fig. 3 presents the LEIS spectra of the outermost atomic layers of the
polycrystal samples (a) La2NiO4þδ, (b) La3Ni2O7-δ, and (c) La4Ni3O10-δ.
Only oxygen, nickel and lanthanum were detected. Obtained peaks were
relatively broad because measurements were made on compacted pow-
der samples.

The LEIS analysis showed that the surface characteristics for
) X-ray powder diffraction pattern of La2NiO4þδ, La3Ni2O7-δ and La4Ni3O10-δ.



Table 1
LNO lattice parameters obtained from the XRD refinement by GSAS (details of
Rietveld refinement are provided in supplementary materials).

Crystal
system

Unit cell [Å] Vol [Å3] Theoretical
densitya

[g⋅cm�3]
a b c

La2NiO4þδ 5.4612(6) 5.4612(6) 12.6798(8) 378.18(2) 7.062
La3Ni2O7-δ 5.4048(6) 5.4520(1) 20.4713(8) 603.23(8) 7.114
La4Ni3O10-

δ

5.4120(7) 5.4609(8) 27.9899(6) 827.24(9) 7.160

a oxygen nonstoichiometry was not included.
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La2NiO4þδ differed from those for La3Ni2O7-δ and La4Ni3O10-δ. For all
LNOs, the Ni coverage decreased at the outer surface. However, the
measurements revealed that Ni was not present in the outermost atomic
layer (0 nm) only for La2NiO4þδ. This confirmed the previously reported
results for both single crystal [46–50] and polycrystalline materials [16],
of predominant A-site cation coverage at the outermost surface for
La2NiO4þδ. The results revealed the absence of surface Ni, which is a
property of the oxide independent of microstructure. It is important to
take this into consideration when one considers the surface exchange
kinetics of the porous electrode, which displays microstructure as an
average between polycrystalline and powdered since it has boundaries
between the grains and high specific surface area. Therefore, we can
assume there was also no Ni in the outermost layer of the La2NiO4þδ
oxide porous electrode. Wu et al. [46] reported that the absence of Ni is
caused by the decomposition of La2NiO4þδ, and the formation of
Fig. 3. LEIS scans for a) La2NiO4þδ, b) La3Ni2O7-δ, c
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thermodynamically favourable higher-order R–P phases and La2O3.
However, from the presented results (Fig. 3b and c) for La3Ni2O7-δ and
La4Ni3O10-δ the absence of Ni in the outermost atomic layer was not
detected. Therefore, it can be assumed that the La2O3 formation is
responsible for the absence of Ni on the surface of La2NiO4þδ.

In addition, LEIS analysis detected impurities in the first monoatomic
layer of La2NiO4þδ, which was probably Si as reported in references [16,
51]. However, EDX did not confirm the presence of Si. Apparently, the
impurities’ concentration was low and below the EDX detection level.
The origin of this Si impurity remained unclear. It was probably related to
the fabrication technique (the sample was synthesized by the
co-precipitation method) or resulted from precursor material contami-
nation, since the LEIS tests were conducted using freshly sintered sam-
ples. The impurity was not detected for La3Ni2O7-δ or La4Ni3O10-δ that
were synthesized using a continuous hydrothermal flow synthesis.
Furthermore, the intensity of the oxygen peak in the outermost atomic
layer 0 nm (Fig. 3d) was higher for La2NiO4þδ than for La3Ni2O7-δ or
La4Ni3O10-δ. Therefore, the structure and chemistry properties for the
bulk differed from those for the surface for La2NiO4þδ, which was not the
case for La3Ni2O7-δ and La4Ni3O10-δ. It should be noted that for the higher
n index in RPs, higher was the overall Ni/La ratio. The demonstrated
absence of nickel in the outermost atomic layer for La2NiO4þδ suggested
lanthanum and oxygen segregation, observed at room temperature.
Extended annealing time or temperature was reported to lead to an in-
crease in the concentration of one of the elements in the surface layer of
Perovskites due to segregation [37,50]. Therefore, the segregation is
likely to have occurred as part of the thermal history of the sample and
) La4Ni3O10-δ, and d) 0 nm layer for all samples.
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associated with surface termination.
The plateau of bulk composition was observed for the outermost

surface below the 4–5 nm region, as shown in the profiles (Fig. .3a–c).
That was below the 2 nm region reported by Wu et al. [50] for
single-crystal films. The difference can be related to the surface rough-
ness of compressed polycrystalline powders. Overall, the different
composition of the outer-most layer of La2NiO4þδ resulted in different
interaction of oxygen from the gas phase with the structural oxide ions, as
presented by the PIE results.

