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In the past decade, intensive research on proton-conducting oxide materials has provided a basis for the

development of intermediate-temperature protonic ceramic electrochemical cells, which constitute

a real alternative to conventional cells based on oxygen-conducting electrolytes. To achieve both high

efficiency and excellent performance, not only electrolytes but also electrode materials should be

carefully selected considering their functional properties. Compared to the traditional ABO3 perovskite

electrode materials, Ln2NiO4+d with a layered structure has unique advantages (high chemical stability,

mechanical compatibility, improved oxygen transport, and hydration ability), and thus is now becoming

a hot topic in this field, offering both scientific and practical interests. However, a comprehensive and in-

depth review is still lacking in the literature to date. Accordingly, this work presents a comprehensive

overview of the prospects of layered nickelates (Ln2NiO4+d, where Ln ¼ La, Nd, and Pr) as one of the

most attractive oxygen (steam) electrode materials for protonic ceramic electrochemical cells. In

particular, the crystalline features, defect structure, stability, chemical properties, and mechanical

compatibility of this class of materials, contributing to their transport functionality, are discussed with the

primary emphasis on revealing the relationship between the composition of the materials and their

properties. The presented systematic results reveal the main strategies regarding the utilisation of

Ln2NiO4+d-based electrodes and existing gaps related to fundamental and applied research aspects.
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1. Introduction

The ever-increasing demand for the development of highly
efficient, environmentally friendly, technologically straightfor-
ward and economically expedient energy systems has stimu-
lated rapid progress in the hydrogen and electrochemical
energy elds.1–4 Accordingly, research and development related
to solid oxide electrochemical cells are widespread due to the
higher efficiency, exibility and variety of these cells for use in
energy conversion processes compared with other electro-
chemical cells.5–7 Although conventional solid oxide electro-
chemical cells have some disadvantages due to their high
operating temperatures, the existing problems can be overcome
by replacing the oxygen-ionic conductive electrolytes with
proton-conducting counterparts. The improved transfer
behaviour of the latter is realised due to the greater mobility of
the proton charge carriers, which also exhibit a low migration
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University (Yekaterinburg, Rus-
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barrier.8–11 Consequently, energy can be efficiently converted in
solid oxide electrochemical cells based on proton-conducting
electrolytes below 700 �C, and at this temperature, degrada-
tion and compatibility issues become less problematic.

Among the different types of electrochemical cells, protonic
ceramic fuel cells (PCFCs) and protonic ceramic electrolysis
cells (PCECs) are of special interest as systems for converting
chemical energy into electricity and vice versa.12–14 These two
types of operations can be combined in reversible protonic
ceramic cells (rPCCs), which enable power generation or energy
conversion depending on the necessary (momentary) require-
ments. However, although very promising performances have
recently been achieved for both PCFCs and PCECs,15–20 their
long-term operation under multiple cycles of temperature or
steam and oxygen partial pressure requires further improve-
ment. Problems associated with degradation phenomena may
also occur for these systems, where instead of fast microstruc-
tural changes, cationic interdiffusion, segregation and
poisoning occur at high temperatures,21–24 chemical and
thermal incompatibilities in the electrode/electrolyte pair play
a key role in maintaining the integrity of PCFCs, PCECs and
rPCCs.

Although the transport properties of the corresponding
electrochemical devices are regulated by a proton-conducting
membrane, other functional materials also affect their target
electrochemical characteristics (power density, hydrogen
production rate, etc.). In particular, the selection of suitable
oxygen electrodes is currently of great importance for fabri-
cating low- and intermediate-temperature electrochemical
systems, including PCFCs, PCECs and rPCCs.25–27 There is
a signicant number of publications on the design of suitable
oxygen electrodes, as systematically detailed in the following
works.28–31 Among the various classes of electrodes, herein, we
focus on the interesting group of oxides based on lanthanide
nickelates.
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Portugal. He has been engaged
in R&D in the elds of Materials
Science & Engineering and Solid
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Fig. 1 Idealized representation of the crystal structures of An+1BnO3n+1

