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In the last couple of decades, researchers have been working on Ruddlesden-Popper phases to realise
them as components of solid oxide cells. Ruddlesden-Popper phase materials have been particularly pro-
posed as materials for intermediate temperature solid oxide fuel cells (IT-SOFCs). As such a sizeable lit-
erature was produced on Ruddlesden-Popper phases and in this short review we look at these studies
with a particular focus on the structural chemistry, oxygen transport and electrical conductivity, electro-
chemical performance, and stability of these materials under operating conditions. More specifically, the
materials have been studied for cathodes and, therefore, we believe a review dedicated to cathode appli-
cations of these materials will be beneficial for the community. A brief outlook on the future directions in
the field will also be provided.
Copyright � 2022 Elsevier Ltd. All rights reserved.
Selection and peer-review under responsibility of the scientific committee of the First International Con-
ference on Design and Materials (ICDM)-2021. This is an openaccess article under theCCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The search for new materials is one of the main ways to meet
the needs for future energy conversion and storage technologies.
Solid oxide fuel cell is one such technology where advancement
in materials has proved important, and it is in this context that
the search to find better performing materials continues with
aim of reducing the temperature of operation down to the interme-
diate range (600–800 �C) without slowing the oxygen reduction
reaction (ORR) kinetics. Currently, a major direction in the field is
materials referred to as mixed-ionic electronic conducting (MIEC)
oxides. In contrast with the pure electronic conduction materials
such as La1-xSrxMnO3-d (LSM) where the ORR – represented by
the air/cathode/electrolyte interface (Fig. 1) – is limited to a very
narrow triple phase boundary (TPB) region, MIEC materials allow
the system to extend the ORR region beyond the narrow TPB zone
to the entire surface and thus increase the efficiency of the cell
(Fig. 2) [1,2].

That LSM perovskite has poor bulk oxygen transport properties
results in TPB operation mode, thereby limiting reaction to this
interface. This is the main reason that materials with sizeable ionic
conductivity are sought to extend the effective TPB regions and
MIEC materials such as La1-xSrxCo1-yFeyO3-d (LSCF) perform well
in that context. For example, La0.6Sr0.4Co0.2Fe0.8O3-d, the most
promising and studied composition of the LSCF family, shows an
electronic conductivity of the order of 350 to 250 Scm�1 in the
temperature range of 600 to 800 �C along with an ionic conductiv-
ity of 10�2 Scm�1 at 800 �C [3,4].

Apart from perovskites such as LSCF discussed above briefly,
other material families such as double perovskites and
Ruddlesden-Popper phase materials also show mixed conductivity
and are being investigated by researchers for their potential as IT-
SOFC cathode materials. Double perovskites are derived from the
perovskite structure with the general formula AA’B2O6-d where A
is a rare-earth cation, A’ is an alkaline earth metal cation and B is
a transition metal cation. First reported by Taskin et al., these mate-
rials have MIEC properties and have thus attracted significant
attention from researchers [5,6]. Taskin et al. demonstrated the
ionic transport of the double perovskite phases by comparing the
chemical diffusion coefficient of ordered GdBaMn2O5+d and disor-
dered Gd0.5Ba0.5MnO3 and reported the significantly higher oxygen
diffusion coefficient for the ordered double perovskite material
[5,6]. This short review will, however, only discuss Ruddlesden-
Popper phases in detail and the reader is invited to consult reviews
on perovskites and double perovskites published elsewhere [7–9].