3.2. The pulse technique - surface reactivity

The pulse technique of 18O2–
16O2 isotopic exchange, allows analysis

of surface oxygen exchange properties. Results provide information on
kinetics and mechanism of the oxygen exchange reaction. Mechanistic
information of the oxygen surface exchange reaction is obtained from the
gaseous phase analysis. The details of the two-step model calculations
and theory of dissociative adsorption and incorporation distribution
based on the three types of exchange type rate models has been described
elsewhere [16,35,52,53]. In general, the oxygen surface exchange under
the pulse technique was calculated from the residence time and the up-
take of 18O by the sample according to the Boreskov and Muzykantov
[36] theory. Oxygen surface exchange kinetics were analysed based on
the two-step model, including two consecutive steps: dissociative
adsorption of oxygen (1) and incorporation of oxygen adatoms into the
crystal lattice (2). This two-step model includes two consecutive stages of
oxygen dissociative adsorption and incorporation:

O18O þ Oa ↔
ra O16O þ Oa: (1)
Fig. 4. Oxygen isotope fractions (18O2, 16O18O and 16O2) as a function of temperatur
La4Ni3O10-δ, and d) α - molar fractions with oxygen 18O, mass 34 and 32 (α ¼ 1/21

6

Oa þ Os ↔
ri Oa þ Os (2)
where Oa is the oxygen adatom and OS is the incorporated oxygen.
The calculated oxygen heterogenous surface oxygen exchange rate (rH)
corresponds to the amount of oxygen from the gaseous phase that
interacted with a specific area of the lattice per time.

The amount of a sample and the injected volume of 18O atoms, were
selected to have a commensurate amount of oxygen atoms in analysed
samples and 18O atoms in a pulse. The pulse isotopic exchange technique
allowed measurements of oxygen equilibrium surface exchange rates and
analyses of factors governing that exchange process. Since the PIE tech-
nique does not require high-temperature pre-sintering, this allows anal-
ysis of surface oxygen exchange for samples that would decompose at the
sintering temperature. The surface exchange rate was calculated from
18O atom residence time and the surface area of the tested oxides. The
uptake of 18O by the tested oxides was evaluated from the difference
between the concentration of the 18O tracer in the calibrated injected
pulse and the effluent. Oxygen atoms from the 18O-containing gaseous
phase pulse passing through the reactor bed were adsorbed (ra) and
incorporated (ri) into the oxide lattice, with 16O released to the gas phase
for every successful exchange event. Sometimes not all the amount of
oxygen in the solid oxide is exchangeable [54]. However, in the PIE
technique, the amount of injected 18O2 sotope tracer is small compared to
the amount of oxygen in the solid oxide.

Fig. 4a–d shows the tracer diffusion studies and temperature de-
pendency of oxygen isotope species 18O2 (X36), 16O18O (X34), 16O2 (X32)
fractions and the total fraction of the 18O isotope (α) in the gaseous phase
after passing through the reactor bed.

The obtained experimental data for the oxygen isotope fractions at
the exhaust from the reactor (from the corresponding pulse) as a function
e from pulse isotopic exchange measurements on a) La2NiO4þδ, b) La3Ni2O7-δ, c)
6O18O þ 18O2), pO2 ¼ 0.21 atm.
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of temperature for La2NiO4þδ (a), La3Ni2O7-δ (b) and La4Ni3O10-δ (c) are
presented in Fig. 4. Isotope fractions were calculated from the integrated
peak areas of mass spectroscopic data for 18O2 and 16O18O obtained from
PIE measurements, with 16O2 calculated as balance.

X32 þX34 þ X36 ¼ 1 (3)

The 18O2 molar fraction from oxygen mass 34 (16O18O) and 32 (16O2)
were calculated from the corresponding pulse integral values and the
relationship:

∝ ¼ X36 þ 0:5X34 (4)