Ruddlesden–Popper phases.
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The oxide Ln2NiO4+d (Ln ¼ La, Nd, and Pr) materials having
a layered structure belong to the Ruddlesden–Popper (RP)
family with the general formula An+1BnO3n+1, where n $ 1, A is
a rare-earth or alkaline-earth element and B is a transition
metal.32 The properties of Ln2NiO4+d such as excellent oxygen
diffusion coupled with high surface exchange coefficients and
reduced thermal expansion coefficients (TECs) have resulted in
their wide application in solid oxide electrochemical cells,
including that based on ZrO2,33,34 CeO2,35,36 and LaGaO3 (ref. 37
and 38) oxygen-conducting electrolytes, and proton-conducting
analogues. It should be noted that Ln2NiO4+d oxides are
considered to show triple-conducting behaviour when protonic
transport exists simultaneously with oxygen-ionic and elec-
tronic transportation.39 Since this feature can affect the target
parameters of electrochemical systems based on proton-
conducting electrolytes, it should be analysed in detail. There-
fore, this review work is devoted to revealing the application
peculiarities of nickelates in PCECs, PCFCs and rPCCs and
identifying future strategies for the improvement of their effi-
ciency and performance.
Fig. 2 Crystal structures of A2BO4 phases (A ¼ Ln and B ¼ Ni) with
tetragonal (center) and orthorhombic (right) lattice symmetry. The a–c
projection of the tetragonal lattice (left) illustrates the positions of the
interstitial oxygen ions.
2. Structure and defect chemistry of
Ln2NiO4+d

2.1. Crystal structure and oxygen nonstoichiometry

Ln2NiO4+d nickelates belong to a series of perovskite-related
layered compounds with the general formula An+1BnO3n+1,
which are referred to as Ruddlesden–Popper (RP) phases.40,41

The RP structure is built of consecutive perovskite-type (ABO3)n
blocks alternating with rock-salt-type AO layers along the c
crystallographic axis (Fig. 1). Its formula can be represented as
(AO)(ABO3)n, where n is the number of connected layers of
vertex-sharing BO6 octahedra. Ln2NiO4+d and its derivatives are
n¼ 1 members of the homologous RP-type nickelate series. Due
to their structural similarities, this type of material is
also referred to as K2NiF4-type phases. In the stoichiometric
Ln2

3+Ni2+O4
2� compounds, the A-site Ln cations positioned at

the boundary of two types of layers are coordinated by 9 oxygen
ions, while the B-site Ni cations are located in the center of
octahedra formed by 6 oxygen anions. The NiO6 octahedra share
corners in the a–b plane, forming a 2-dimensional network.

The characteristic feature of the Ln2NiO4+d phases is the
possibility to accommodate variable oxygen excess of up to d �
0.25–0.30 in the case of Ln ¼ La,42,43 which is required for the
stabilization of the RP-type A2BO4 structure. The structural
stability of A2BO4 phases is governed by the bond length
matching between the perovskite and rock-salt-type layers,
which can be rationalized by the Goldschmidt tolerance
factor:41,42,44–47

t ¼ rLn þ rOffiffiffi
2
p ðrNi þ rOÞ

(1)

where r is the ionic radii of cations and oxygen in the appro-
priate coordination.

Empirically, the tetragonal RP-type A2BO4 (or K2NiF4-type)
structure is stable over the approximate range of 0.85 < t <
156 | J. Mater. Chem. A, 2021, 9, 154–195
1.00.41,44–46 The perfect matching of two layer types will yield
a tolerance factor of t ¼ 1, while any deviation in the t value
implies a buildup of internal stress in the a–b plane of the
crystal lattice.42,45,47 The ionic radii of rare-earth cations are
smaller than the ideal rA of �1.56 Å (estimated employing
Shannon's radii).48 The calculated t ¼ 0.885 in the case of stoi-
chiometric La2NiO4+d means that the La–O bonds are under
tensile stress and the Ni–O bonds are under compressive stress.
Incorporation of interstitial oxygen ions into the rock-salt-type
LaO layers relaxes the structure due to several factors as
follows:42,47,49,50 (i) an increase in the average Ln–O bond length
as a result of an increase in the Ln cation coordination; (ii)
electrostatic repulsion of intercalated oxygen ions, leading to
the same effect; and (iii) shortening of the average Ni–O bond
length due to the partial oxidation of nickel cations as a result of
the following charge compensation:

2Ni�Ni þ 0:5O2
�������! �������TY;pO2[

T[;pO2Y
2Ni

�

Ni þO
00
i (2)

with electroneutrality condition
This journal is © The Royal Society of Chemistry 2021
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�
Ni

�

Ni

� ¼ 2
h
O
00
i

i
or p ¼ 2d (3)

where p is the concentration of electron holes.
Due to geometric constraints, only three rare-earth cations

can form RP-type Ln2NiO4+d compounds in the undoped form,
i.e. lanthanum, praseodymium and neodymium. The oxygen
excess, d, in these phases reversibly decreases on heating or
reducing the oxygen partial pressure as a result of oxygen release
from the lattice and reduction of Ni cations via reverse reaction
(2), but is frozen at temperatures below �350 �C (ref. 51–54) due
to kinetic reasons. High-temperature pO2–T–d diagrams and their
analysis can be found in ref. 55–65. At elevated temperatures,
Ln2NiO4+d has a tetragonal structure with the space group
I4/mmm55,66,67 (Fig. 2) and interstitial oxygen ions in the�
1
4
;

1
4
;

1
4

�
positions in the unit cell.68 A common view is that

on cooling in air, the effect of intercalation of interstitial oxygen
ions becomes insufficient for the release of internal strains in the
tetragonal lattice due to the different thermal expansion of the
Ln–O and Ni–O bonds. Consequently, the mismatch between the
bond lengths in the perovskite and rock-salt-type layers is addi-
tionally released by titling the NiO6 tetrahedra, leading to
a symmetry reduction to orthorhombic symmetry (or even
monoclinic).69,70 Aspera et al.71 suggested that increasing the
concentration of interstitial oxygen in rock-salt-type LnO layers
may be amajor factor contributing to the change in structure: the
interstitial oxygen ions repulse the neighboring apical oxygen
ions in the perovskite layers, thus causing tilting of the octa-
hedra. Different space groups have been proposed to describe the
orthorhombic lattice of air-equilibrated nickelates (Fig. 2),
including Fmmm53,67,68,70,72–74 for La2NiO4+d, Fmmm73–75 and
Bmab72,75 for Pr2NiO4+d, and Fmmm,72,76–78 Abma76 and Bmab53,79 for
Nd2NiO4+d. Although praseodymium exists in a mixed 3+/4+
oxidation state in binary PrOx oxides under oxidizing conditions,
analysis of the XANES spectra collected at 25–700 �C demon-
strated that the Pr cations retain only the 3+ state in the Pr2NiO4+d

structure in air.80

The ionic radius of the Ln3+ cations decreases in the
sequence La > Pr > Nd,50 leading to a corresponding increase in
oxygen excess content necessary to compensate the structural
strain under identical conditions,53,81–83 and also a shi of the
orthorhombic–tetragonal transition to a higher temperature.
For air-equilibrated Ln2NiO4+d, the reported values of d at room
temperature increase from 0.15–0.18 for Ln ¼ La43,49,66,67,72,73,84,85

to 0.20–0.24 for Ln ¼ Pr49,54,72,73,84 and to 0.22–0.28 for Ln ¼
Nd.49,72,76,77,86,87 The orthorhombic-to-tetragonal transition on
heating in air was reported to occur at �50–150 �C in air-
equilibrated La2NiO4+d,53,66,67,72,84 420–450 �C in Pr2-
NiO4+d,49,54,72,84 and 520–620 �C in Nd2NiO4+d.49,53,72,76,78,86,88,89 In
the case of Pr2NiO4+d and Nd2NiO4+d, this reversible structural
transformation is accompanied by a discrete change in the
oxygen nonstoichiometry and occurs when d in the ortho-
rhombic modication is decreased to a certain level by 0.175–
0.20 for Pr2NiO4+d (ref. 54, 72 and 90) and 0.135–0.155 for
Nd2NiO4+d.72,91 Consequently, the temperature of the transition
decreases with reducing pO2.54,72,76,88,90,91 In La2NiO4+d (d$ 0.15),
This journal is © The Royal Society of Chemistry 2021
an orthorhombic-to-tetragonal transition occurs at reduced
temperatures when oxygen exchange is kinetically frozen, but
the temperature of this transition increases with an increase in
the frozen-in d value.55,66

In addition to interstitial oxygen ions, oxygen defects
important for transport and electrocatalytic properties include
oxygen vacancies in the perovskite layers of the RP-type struc-
ture. Oxygen vacancies may form due to intrinsic Frenkel-type
disorder

O�O5V
��

O þO
00
i (4)

or as a result of modications of the cation composition as
discussed below.