Ruddlesden-Popper phases, with the general formula of An+1Bn-
O3n+1, were first synthesised by S. N. Ruddlesden and P. Popper in
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Fig. 1. Schematic representation of three interfaces for ORR. The air/cathode interface, the air/electrolyte interface and air/cathode/electrolyte interface, shown by red dots
(reproduced with permission from reference [17]). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. Schematic representation of the oxygen reaction at MIEC cathode material
(reproduced with permission from reference [2]).
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1958 [10]. The structure consists of nABO3 perovskite layers which
are sandwiched between two AO rock-salt layers [11]. The number
of perovskite polyhedral units sandwiched determines the phase of
the material (Fig. 3) [12] and this structural similarity of
Ruddlesden-Popper phase materials to perovskites is one of the
reasons behind the expectation of these materials working as
effective SOFC cathodes. The layered structural nature of these
materials allows several of them to accommodate a substantial
amount of interstitial oxygen. This is because the interstitial sites
present in the rock salt AO layers of the Ruddlesden-Popper oxides
can accommodate excess oxygen. In addition, the problem of
strontium segregation as observed in the state-of-the-art SOFC
materials can be avoided because Ruddlesden-Popper phases can
be composed of different constituents and do not necessarily con-
tain Sr. In the next sections, we will discuss in detail the structural
chemistry and conductivity of these materials and then consider
how these materials perform, and comment on their stability
under operating conditions.
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2. Structural chemistry

The lower-order Ruddlesden-Popper phases such as La2NiO4+d

(LNO), Pr2NiO4+d (PNO) and Nd2NiO4+d (NNO) adopt the K2NiF4
structure. The La cation is surrounded by nine oxygen atoms and
the Ni atoms occupy the centre of apically elongated NiO6 octahe-
dra with two apical Ni–O bonds along the c-axis slightly longer
than the other four basal plane Ni–O bonds. Most of the
Ruddlesden-Popper phase materials crystallise either in an
orthorhombic structure or in a tetragonal structure, which is
mostly governed by the value of the Goldschmidt tolerance factor,
t. When the tolerance factor is closer to unity (0.99 � t � 0.88) the
material tends to adopt the higher symmetry tetragonal structure
but when the tolerance factor is below 0.88 and lies in the range
of 0.88 � t � 0.865, the material tends to adopt the lower symme-
try orthorhombic structure [13].

The crystal symmetries adopted by a few representative
Ruddlesden-Popper phases are provided in Table 1. LNO has been
studied extensively and it crystallises in Fmmm orthorhombic sym-
metry, and when A-site La is doped by Pr – as reported by Vibhu
et al. – La-rich compositions prefer Fmmm orthorhombic symmetry
while Pr-rich materials lean towards Bmab orthorhombic symme-
try [14–16]. In some compositions phase transitions to higher sym-
metry tetragonal I4/mmm at higher temperatures have been
reported [16].

Higher-order phases too mostly crystallise in orthorhombic
symmetry and similar to the transition to tetragonal symmetry
at high temperatures, we too in our studies on La3PrNi3O10-d,
observed transition to tetragonal I4/mmm symmetry at 800 �C
[17]. Very recently, Tsai et al., based on their high-resolution neu-
tron powder and X-ray diffraction studies, confirmed that Pr-rich
n = 3 phases tend to adopt monoclinic symmetry which we too
have observed in LaPr3Ni3O10-d n = 3 phase [18,19]. It is pertinent
to mention that higher-order phases either retain the structural
integrity or show no deleterious impact of phase transitions on
electrochemical performance at high temperatures which is impor-
tant for their SOFC applications.
3. Oxygen defects and transport

The main motivation for the intense research focus on the n = 1
Ruddlesden-Popper phase materials stemmed from their superior



Fig. 3. Simplified illustration of Ruddlesden-Popper phase’s structure. The number of perovskite layers sandwiched defines the phase of material (adapted from reference
[12]).

Table 1
Crystal symmetry of representative Ruddlesden-Popper phase materials at room
temperature.

Composition Symmetry Space group Reference

La2NiO4+d Orthorhombic Fmmm S. Skinner [14]
La1.75Pr0.25NiO4+d Orthorhombic Fmmm V. Vibhu et al. [15]
La0.5Pr1.5NiO4+d Orthorhombic Bmab V. Vibhu et al. [15]
Pr2NiO4+d Orthorhombic Bmab J. M. Bassat et al. [16]
La3Ni2O7+d Orthorhombic Fmmm G. Amow et al. [54]
La4Ni3O10-d Orthorhombic Fmmm M. Greenblatt et al. [60]
La3PrNi3O10-d Orthorhombic Fmmm M. Yatoo et al. [70]
La2Pr2Ni3O10-d Orthorhombic Fmmm M. Yatoo et al. [69]
LaPr3Ni3O10-d Monoclinic P21/a M. Yatoo et al. [19]
Pr4Ni3O10-d Monoclinic P21/a C. Y. Tsai et al. [18]