The thermally activated oxygen exchange increased with tempera-
ture, resulting in the incorporation of 100% of the injected pulse of 18O2
at a temperature above 700 �C for all tested samples under the tested
conditions. The uptake of 18O by the tested oxides, increased at elevated
temperature. Correspondingly, the 18O2 and the associated 16O18O
isotope fraction at the reactor exhaust, decreased with increasing tem-
perature. The behaviour for the three tested LNOs varied, caused by the
nature of the oxides. The oxygen exchange rate varied with the tem-
perature at constant feed/sweep gas flow and constant oxygen partial
pressure. The observed decrease in 18O2 fraction was balanced by an
increase in 18O16O and 16O2 fractions. For the La2NiO4þδ sample, the
oxygen isotope surface exchange started at approx. 500 �C, similar to
what was stated in previous reports [11] (Fig. 4a) while for La3Ni2O7-δ
and La4Ni3O10-δ the oxygen isotope surface exchange started at a lower
temperature around 350 �C (Fig. 4b and c), suggesting differences in the
surface characteristics of these phases. The oxygen surface activity was in
the order La3Ni2O7-δ> La4Ni3O10-δ> La2NiO4þδ under the equilibrium at
the tested conditions. The obtained results thus showed higher surface
activity of the slightly oxygen-deficient La3Ni2O7-δ compared to
La4Ni3O10-δ and La2NiO4þδ. The surface activity was therefore not in
correlation with the lattice oxygen content (δ parameter) or Ni:O content.

To explain the mechanisms responsible for the absence of such cor-
relation, an analysis of the rate for oxygen adsorption ra and oxygen
incorporation ri was performed. Fraction α, calculated from PIE mea-
surements, was analysed by using the isotope kinetic equations [36].
Fig. 5a shows Arrhenius plots of the oxygen heterogenous surface ex-
change rate (rH), the oxygen adsorption reaction rate (ra) and the
incorporation reaction rate (ri) at each temperature. The surface ex-
change rate parameter rH describes the isotope redistribution between
the gas phase and oxide material. The exchange reaction process involves
Fig. 5. a) Temperature dependencies of oxygen surface exchange rates; oxygen di
exchange rate (rH) for lanthanum nickelates; b) the dependence of rH, ri, ra parame
La2NiO4þδ. from literature [35].
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a sequence of reaction steps including adsorption, dissociation, charge
transfer and incorporation of oxygen into the oxide lattice (with possible
intermediates of O2

�, O2
2� or O�). Each of these single steps can determine

the oxygen heterogenous exchange rate [35]. The oxygen heterogeneous
exchange rate is connected with the rates of oxygen dissociative
adsorption and incorporation, according to the following equation:

rH ¼ ra � ri /(ra þ ri) (5)

Analysis of the results carried out in the temperature-programmed
mode, allowed calculation of surface activity parameters. The surface
exchange corresponds to the surface exchange coefficient k ¼ rH/CO,
where CO is the concentration of oxygen in the oxide. This approach
allowed the description of the obtained data depending on the rates of
oxygen dissociative adsorption (ra) and oxygen incorporation (ri).

The ratio between factors rH:ra:ri was stable in the tested temperature
range for La2NiO4þδ and La4Ni3O10-δ and was almost independent of
temperature. Therefore, the amount of incorporated oxygen was inde-
pendent of temperature. This also confirmed high thermal stability in the
tested temperature range. However, for La3Ni2O7-δ in the temperature
range 500–550 �C, the difference between the rates of oxygen dissocia-
tive adsorption and oxygen incorporation was slightly higher, which was
reflected by the formation of a high amount of 16O18O in the gaseous
phase during PIE tests. The gradient of the temperature dependency
curves for La2NiO4þδ was higher than for La3Ni2O7-δ or La4Ni3O10-δ
(Fig. 5a) indicating higher dependency of oxygen surface exchange
properties on temperature. All oxygen kinetic parameters increased with
temperature for all samples as expected. The difference in the heterog-
enous exchange rate between samples was relatively low. However, the
highest rH factor was for La3Ni2O7-δ across the tested temperature range.
At temperatures below 525 �C, the rH rate was La2NiO4þδ > La4Ni3O10-δ,
and above the 525 �C it was the opposite (La4Ni3O10-δ > La2NiO4þδ).