2.2. A-site deciency and Ln2NiO4+d-based solid solutions

Similar to ABO3 perovskites, the RP-type A2BO4 structure is very
exible to the introduction of A-site cation deciency and
various substitutions in both sublattices, with effects on struc-
tural properties, oxygen nonstoichiometry, ionic and electronic
transport, electrocatalytic activity, and other relevant proper-
ties. The reported solubility of selected cations in the A and B
sublattices of Ln2NiO4+d is summarized in Table 1. However, the
existing range of Ln2NiO4+d-based solid solutions is not limited
to individual doping in the Ln or Ni sites, but also includes
a variety of co-substitutions in one or both sublattices.

2.2.1. A-site cation deciency. Available literature data
indicates that the Ln2NiO4+d structure can tolerate a certain
concentration of cation vacancies in the Ln sublattice. The
formation of Ln2�xNiO4�d solid solutions was reported up to x¼
0.15 for Ln ¼ La,51,85,122–124 x ¼ 0.30 for Ln ¼ Pr,75,92 and x ¼ 0.10
for Ln ¼ Nd,53,87,125,126 although a detailed phase and structural
analysis was not always provided. Formation of A-site decient
nickelates may also be affected by the employed synthetic
procedure. In particular, the presence of phase impurities was
reported for La2�xNiO4+d (x$ 0.02–0.03)127,128 and Pr2�xNiO4+d (x
¼ 0.10 and 0.20).75

An increase in the concentration of Ln vacancies was re-
ported to gradually decrease the oxygen hyperstoichiometry in
the lattice,51,75,85,87,126 eventually leading to oxygen deciency
even in air.51,53 However, room-temperature neutron diffraction
studies of Pr2�xNiO4+d demonstrated that an increase in
praseodymium deciency results in an increase in the concen-
tration of oxygen vacancies in the perovskite layer, in the
equatorial and, preferentially, apical positions, while the
concentration of interstitial oxygen remains essentially
unchanged.75 Thus, the introduction of cation vacancies into
the A-sublattice of Ln2NiO4+d is charge compensated preferen-
tially by the formation of oxygen vacancies, implying the
importance of Frenkel disorder in these phases, and the full
electroneutrality condition can be expressed as

3
h
V
00 0
Ln

i
þ 2

h
O
00
i

i
¼ �

Ni
�

Ni

�þ 2
�
V

��

O

�
or p ¼ 3xþ 2d; (5)

where d ¼ ½O00i � � ½V
��

O� , and V
00 0
Ln denotes Ln vacancy.

2.2.2. Mutual solubility. The full range of solid
solutions was reported to exist in La2NiO4+d–Pr2NiO4+d,73,83,93,129

La2NiO4+d–Nd2NiO4+d,89 and Pr2NiO4+d–Nd2NiO4+d (ref. 74 and
J. Mater. Chem. A, 2021, 9, 154–195 | 157
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Table 1 Reported solubility of substituting cations in the A- and B-sublattices of Ln2NiO4+d under oxidizing conditionsa

Ln2�xAxNiO4�d

Ln ¼ La Ln ¼ Pr Ln ¼ Nd

x Ref. x Ref. x Ref.

V
00 0
Ln

0.15 (max) 51 0.30 92 0.10 53
La — 2.0 73, 83 and 93 2.0 89
Pr 2.0 73, 83 and 93 — 2.0 74 and 94–96
Nd 2.0 89 2.0 74 and 94–96 —
Sm 1.1 97
Ca 0.6 (max) 98 0.7 101 0.6 (max) 79

0.3 < x(max) < 0.4 99 and 100 0.5 (max) 102 0.5 (max) 78
1.0 103

Sr 1.6 (max) 104 and 105 1.6 106 and 107 1.6 108
1.5 (max) 98 1.67 104

Ba 1.0 109 0.4 110 0.6 (max) 79
1.1 (max) 98

Ln2Ni1�yMyO4+d

Ln ¼ La Ln ¼ Pr Ln ¼ Nd

y Ref. y Ref. y Ref.