Fig. 4. Schematic of LNO showing the location of interstitial oxygen atoms
(reproduced with permission from reference [22]).
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capability of storing a substantial amount of interstitial oxygen
(Fig. 4) in their structure which bestowed the materials with signif-
icant oxide ion conductivity, thereby rendering the materials
mixed ionic-electronic conductors (MIEC) at intermediate temper-
atures [20,21].

The nature of ionic conductivity in these materials has been
much debated by researchers. Therefore, detailed studies have
been carried out on the LNO material and its transport properties
are well understood. There is broad agreement regarding the dom-
inant participation of interstitial oxygen atoms in ionic conductiv-
ity [22]. The neutron diffraction studies by Demourgues et al.
predicted that interstitial oxygen atoms were accommodated by
the LaO rock salt layer. This was further confirmed by Jorgensen
and co-workers, and they determined the location of the oxygen
interstitial site to be at (14

1
4

1
4) in the Fmmm structure [23,24]. These

studies had further support from Paulus et al. who studied single
crystals of LNO and confirmed the location of excess oxygen in
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the rock salt LaO layer, thereby lending further support to the ini-
tial studies [25]. In addition, Skinner reported the lengthening of
apical Ni–O bonds on heating LNO, a consequence of loss of excess
oxygen from interstitial sites located in the La–O plane and there-
fore lending further support to these earlier studies [14].



Fig. 6. Comparison of ionic conductivity vs. 1/T best known perovskite-based IT-
SOFC cathode materials, LSFC and LSFN (reproduced with permission from
reference [32]).
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To expand the understanding of the role played by oxygen
interstitials in ionic conduction properties of La2NiO4+d materials
and to also lend further support to experimental evidence, compu-
tational studies have been carried out. Computational studies have
largely supported the earlier conclusions by several neutron
diffraction studies on LNO [26,27], though a debate has emerged
between computational studies. Both monovalent and divalent
oxygen ions were reported to be involved in interstitialcy transport
by Minervini et al. whereas more recent density functional theory
calculations and atomistic modelling predict only divalent oxygen
ions [27–29]. However, both computational approaches have con-
firmed the interstitialcy mechanism of oxygen transport and are
thus in line with experimental studies. Further support was
afforded by molecular dynamics simulation performed by Parfitt
et al. on PNO which showed that oxygen diffusion is highly aniso-
tropic and occurs almost entirely by means of an interstitialcy
mechanism in the a–b plane [30]. It was later further shown exper-
imentally by studies on a related composition by Yashima et al.
(Fig. 5) [31].

As mentioned earlier it is because of this capability of accom-
modating a considerable amount of excess oxygen as interstitials
in the rock salt layer that the ionic conductivity of n = 1
Ruddlesden-Popper phases materials such as LNO, PNO and NNO
surpasses the most promising IT-SOFC perovskite LSCF cathode.
Fig. 6 illustrates and compares the ionic conductivity of these
lower-order Ruddlesden-Popper phases with LSCF [32].