In the tested temperature range, the oxygen incorporation rate was
found to be smaller than the rate of oxygen dissociative adsorption for
La3Ni2O7-δ and La4Ni3O10-δ but not for La2NiO4þδ. Therefore, the rate-
determining step for La3Ni2O7-δ and La4Ni3O10-δ was oxygen incorpora-
tion. In contrast, dissociative adsorption of oxygen was rate-determining
for La2NiO4þδ. The difference between ra and ri was much smaller for
La4Ni3O10þδ compared to La3Ni2O7þδ and La2NiO4þδ, suggesting that for
La4Ni3O10þδ those two steps were partially competing in oxygen ex-
change rate determination. For La2NiO4þδ, ri was one order of magnitude
higher than the ra. The measured exchange rate for La2NiO4þδ was in
good agreement with data reported in the literature [16,20,35,55]. For
ssociative adsorption (ra), incorporation (ri) and oxygen heterogenous surface
ters for Ruddlesden-Popper series of lanthanum nickelates, at 600 �C; and for



Fig. 6. Impedance spectra for the symmetric cells supported by Ce0.8Sm0.2O1.9 electrolyte with electrodes: (a) La3Ni2O7-δ, (b) La4Ni3O10-δ and (c) comparison at 650 �C
for Lanþ1NinO3nþ1 (n ¼ 1, 2 and 3) electrodes in dry air. Cross sections of tested electrodes: (d) La2NiO4þδ, (e) La3Ni2O7-δ and (f) La4Ni3O10-δ.

A.J. Majewski et al. Journal of Solid State Chemistry 312 (2022) 123228
La2NiO4þδ, the observed rh and ra (Fig. 5) were the same as reported by
Bouwmeester [35] and the difference in ri can be attributed to the error in
ri calculation and to differences in measurement technique, samples
microstructure and thermal history. It should be also mentioned that rH
and ra were determined independently from the experiment with their
own measurement errors, while the value for ri was calculated from
equation (5).

Lou et al. [5], using the exchange current density calculations with
EIS, also reported that for La4Ni3O10-δ the oxygen diffusion process was
rate-determining for the oxygen reduction reaction. This can be ration-
alised by the limitation of oxygen incorporation stemming from diffusion
of the 16O isotope from the bulk to the surface in order to interact with
18O-labelled adatoms in the adsorption layer. The interrelation between
the oxygen incorporation and diffusivity was shown for many oxides:
La1�xSrxCoO3�δ [56], barium and calcium based zirconates [54], and
lanthanum zirconates [57]. From Electrical Conductivity Relaxation
(ECR) for oxygen transport properties, it was reported [25] that the
surface exchange coefficient kchem was similar for all LNOs. This obser-
vation is in corelation to the oxygen heterogenous surface exchange rate
(rH) (Fig. 5). However, the chemical diffusion coefficient Dchem was re-
ported to decrease with increase in n parameter in Lanþ1NinO3nþ1. The
authors concluded that oxygen diffusion strongly depends on the con-
centration of oxygen interstitial that is higher for hypo-stoichiometric
La2NiO4þδ.

Apparent activation energies were calculated from the rH factor
versus temperature. The activation energy for the LNO compounds was as
follows; La2NiO4þδ 1.21 � 0.06 eV, La3Ni2O7-δ 0.81 � 0.04 eV and
La4Ni3O10- δ 0.76 � 0.05 eV. The activation energy thus decreased in the
series La2NiO4þδ > La3Ni2O7-δ ~ La4Ni3O10-δ, i.e., showing decreasing
activation energy with increasing n.

The trend of ri decreasing with the composition of a sample can be
seen from Fig. 5b. The oxygen incorporation reaction rate (ri) decreased
with increasing Ni:O ratio and increasing n in Lanþ1NinO3nþ1 in the
layered R–P structure. Therefore, the rate of the oxygen incorporation
step ri was directly connected to the R–P oxide structure. However, the
oxygen dissociative adsorption rate and the oxygen heterogenous surface
exchange rate were maximised in La3Ni2O7-δ. Therefore, we suggest that
the ri value depends on the structure of the lanthanum nickelate oxides,
while ra may vary and is not correlated with oxygen transport properties
in the bulk.

A reduction in the number of oxygen stoichiometry presented by TGA
(Fig. 1), was in correlation with the rate of oxygen incorporation
(Fig. 5b). The results, therefore, suggest a relationship between [Oi] and
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ri. The oxygen nonstoichiometry in the tested LNOs varied with the Ni:O
ratio in the lattice due to differing changes in the nickel oxidation state.
The obtained results show a relationship between the oxygen non-
stoichiometry and the oxygen incorporation rate for the tested LNOs.
However, it is unlikely that the decrease in [Oi] by the change in Ni
content was solely responsible for the decrease in ri. Probably, the
decrease of ri with n can be explained by the decrease in oxygen diffu-
sivity. Unfortunately, it was not possible to extract the oxygen diffusion
coefficient from the PIE data. It is also possible that these findings
correlate with the surface structure and grain orientation of LNOs. The
higher-order RPs are highly anisotropic. However, despite the broad
discussion of oxygen vacancymigration in RPmaterials, anisotropy of the
migration process needs further research to evaluate how surfaces
orientation affects powder samples.