Cu 1.0 111–114 0.4 (max) 111 0.3 (max) 115 and 116
0.5 45

Co 0.20 (max) 97 and 117 0.1 118 0.1 119
Fe 0.10 120 and 121 0.1 52 0.1 119
Mn �0.1 119

a “Max” indicates the identied solubility limit in a given report.
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96) pseudobinary systems, which is expected considering the
structural identity between the parent materials. Changing the
fractions of two Ln cations in the A sublattice leads to a gradual
change in the structural properties, oxygen nonstoichiometry
and temperature of the orthorhombic-to-tetragonal transition
on heating, in agreement with the properties of individual
Ln2NiO4+d compounds. In the case of La2�xPrxNiO4+d solid
solutions, the oxygen nonstoichiometry, d, at temperatures
above �400 �C was observed to exhibit a rather weak depen-
dence on the praseodymium content up to x � 1.5, and then
decreased rapidly.93,129 Contrary to other studies, Vibhu et al.70

recently reported the existence of a biphasic region in the
La2�xPrxNiO4+d system at x ¼ 0.5–1.0 based on room-
temperature high-resolution synchrotron and neutron powder
diffraction data.

2.2.3. A-site substitutions by alkaline-earth cations. RP-
type nickelates form a wide range of Ln2�xAxNiO4+d solid solu-
tions, where A ¼ Ca,53,78,79,99–102,109,130–132

Sr56–58,79,83,105,106,108,109,133–149 or Ba.79,98,109,110 As a common effect, an
increase in x results in a gradual decrease in oxygen content
from excess (x # 0.3–0.4) to oxygen stoichiometry (d z 0 for
intermediate x) and eventually to oxygen deciency (x $ 1.0).
This is accompanied by a decrease in the orthorhombic-to-
tetragonal transition temperature (below room temperature
for x $ 0.1–0.3),78,79,101,102,110,130,132,141,143,144,146,147,149,150 a gradual
increase in Ni3+ concentration,57,83,98,105,134,136,151 and even the
formation of Ni cations in the formal 4+ oxidation state for A-
rich compositions.98,105,108,145,152 Thus, acceptor-type doping by
158 | J. Mater. Chem. A, 2021, 9, 154–195
alkaline-earth cations is charge compensated by a decrease in
interstitial oxygen concentration and the formation of electron
holes and oxygen vacancies (Fig. 3). The full electroneutrality
condition is given byh

A
0
Ln

i
þ 2

h
O
00
i

i
¼ �

Ni
�

Ni

�þ 2
�
Ni

��

Ni

�þ 2
�
V

��

O

�
or p ¼ xþ 2d

(6)

where p ¼ ½Ni�Ni� þ 2½Ni��Ni�, d ¼ ½O00i � � ½V��
O�, and O

00
i and V��

O

prevail for small and large A-cation fractions, respectively.
The solubility of alkaline-earth cations decreases in the

sequence Ca < Ba < Sr (Table 1), in agreement with consider-
ations of the tolerance factor, t, (eqn (1)) and stability of the
A2BO4 structure.98 Sr2+ has a slightly higher ionic radius than
that of Ln3+ (coordination number of A-site cations in the
idealized Ln2NiO4 structure is 9).48 Therefore, the incorporation
of strontium into the Ln sites effectively releases the tensile
stress in the Ln–O bonds, and Sr cations may occupy up to �5/6
sites in the A sublattice of Ln2�xAxNiO4+d. The ionic radius of
Ca2+ is between that of La3+ and Nd3+ and is similar to the ionic
radius of Pr3+ (ref. 50), thus having the opposite, but compar-
atively small steric effect on the RP lattice for different Ln. In
combination with the shortening of the Ni–O bond lengths due
to gradual Ni2+ / Ni3+ oxidation, this results in the compara-
tively limited solubility of calcium in the A-sublattice. Finally,
large Ba2+ cations48 are even more effective than Sr2+ for
releasing the tensile stress in the rock-salt-type layers; however,
the tolerance factor reaches the upper limit of t ¼ 1 at a lower
concentration compared to the Sr-substituted counterparts.
This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Trends in the variation of oxygen nonstoichiometry 4 + d,
electron–hole concentration, p, and electrical conductivity, s, with
strontium content, x, in Ln2�xSrxNiO4+d systems at 700 �C. The
experimental data on oxygen nonstoichiometry and electrical
conductivity are from ref. 56, 59, 108, 142, 145 and 148. The electron–
hole concentration is calculated using eqn (6). Note that s of the Sr-
rich compositions is undervalued due to the porosity of samples and
microcracking effects.108,145
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The level of A-site doping and, consequently, the level of
oxygen content has an impact on the variations of oxygen
nonstoichiometry with temperature and pO2 within the phase
stability domain of RP-type Ln2�xAxNiO4+d phases at tempera-
tures above �400 �C as follows:56–59,81,106,108,131,139,140,142,145,153–155