Participation of both oxygen interstitial species and oxygen
vacancies in the ionic conductivity has been reported by experi-
mental studies, with the vacancy activation energy smaller than
the interstitial activation energy [20,33]. The prediction of lower
activation energy for a process involving oxygen vacancies was
confirmed by secondary ion mass spectrometry (SIMS) studies car-
ried out by Bassat and co-workers [32]. Bassat et al. further found
substantial anisotropy, with conductivity perpendicular to the a-b
plane lower than conductivity parallel to the a-b plane. This was
explained by the fact that oxygen interstitials are confined to LaO
rock salt layers and thus contribute towards only parallel
conductivity.
Fig. 5. (a) atomistic simulation interstitialcy pathway mechanism predicted by Parfitt
studies on a related composition by Yashima and co-workers (reproduced with permiss
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The oxygen diffusion coefficient (D*) and surface exchange coef-
ficient (k*) of La, Pr and Nd analogues has been found to be high
reflecting the superior ionic conductivity and electrocatalytic prop-
erties of these materials [21,34–36]. The diffusion coefficients were
measured by Bassat et al. and they reported that the PNO shows
the highest diffusion coefficient among the nickelates [37]. They
also reported that the oxygen diffusion along the ab-plane is
almost three orders of magnitude higher when compared to the
diffusion measured along the c-axis. In addition, all the composi-
tions in their polycrystalline forms show even better diffusion,
which could possibly mean higher ionic conductivity in the poly-
crystalline form (Fig. 7) [12,32].

LNO has shown excellent IT-SOFC cathode features [20,21,38].
The oxygen overstoichiometry (+d) of the material is significant
since it is responsible for the superior ionic conductivity, the value
of which easily surpasses the state-of-the-art LSCF cathodes in the
and co-workers on their studies on PNO and (b) later supported by experimental
ions from references 30 and 31 respectively).



Fig. 7. Diffusion coefficients for nickelates. PNO shows the highest D* and
polycrystalline forms of all nickelates show even better D* (adapted from reference
[12]).
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IT range temperature [20,21]. Bassat and co-workers compared the
ionic conductivity of LSCF and LNO and found the ionic conductiv-
ity of LNO to be 0.02 Scm�1 at 700 �C compared to the 0.003 Scm�1

obtained for LSCF at the same temperature [32]. It is possible to
manipulate oxygen overstoichiometry – responsible for superior
ionic conductivity – by using specific synthetic methods. In the
case of an LNO cathode material, d hhhhhh ranging from 0.14
to 0.25 have been achieved using reduced temperatures for low d
and oxidation conditions for high d [14,23,39–44]. Aguadero et al.
reported d = 0.30 for LNO, which was expected to enhance the ionic
conductivity for the obvious reasons of higher oxygen content
(charge carriers) available for transport [44].

In comparison there are very few neutron diffraction studies of
lanthanide-based higher-order Ruddlesden-Popper phases (n = 2,
3) such as La0.3Sr2.7CoFeO7-d (n = 2), and LaSr3Co1.5Fe1.5O10-d

(n = 3) available in the literature [45–47]. Tomkiewicz et al. studied
both n = 2 and n = 3 Ruddlesden-Popper phases by neutron diffrac-
tion and reported the phases crystallised in the tetragonal I4/mmm
space group. Interestingly, they reported that the oxygen vacancies
in these higher-order phases were almost exclusively located
within the perovskite layers and only a minimal vacancy formation
occurred in the rock-salt layer [47]. This contrasts with our recent
studies on n = 3 phase compositions, LaPr3Ni3O10-d and LaPr3Ni3-
O10-d wherein we observe the sizeable presence of vacancies in
rock-salt layers, although the majority of vacancies were still
located in the perovskite layers [17]. We, however, did observe
the large ab plane anisotropy of the apical O(4) sites, particularly
at high temperatures, indicating faster oxygen diffusion in these
materials. This apical oxygen position is indeed known to exhibit
an anisotropic Debye-Waller factor and has been widely reported
for lower-order Ruddlesden-Popper K2NiF4 materials [14,24,48].
Also, our studies further confirmed the strong preference for the
curved oxygen transport pathways around the NiO6 octahedra in
these materials [17].
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4. Performance and stability