It was reported [16,37,57,58] that the dissociative oxygen adsorption
rate depends on the defect structure within the outermost layer of the
oxide. The low energy ion scattering results showed that the composition
of the outermost layer of La2NiO4þδ is different than for La3Ni2O7-δ and
for La4Ni3O10. Du to segregation of La ions and restructuring of the
near-surface region Ni is absent in the outermost layer of La2NiO4þδ in
comparison with La3Ni2O7-δ and La4Ni3O10-δ. This result correlates with
different rate-determining steps for La2NiO4þδ (oxygen dissociative
adsorption limited) in comparison with La3Ni2O7-δ and La4Ni3O10-δ
(oxygen incorporation limited). Obviously, the absence in the outermost
layer of Ni as 3d-cation, which is preferable for the oxygen adsorption
[59], makes the dissociative adsorption step on La cations
rate-determining for La2NiO4þδ. In contrast, the higher concentration of
Ni in the outermost layer for La3Ni2O7-δ gives a drastic increase in the
oxygen dissociative adsorption rate. Segregation processes influenced by
the composition of the outermost layer of La4Ni3O10-δ lead to a decrease
in ra from n ¼ 2 to n ¼ 3.

3.3. EIS analysis of electrode kinetics for Lanþ1NinO3nþ1 (n ¼ 1, 2 and 3)
electrodes in contact with Ce0.8Sm0.2O1.9 electrolyte

The suitability of LNOs for application as IT-SOC oxygen electrodes
was investigated by impedance spectroscopy. The symmetrical cells were
fired at 1,100 �C for 1 h to form oxygen electrodes. The EIS analyses for
the electrodes made from the LNO powders with the cerium dioxide-
based electrolyte tested in air in the temperature range 600–800 �C,
are presented in Figs. 6 and 7. Fig. 6d–f shows micrographs of cell cross
sections with a highly porous LNO oxygen electrode layer deposited on a
dense Ce0.8Sm0.2O1.9 electrolyte after the completion of all testing. The



Fig. 7. Temperature dependence of polarisation resistance for Lanþ1NinO3nþ1

(n ¼ 1, 2 and 3) electrodes in contact with CeO2-based electrolyte with
temperature.
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electrode layers were of 25–45 μm thickness and exhibited a porous,
evenly distributed microstructure.

The impedance spectra were analysed for the tested symmetrical cells
as a function of temperature, with Nyquist plots presented in Fig. 6a and
b for La3Ni2O7-δ and La4Ni3O10-δ, respectively. The values of the polar-
isation resistance were calculated as the difference between the values of
the low-frequency intercept with the real axis and the minimum at the
high-frequency region of the impedance spectrum. The relationship has
the following form, considering the geometry of the electrodes:

Rη ¼ðRdc � RsÞ � S
2

(6)

where Rη is the polarisation resistance, S is the electrode area, Rdc is the
cell resistance to direct current, and Rs is the high-frequency resistance,
which corresponds to the apparent ohmic resistance of the electrolyte.
The apparent ohmic resistance of the electrolyte decreased with an in-
crease in temperature. Also, the symmetrical cell polarisation resistance
decreased with increasing temperature (Fig. 6a and b). The asymmetric
shape for all spectra suggested an electrode processes consisting of
several steps. With an increase in the temperature from 600 to 800 �C, the
obtained spectra shifted towards lower values. That change was most
likely due to the enhancement in the electrodes' ionic conductivity and
surface reaction kinetics. The observed polarisation resistance was
slightly higher than that reported in the literature [24], and this can be
attributed to the adhesion between electrodes and the electrolyte com-
ponents. The applied sintering temperature of 1,100 �C was probably too
low to obtain good adhesion of the electrodes to the electrolyte surface.
The application of an intermediate mixed electrode/electrolyte layer
could also improve this adhesion. For La2NiO4þδ symmetrical cells, the
impedance data were reported [20] to be dominated by Gerischer-type
dispersion. The shape of dispersion for La2NiO4þδ in Fig. 6c (black)
confirmed that observation. For La3Ni2O7-δ and La4Ni3O10-δ electrodes,
the dispersion shape was different (Fig. 6c red/blue) and can be retrieved
by low frequency (RQ)-type dispersion.