(i) Oxygen-hyperstoichiometric phases (d > 0 in air). These
compositions behave similarly to the parent nickelates. The
oxygen content decreases on heating and with a reduction in
oxygen partial pressure, but the materials maintain oxygen
excess.

(ii) Oxygen-stoichiometric and nearly stoichiometric phases (d �
0 in air). These materials demonstrate negligible d variations
upon thermal and pO2 cycling under oxidizing conditions, but
tend to exhibit moderate temperature-dependent oxygen de-
ciency at reduced oxygen pressures. Specically, increasing x
suppresses the formation of interstitial oxygen under oxidizing
conditions and promotes the formation of oxygen vacancies
under reducing conditions.

(iii) Oxygen-decient solid solutions (d < 0 in air). Oxygen
deciency increases on heating and with a decrease in oxygen
partial pressure. These phases tend to exhibit a structural
transformation to a distorted orthorhombic structure (space
group Immm) under moderately reducing conditions (e.g. pO2 �
This journal is © The Royal Society of Chemistry 2021
10�5 atm) accompanied by ordering in the oxygen sublattice
and substantial dimensional changes.108,155 Besides, A-rich
phases exhibit strongly anisotropic thermochemical expan-
sion, which complicates high-temperature ceramic
processing.108,138,145

2.2.4. B-site substitutions by transition metal cations. The
formation of a full range of solid solutions with orthorhombic
or tetragonal structure was reported for the La2NiO4+d–La2-
CuO4+d pseudobinary system.111–114,156 Due to the stable 2+
oxidation state of the copper cations under oxidizing condi-
tions, increasing y in La2Ni1�yCuyO4+d results in a gradual
decrease in oxygen excess in the lattice,113,156,157 down to d# 0.01
for y ¼ 0.4–0.8 at room temperature.156 Since Cu2+ has a larger
ionic radius than that of Ni2+ (coordination number of B-site
cations in the idealized Ln2NiO4 structure is 6),48 increasing
the B–O bond length and a decrease in d as a result of Cu
substitution decrease the tolerance factor111 and destabilize the
RP-type A2BO4 structure. This leads to the limited solubility of
the copper cations in the nickel sublattice of praseodymium
and neodymium nickelates, i.e. y ¼ 0.4–0.5 for Pr2Ni1�yCuyO4+d

(ref. 45, 111, 158 and 159) and y ¼ 0.3 for
Nd2Ni1�yCuyO4+d.87,115,116

Other transition metal cations (such as Co, Fe, Mn, Cr, and
Ti) tend to exhibit higher oxidation states in oxide compounds
under oxidizing conditions, and therefore have very limited (if
any) solubility in the nickel sublattice of Ln2NiO4+d. The solid
solubility range of cobalt in La2Ni1�yCoyO4+d was found to be
limited to y ¼ 0.2 in air,97,117,160 although it can be extended
under reducing conditions.97,117 The conrmed solubility of
cobalt cations in Ln2Ni1�yCoyO4+d (Ln ¼ Pr and Nd) and iron
cations in Ln2Ni1�yFeyO4+d (Ln ¼ La, Pr, and Nd) is only 10
at%.52,60,118–121,161 Miyoshi et al.162 reported the results of oxygen
permeation studies of La2Ni0.8Fe0.2O4+d and Pr2Ni0.8M0.2O4+d