Several studies of the electrochemical performance of the
Ruddlesden-Popper phases have been reported in the literature.
Amow and Skinner obtained relatively high Area Specific Resis-
tances (ASR) (>1.0 O cm2 at 800 �C) which was improved by Escud-
ero et al. who reported an ASR of 0.48 O cm2 at 800 �C for LNO with
an La1-xSrxGa1-yMgyO3-d (LSGM) electrolyte [49]. Aguadero et al.
substituted the B site cation and obtained the best performance
of ASR = 3.7 Ocm2 at 850 �C for a Cu doped LNO, significantly higher
than reported for the unsubstituted materials [50]. There have
been several further attempts to improve the performance of these
materials. PNO and NNO, despite their better performance in terms
of absolute cell resistance when compared to LNO, suffer from
decomposition under operation, which does not bode well for their
use as SOFC cathodes [51]. Graded cathodes too have been used to
improve the performance of these materials. Rieu and Sayers
tested graded LNO cathodes, and they used a compact LNO inter-
layer between the electrolyte and porous LNO cathode which
resulted in a seven-fold drop in ASR from 7.4 Xcm2 to 1.0 Xcm2

at 700 �C [52,53]. An Arrhenius plot (Fig. 8), compares the perfor-
mance of these lower-order Ruddlesden-Popper phases with a
state-of-the-art LSCF + CGO composite cathode [54]. A recent
attempt at improving the performance of these materials by Bassat
et al. yielded the remarkable performance of 0.030 Ocm2 at 700 �C
for a PNO cathode [16]. The mixed composition cathodes La2-
xPrxNiO4+d (LPNO) were studied by Vibhu and co-workers and they
reported improved performance but observed the decomposition
by increasing the Pr content of these mixed La and Pr cathodes
[55].

The phase stability of the lower-order phases such as LNO, PNO
and NNO materials under operating conditions is the main issue
with these materials, which effectively limits their use [16,36,55–
58]. Amow et al. also reported an ageing study of LNO, and they
observed a Ni2+/Ni3+ impurity phase after firing the materials for
two weeks in the air at 900 �C [36,56,58]. This observation raised
concerns about the suitability of LNO as an IT-SOFC cathode. Bassat
et al. also studied and compared the stability and electrochemical
behaviour of Pr-based Ruddlesden-Popper phases as cathodes for
IT-SOFCs and observed the decomposition of PNO whereas no such
issue was observed in the studies of Pr4Ni3O10±d (P4N3), a higher-
order (n = 3) Ruddlesden-Popper series member [16]. They further
comment that P4N3 is a very promising cathode material among
all three (PrNiO3-d, PNO and P4N3) Pr-based nickelates (Fig. 9)
[16]. This was further confirmed by Vibhu, and co-workers and
they reported that the P4N3 material remained stable up to
1000 �C and that the structure retained the orthorhombic Fmmm
space group symmetry throughout [59].

Ruddlesden-Popper phase materials have been known to react
with the YSZ and CGO electrolytes [51,60]. Hernández et al.
observed the formation of secondary phases such as La3Ni2O7-d,
La4Ni3O10-d (L4N3), LaNiO3 and NiO when used with YSZ or CGO
as the electrolyte. They furthermore observed the formation of
an insulating pyrochlore phase, La2Zr2O7, with a YSZ electrolyte.
They comment that the reactivity and formation of insulating
phases when using LNO as a cathode with YSZ and CGO elec-
trolytes is the chief drawback for its use [60]. They also observed
decomposition of PNO when used with YSZ and CGO as an elec-
trolyte but were not able to confirm whether there was reactivity
between the electrode and electrolyte or only decomposition of
the PNO electrode [51]. Sayers also confirmed these studies and
reported the deleterious reactivity of LNO with a CGO electrolyte
but confirmed the suitability of LSGM as an electrolyte with these
materials by reporting no reactivity between LSGM and LNO [61].



Fig. 8. Log (ASR) vs. 1000/T for various R-P phases, with comparison to state-of-the-art LSCF + CGO composite (adapted from reference [54]).

Fig. 9. Ageing studies of (a) PNO and (b P4N3 showing the decomposition of lower-order PNO after heating the sample at 700 �C for one month while as no such
decomposition is observed in higher-order P4N3 (reproduced with permission from reference [16]).
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These phases, furthermore, are semiconducting in nature and
therefore afford limited electronic conductivity [36,56,58]. For
example, LNO gives the best results of the electrical conductivity
of 70–80 Scm�1 in the temperature range of 600–800 �C [56]. They
further report a slight increase in these values by doping with Co,
however, the electrical conductivity observed still falls short of the
ideal value of 100 Scm�1, which has been identified as one of the
main reasons behind the reports of high ASR values in these com-
positions [58].