The comparison of the polarisation resistance for La3Ni2O7-δ and
La4Ni3O10-δ electrodes in contact with the CeO2-based electrolyte data
for the La2NiO4þδ electrode in air conditions, at 700 �C is presented in
Fig. 7.

The values of polarisation resistance increase in the sequence
La2NiO4þδ < La3Ni2O7-δ < La4Ni3O10-δ, and, therefore, the best perfor-
mance was obtained for the La2NiO4þδ electrode. This is in correlation to
the reported [25] oxygen self-diffusion coefficients for Lanþ1NinO3nþ1
which decrease with n parameter. The polarisation resistance (Fig. 6)
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increased with the increase in the n value for Lanþ1NinO3nþ1 and the
differences seemed independent of temperature in the tested range. This
suggests that changes in gas diffusion and the oxygen exchange on the
electrode surface had a similar rate for all tested LNO samples with the
increase in temperature. The lower polarisation resistance for La2NiO4þδ
is attributed to the presence of a high amount of interstitial oxygen in its
structure and the lower barrier for oxyanion transport, despite the re-
ported lower overall electronic conductivity. This reveals that diffusion
of oxide ions from the surface to the bulk is a key limiting step for LNO
electrodes.

Arrhenius plots (Fig. 7) for the reciprocal polarisation resistance Rɳ

show the correlation of polarisation resistance with temperature, with
minimal values for La2NiO4þδ. The polarisation resistance was 0.44, 1.31
and 5.09 Ohm cm2 at 700 �C for La2NiO4þδ, La3Ni2O7-δ, La4Ni3O10-δ,
respectively. However, the lowest activation energy of the polarisation
conductivity (1/Rh) was 102 kJ mol�1 for La3Ni2O7-δ. The obtained
activation energy measurements corresponded to the overall surface
exchange rate (rH) data from oxygen exchange rate studies (Fig. 5b).

The difference in EIS spectra for the La2NiO4þδ electrode in com-
parison with La3Ni2O7-δ and La4Ni3O10-δ (Fig. 6c), could indicate that the
mechanism of electrode reaction was different for these two cases. This
coincided with the PIE ri and ra analyses: oxygen dissociative adsorption
limited kinetics for La2NiO4þδ, and oxygen incorporation was the
limiting step for La3Ni2O7-δ and La4Ni3O10-δ oxides.

A decrease of the electrode activity in the series with n correlates
strongly with a decrease of the oxygen incorporation measured by PIE.
Taking into account that the lower polarisation resistance for La2NiO4þδ,
is attributed to the presence of a high amount of interstitial oxygen in its
structure and the lower barrier for the interstitial oxygen transport, one
can conclude the observed connection between the high oxygenmobility,
high oxygen incorporation rate and low polarisation resistance. For the
La2NiO4þδ phase, migration of oxygen atoms can probably have a
cooperative mechanism with regular oxygen vacancy pathways in the
Perovskite layer and movement of weakly bound oxygen on interstitial
positions in the rock salt layer, whereas for La3Ni2O7-δ and La4Ni3O10-δ,
oxygen migration is limited mostly to oxygen vacancies with slower
oxygen diffusivity within the Perovskite layers.

3.4. Ruddlesden-Popper structure and electrode performance

The oxygen kinetic properties and the electrical properties are
responsible for the overall oxygen electrode performance. Especially the
electrochemical performance of a mixed conductor electrode is affected
by oxygen exchange properties and oxygen migration. All the available
literature reports confirm the increase in the LNO overall conductivity
with an increase in n, as a result of higher electronic conductivity. The
conductivity in Lanþ1NinO3nþ1 depends on the valence of the Ni ion
(Ni3þ>Ni2þ), the number of the Perovskite layers and the oxygen con-
tent. Since the LNO charge carrier transport takes place mostly in the
equatorial planes of the NiO6 octahedra, the electronic conductivity in-
creases with an increase in the number of Perovskite layers.