(M ¼ Co, Fe, and Mn), but did not present a detailed analysis
of the XRD data, and thus their phase purity is
questionable. Phase impurities were detected in the XRD
patterns of Nd2Ni0.9Mn0.1O4+d,119 La2Ni0.9M0.1O4+d (M ¼ Ta and
V),163,164 and La2Ni1�yMoyO4+d (y ¼ 0.0125–0.05).165

The impact of partial substitution of nickel by cobalt or iron
in Ln2NiO4+d in terms of defect chemistry is an increase in the
concentration of interstitial oxygen and electron
holes.60–62,97,120,121,160,161 The corresponding electroneutrality
condition is

�
Ni

�

Ni

�þ �
M

�

Ni

� ¼ 2
h
O
00
i

i
or p ¼ 2d; (7)

where p ¼ ½Ni�Ni� þ ½M�
Ni�.

In the La2Ni0.9M0.1O4+d series, d was found to increase in the
sequence M ¼ Cu < Ni < Co < Fe.61,62,65,120,121 A similar tendency
was observed for B-site-doped Pr2NiO4+d.52

The solid solubility of transition metal cations in the nickel
sublattice of Ln2NiO4+d under oxidizing conditions can be
substantially expanded by co-substitutions with alkaline earth-
cations into the Ln sublattice. In that case, donor-type doping
into the B sublattice is partially charge-compensated by
acceptor-type doping in the A sublattice. This leads to a complex
interplay between the cation composition, oxygen
J. Mater. Chem. A, 2021, 9, 154–195 | 159
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nonstoichiometry, transport and electrochemical properties.
The reported examples of co-substitutions include
La2�xSrxNi1�yMyO4+d (M ¼ Co, Fe, Mn, Ti, and Mo),45,165–174

La2�xCaxNi1�yMyO4+d (M ¼ Fe),131 Nd2�xSrxNi1�yMyO4+d (M ¼
Cu and Co),175,176 and Pr2�xSrxNi1�yMyO4+d (M ¼ Co, Mn).177,178

The solubility of the transition metal typically increases with an
increase in the fraction of alkaline-earth cation in the A-
sublattice, and in the case of Co or Fe, may reach the entire
range of B-site concentrations.170,172,174–176

The synthesis of Cr-doped (Ln,A)2Ni1�yCryO4+d (A – alkaline-
earth cation) is only possible at reduced oxygen pressures,
under an argon atmosphere.179–184 As an exception, Ishihara
et al.185 reported the preparation of Pr2Ni0.75Cu0.20M0.05O4+d (M
¼ Cr and V) in air, but without accurate structural studies.

2.2.5. B-site substitutions by other metal cations. The data
on other B-site substitutions are rather scarce, and in many
cases, accurate analysis of the phase composition and structural
data are not available.

Ye and Hertz186 reported that Mg2+ can substitute into the
nickel sublattice up to y¼ 0.3 in La2Ni1�yMgyO4+d and y¼ 0.2 in
La1.85Ni1�yMgyO4+d, and that the solubility can be further
extended by strontium co-substitution into the lanthanum
sublattice. Zhang et al.38 conrmed that La2Ni1�yMgyO4+d is
formed at least in the range 0 # y # 0.1. The formation of
La1.7Sr0.3Ni1�yMgyO4+d (y ¼ 0–0.5) was reported by Meeporn
et al.187 On the other hand, Klande et al.163 failed to prepare
single-phase La2Ni0.9Mg0.1O4+d.

Ganguli et al.123 reported the formation of Zn-substituted
La1.9Ni0.9Zn0.1O4+d and La1.9Sr0.1Ni0.9Zn0.1O4+d, while Silva
et al.188 claimed the zinc solubility of up to 40 at% in the nickel
sublattice.

The conrmed solubility of aluminum in La2Ni1�yAlyO4+d

corresponds to 5 at% in the nickel sublattice,189,190 while
La2Ni0.9Al0.1O4+d was reported to comprise of secondary
phases.163 Surprisingly, donor-type doping by Al3+ was found
to reduce the oxygen excess in La2Ni0.95Al0.05O4+d compared
to the parent nickelate.189

The formation of the full range of LaSrNi1�yGayO4�d (y ¼ 0–
1.0) solid solutions with a tetragonal structure was reported by
Reinen et al.,191 whereas the solid solubility of scandium in
LaSrNi1�yScyO4+d was found to be limited to y ¼ 0.2.192 Zhang
et al.193 also reported the formation of single-phase
La1.9Ni0.45Cu0.45Sc0.1O4�d.