The impurity Ni2+/Ni3+ phase formation at 900 �C in LNO stems
from the fact that stoichiometric La2NiO4+d (d = 0) is mainly com-
prised of Ni2+ ions, while Ni3+ is the predominant oxidation state
in higher-order phases (n = 2 and 3). As Ni2+ tends to oxidise and
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stabilise the higher-order phases, it is expected that higher-order
phases such as La4Ni3O9.78 (L4N3) and Pr4Ni3O10±d (P4N3) might
exhibit increased long-term stability. Indeed, Amow et al. did
observe that higher-order phases show increased stability and no
impurity phase formation [56]. They reported impurity phase for-
mation after heating an n = 1 LNO phase at 900 �C for 2 weeks in
air, while no such impurity was observed in the n = 2 and 3 phases
after ageing them at 900 �C for 2 weeks in air.

Furthermore, as evidenced by the electrochemical performance
studies, it appears that lower electronic conductivity is the main
limiting factor in LNO cathodes. PNO and Pr rich lower-order
phases, however, do show better electrical conductivity than LNO
but because of the severe decomposition observed at 700�C during
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ageing, the use of Pr based lower-order phase materials as IT-SOFC
cathodes are severely limited [16,55]. However, higher-order
Ruddlesden-Popper phases showed improved electronic conduc-
tivity because it has been identified that there are more conduction
pathways – that is more NiO6 corner-sharing octahedra – than
lower-order phase materials [56]. Furthermore, it has been shown
experimentally by Zhang and Greenblatt that hybridisation of the
Ni 3d and O 2p orbitals along the c-direction increases consider-
ably with increasing Ni oxidation state, suggesting higher electrical
conductivity as we move towards higher-order phases [62].

Indeed, higher-order Ruddlesden-Popper phases have been
reported to possess superior electrical conductivity [36,56,58,62].
Amow et al studied the thermal behaviour of electrical conductiv-
ity of these materials and found that the (L4N3) phase is metallic,
with electrical conductivity decreasing monotonically as the tem-
perature increases while LNO showed semiconducting behaviour
[56]. They observed the electrical conductivity of L4N3 ranging
from 110 to 130 Scm�1 in the intermediate temperature range
(800–600 �C) while the electrical conductivity afforded by LNO in
the same temperature range is only around 80 Scm�1. It should
also be noted that the samples prepared by Amow et al. were of
low density and hence likely to underestimate the total
conductivity.

Amow and co-workers studied La2NiO4.15 (n = 1), La3Ni2O6.95

(L3N2; n = 2) and La4Ni3O9.78 (L4N3; n = 3) and also compared their
conductivity, stability, TEC, and ASR in the temperature ranges of
interest for solid oxide fuel cell operation [56]. As already men-
tioned, L4N3 was found to be stable with no impurity formation
on heating at 900 �C for 2 weeks. They furthermore found that
the TEC of both L3N2 and L4N3 was �13.2 � 10�6 K�1, which is
slightly better in terms of compatibility with the commonly used
electrolyte and anode materials in SOFCs than the observed TEC
of �13.8 � 10�6 K�1 for LNO. The ASR, although being higher than
the target value of 0.15 Ocm2, reflected the increased conductivity
as the number of perovskite blocks, n, increased, and thus La4Ni3-
O9.78 showed the lowest ASR of 1 Ocm2 at 800 �C.

It is well known that microstructure and electrode adherence to
the electrolyte can be optimised to realise better performance. In
this regard, there are many reports in the literature highlighting
the routes to optimise the microstructure and improve the adher-
ence of electrode materials to electrolyte surfaces [54,59,63–65].
Working on ungraded and functionally graded composites of LNO
and L4N3, Woolley and Skinner showed the significant role
microstructure and electrode/electrolyte contact have on the per-
formance of a material used as an electrode [54,64,65]. They
reported the ASR of 0.62 Ocm2 at 700 �C for an ungraded 50:50
composite, which was further improved to 0.53 Ocm2 at 700 �C
by functional grading of the 50:50 composite cathode. This
improved performance in both cases was ascribed to a good com-
bination of ionic and total conductivity, being contributed by two
different constituents of the composite and the resulting
microstructure and improved electrode/electrolyte interface
contact.