However, the obtained electrochemical activity results of the elec-
trodes indicated higher activity of the La2NiO4þδ electrode compared to
the La3Ni2O7-δ or La4Ni3O10-δ electrodes. La2NiO4þδ with oxygen non-
stoichiometry due to interstitial oxygen showed lower polarisation
resistance than LNO phases with oxygen deficiency. Thus, the polar-
isation resistance for the tested LNO samples, was found to follow a
different trend to the oxygen surface exchange properties. In particular,
the tested LNO materials that showed high surface activity, showed also
high polarisation resistance. La2NiO4þδ, despite having the lowest ther-
mally activated oxygen dissociative adsorption rate, showed the highest
electrochemical activity among those investigated materials. Improved
surface oxygen activity, therefore, had no positive effect on the overall
electrochemical performance. However, there is a correlation between
the LNO samples’ polarisation resistance and the oxygen incorporation
rate. Therefore, it can be concluded that the electrochemical performance
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of the tested electrodes depends on the oxygen incorporation activity.
Lattice defects with oxygen nonstoichiometry in a lattice structure are

responsible for oxygen incorporation (Eq. (2)), therefore, the rate of
oxygen incorporation depends on the migration of nonstoichiometric
oxygen, i.e. oxygen vacancies or interstitials. For La2NiO4þδ it has been
reported that there is an accumulation of highly mobile interstitial oxy-
gen in La2O2þδ layers, with oxygen vacancies that exist in LaNiO3�δ
Perovskite regions. Therefore, fast oxygen migration via twomechanisms
is possible, and the existence of two channels of oxygen migration in
these nickelates was recently reported via a cooperative mechanism. The
layered structure of La2NiO4þδ that allows for two-channel migration can
be responsible for the observed good electrochemical performance,
despite the lower surface activity. For La2NiO4þδ, the mechanism
involving the interstitial oxygen dominates oxygen diffusion. The
observed lower oxygen incorporation rate for La3Ni2O7-δ or La4Ni3O10-δ
compared to La2NiO4þδ was probably caused by a lack of highly mobile
interstitial oxygen, as confirmed by TGA results, which rather suggests
the presence of oxide ion vacancies. The results of high surface activity
and low electrochemical performance for higher-order R–P can be
explained by the surface exchange that led to the formation of surface
oxygen adatoms but did not result in high oxygen diffusion. Also, the
LNOs' anisotropic structure and the 2-D ionic conductivity affected the
performance of electrodes. Cells' microstructure also could be responsible
for lower electrochemical performance. Due to material instability, the
tested electrodes were sintered at relatively low temperature resulting in
reduced adherence to the electrolyte and consequently in inadequately
defined TPB. Therefore, charge transfer in the TPB layer could limit cells’
electrochemical performance. An additional dense base-layer between
the porous electrode and an electrolyte was reported [20] to improve the
TPB region for electrodes with oxygen surface diffusion properties.

The absence of Ni in the outermost crystallographic surface for
Ln2NiO4þδ resulted in a low oxygen dissociative adsorption rate. The fact
that the sites that interact with gaseous oxygen and are active for cata-
lytic oxygen reduction are hidden below the La-enriched atomic surface
layer therefore affected the oxygen adsorption properties. The overall
exchange reaction at the gas/surface interface involves the formation of
electron holes:

1
2
O2 ↔ O00

i þ 2h_ (7)

1
2
O2 þV

__↔Ox
Oþ2h_

O (8)

The process involves a charge transfer step that usually is caused by
the oxidation of B-site cations. However, if Ni is not present on the sur-
face, the oxygen adsorption process is restrained. Despite the lower ox-
ygen adsorption rate, La2NiO4þδ has relatively high catalytic activity in
oxygen reduction. The role of A-site cations in promoting charge transfer
to surface adsorbates on the A-O terminated surface was explained by
Akbay et al. [60]. The performance of an SOC oxygen electrode is related
not only to the electrical conductivity but also to the electrode micro-
structure. Therefore, the reported literature differences in ASR can be
related to differences in cell microstructure. These variations in observed
LNO performance are probably a result of the reported difficulty in sin-
tering those R–P higher order phases [30,33]. The proportion between
low and high-frequency resistance response and the overall polarisation
resistance for LNOs was reported to depend on microstructure [9].
Additionally, oxygen diffusion through the LNO crystal structure is
anisotropic [12,61,62]. The oxygen incorporation stage was reported to
depend on the grain primary orientation [16]. Authors reported that
materials with grains’ primary orientation along the c-axis have a
negligible incorporation rate that limits the oxygen surface exchange
process. While for grains with the (ab)-crystallographic orientation,
dissociative adsorption is the rate-determining stage. For Ln2NiO4þδ
rare-earth nickelate oxygen diffusion within the (ab)-plane was reported
to be three orders of magnitude higher compared to the c-axis direction
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[49,62]. For those polycrystalline materials, the oxygen exchange pro-
cess in the (ab)-plane direction is dominating, as the crystallographic
orientation with the highest surface exchange coefficient. However, the
influence of surface inhomogeneity on oxygen exchange kinetics for the
higher-order R–P structures needs further research. Also, the tested
polycrystalline ceramic samples contained a range of grains with random
orientation resulting in median surface properties. Therefore, for R–P
structures, oxygen diffusion depends on the connectivity between grains.
Hildenbrand et al. [20], based on a two-step oxygen exchange mecha-
nism suggested that surface diffusion can dominate the oxygen transport
path for porous La2NiO4þδ. The tentative model suggests that oxygen
adsorbs dissociatively on the La2NiO4þδ surface forming mobile O�

ad
species responsible for surface diffusion of monoatomic oxygen as a
major transport path.