Several authors working on the related Ruddlesden Popper
materials L3N2 and L4N3 have explored the development of the
microstructure, including preparing infiltrated composite cathodes
of these oxides and reported improvement in the performance
results [66–69]. Choi et al. reported ASR of 0.11 Xcm2 at 750 �C
for L3N2 and also confirmed earlier reports of increasing conduc-
tivity with increasing n [66]. They further reported promising
power densities on using L4N3-YSZ composites as a cathode with
a YSZ electrolyte; 614, 889, and 1197 mW/cm2 at 700, 750 and
800 �C respectively. Kim et al. doped L4N3 with Sr and reported
the ASR of doped-L4N3-YSZ nanocomposite cathode as 0.13
Xcm2 at 750 �C [67]. Our group studied La2Pr2Ni3O10-d, La3PrNi3-
O10-d and LaPr3Ni3O10-d and reported promising performance of
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these compositions in half-cell mode, with an excellent ASR of
0.08 Ocm2 at 700 �C for LaPr3Ni3O10-d composition [19,70,71].

Sharma and co-workers used a spray deposition technique and
improved the performance of L4N3, reporting an ASR of 0.30 Ocm2

at 700 �C, with further improvement by one order of magnitude
after using the composites with CGO [68,69]. This is a significant
improvement in comparison to the earlier reported ASR of 1.0
Xcm2 at 800 �C by Munnings et al. and has been ascribed to the
improvement of cathode microstructure and interface structure
[72]. Similarly, Vibhu et al. recently reported the promising perfor-
mance of P4N3 as an oxygen electrode for SOFCs [59]. The chemical
stability of the material as reported by Vibhu et al. under the con-
ditions of interest was promising [59]. The material was found to
be stable at 600 �C, 700 �C and 800 �C for one month, and thus
deemed suitable for IT-SOFCs (Fig. 8). The material further showed
acceptable TEC of 12� 10�6 K�1 at IT-SOFC operating temperatures
and thus met the cathode material requirements. They further
reported the electrical conductivity of the material as ranging from
85 to 200 Scm�1 from 800 �C to room temperature. The values
towards higher temperature are slightly lower but it is important
to keep in mind that the reported conductivity values are slightly
underestimated as the samples used in this study were only about
70% dense. The study further reports the single-cell performance of
this composition with Ni-8YSZ anode; maximum power densities
of 1.6 W/cm2 at 800 �C and 0.68 W/cm2 at 700 �C.

5. Conclusions

Perovskites such as La1-xSrxMnO3 and La1-xSrxCo1-yFeyO3-d, and
related oxide materials have received considerable research atten-
tion as potential electrode materials for solid oxide fuel cells
because of their excellent electrochemical performance. Despite
the potential of the LSCF and related materials, there are limita-
tions in terms of stability that have led to further interest in mate-
rials of the structurally related Ruddlesden-Popper (RP) family of
oxides, An+1BnO3n+1 where A = Ln, B = transition metal. From early
studies of the RP phases, it was evident that their ionic and elec-
tronic transport properties indicated that these phases would be
promising candidates as SOFC cathodes, but the n = 1 phases such
as La2NiO4 suffered from lower performance and stability con-
cerns. More recent developments of the n = 2 and 3 phases, and
the double perovskites, have shown attractive performance, partic-
ularly when the optimisation of the microstructure is considered.
Furthermore, these phases may provide routes to new applications
such as in co-electrolysis cells, or as potential electrodes in proton-
conducting ceramic fuel cells. The are many opportunities to
develop the layered perovskite materials, including in the develop-
ment of composite electrodes for both fuel cell and electrolysis
modes of operation. These are an exciting class of materials with
considerable potential in a range of devices.
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