The tested materials La2NiO4þδ, La3Ni2O7-δ and La4Ni3O10-δ are all
considered as promising candidates for application as high-performance
oxygen electrodes for intermediate-temperature SOC (IT-SOC). However,
the presented comparisons suggest that the La2NiO4þδ electrode has
more potential for application in the IT-SOC than La3Ni2O7-δ or
La4Ni3O10-δ. However, given reports of low La2NiO4þδ stability, mixing
the electrodematerial with both La3Ni2O7-δ or La4Ni3O10-δ could improve
electronic conductivity and overall electrode performance. Also, pre-
paring La3Ni2O7-δ and La4Ni3O10-δ composite electrode with an ionic
conductor (electrolyte material) or with La2NiO4þδ within the electrode
functional layer could improve the overall cell performance by improving
ionic conductivity and overall electrochemical activity. Furthermore,
some A-site substitution could potentially improve oxygen mobility in
La3Ni2O7-δ and La4Ni3O10-δ structures by increase of oxygen deficiency
and thus enhance the oxide ion diffusivity and facilitate oxygen migra-
tion in those RP oxides. For example, substitution of an aliovalent cations
for La3þ on the A site can lead to the formation of defects with charge
compensation by either electron holes or oxygen vacancies.

4. Conclusions

La2NiO4þδ, La3Ni2O7-δ and La4Ni3O10-δ oxide materials were
comprehensively studied for their application in IT-SOCs. These LNO
phases were studied using the technique of temperature-programmed
pulse isotope exchange of oxygen with 18O2 in a flow reactor. The ob-
tained results confirmed the high oxygen surface exchange rate for these
oxides.

PIE analysis showed that the oxygen surface exchange rate for
La2NiO4þδ was limited by the rate of dissociative adsorption of oxygen
molecules at the oxide surface. In contrast, this oxygen adsorption was
more facile for La3Ni2O7-δ and La4Ni3O10-δ, and in these cases, the
limiting process was the oxygen incorporation rate. The difference in the
rate-determining step of for La2NiO4þδ in comparison with La3Ni2O7-δ
and La4Ni3O10-δ is caused by the different defect chemistry of the
outermost layer. LEIS results showed higher oxygen concentration for n
¼ 1 and the absence in the outermost layer of Ni, which is preferable for
the oxygen adsorption in comparison with La–O terminated surfaces,
which makes dissociative adsorption step on La cations rate-determining
for La2NiO4þδ. The absence of Ni in the outermost layer of powdered
La2NiO4þδ, agrees with similar results obtained previously on single
crystals and polycrystalline materials in the literature. The increase in
polarisation resistance for Lanþ1NinO3nþ1 with n correlates with the
decrease in the oxygen incorporation rate and also with the increase in
the Ni concentration and the decrease in the oxygen concentration in the
outermost layer.

In terms of electrode performance, La2NiO4þδ had the lowest level of
polarisation resistance in addition to an excellent oxygen incorporation
rate. The higher-order R–P structures such as La3Ni2O7-δ and La4Ni3O10-δ
had a higher surface activity and oxygen dissociative adsorption rate but
low oxygen incorporation rate and a high polarisation resistance. Cor-
relation between the electrochemical performance and surface oxygen
activity and electrode structure was demonstrated. The polarisation
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resistance of the tested LNO electrodes was found to correlate with the
rate of oxygen adatom incorporation into the crystal structure of the
oxide, which is limited by the oxygen diffusivity. Thus, for improvement
in the performance of n ¼ 2, 3 phases, higher oxide ion conductivity is
needed. This may potentially be achieved by incorporation of higher
valent dopants to move the compositions into the oxygen interstitial re-
gion, or by the use of a composite electrode with the electrolyte material.

The results herein suggest that all the tested electrodes hold promise
for use in IT-SOCs, with further work warranted in particular in terms of
use of doped or composite electrodes.
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