The synthesis of La2Ni0.9Zr0.1O4+d was attempted in ref. 163
but the product contained La2Zr2O7 impurity.

The membrane screening tests by Miyoshi et al.162

included oxygen permeation studies of Pr2Ni0.8Zn0.2O4+d and
Pr2Ni0.9M0.1O4+d (M ¼ Mg, Al, and Ga), but the reported infor-
mation is insufficient to conclude about the phase purity of the
samples. A number of works focused on investigating the
oxygen permeability or electrochemical properties of
co-substituted phases in the (Ln1�xAx)2�aNi1�y�zCuzMyO4+d

(Ln ¼ Pr or Nd; A ¼ La or Sr; M ¼ Al, Ga, In, Zr; x ¼ 0–1.0,
a ¼ 0–0.10, y ¼ 0–0.10)185,194–200 series. The compositions were
claimed to be phase-pure or to contain minor phase impurities,
which were ignored. In most cases, again, the quality of the
160 | J. Mater. Chem. A, 2021, 9, 154–195
provided XRD data is not sufficient to accurately conclude about
the solid solubility limits of the dopant cations M.

2.2.6. Sm2NiO4+d-based solid solutions. As mentioned
above, undoped Ln2NiO4+d exists only for Ln ¼ La, Pr and Nd.104

Sm3+ cations are too small to form the Sm2NiO4+d compound.
However, the formation of Sm2NiO4+d-based solid solutions is
possible if an appropriate larger cation is incorporated into the
Sm sublattice to increase the tolerance factor.

Sm2�xLaxNiO4+d solid solutions with a tetragonal structure
were reported to form in the concentration range of 0.9 # x #

2.0.97 Changing the lanthanum content was observed to have
a negligible impact on the low-temperature oxygen non-
stoichiometry: for all the compositions, d varied between 0.11
and 0.13 at room temperature.

Sm2�xSrxNiO4+d solid solutions exist in a wide range of
strontium contents from x ¼ 0.4–0.5 up to x ¼ 1.67 (i.e. 5/6 sites
in the Sm sublattice).104,143,201–204 As in the case of other Ln series,
increasing the Sr content decreases the temperature of the
orthorhombic-to-tetragonal transition. At room temperature,
the structure changes from orthorhombic for x ¼ 0.5–0.7 to
tetragonal for x ¼ 0.8–1.67.104,143,204 Under these conditions,
Sm2�xSrxNiO4+d is nearly oxygen-stoichiometric for x ¼ 0.5–1.0
and tends to exhibit oxygen deciency at higher Sr concentra-
tions, while the average Ni oxidation state increases mono-
tonically with x.202

2.2.7. Modications of the oxygen sublattice. Doping into
the oxygen sublattice of Ln2NiO4+d remains an unexplored area,
although additional anionic defects certainly may affect the
crystal structure, defect chemistry and transport properties.
Only a few studies can be found on this topic. Bhat et al.205

attempted uorination of oxygen stoichiometric La2NiO4 at
150 �C. They found that the amount of uorine entering the
bulk of the samples is small, but results in a transformation
from orthorhombic to tetragonal structure. Elongation along
the c-axis upon uorination was interpreted as the incorpora-
tion of interstitial species. Arbuckle et al.206 prepared uori-
nated Nd2�xSrxNiO4+dFy (x ¼ 0, 0.5, and 1.0) with the uorine
content changing from y� 0.018 for x¼ 0 to y� 0.08 for x¼ 1.0.
Fluorination was observed to have an impact on the crystal
lattice parameters. Contrary to Nd2NiO4+d, the uorinated
counterpart showed no evidence of phase transition in the
temperature range of up to 700 �C (upper limit of thermal
stability of the prepared materials). Tarutin et al.207 reported the
synthesis and characterization of Nd1.9Ba0.1NiO4+dFg (g ¼ 0–
0.10) solid solutions with an orthorhombic structure. The
incorporation of uorine was found to have only a minor effect
on the structural parameters but results in a gradual decrease of
oxygen content in the lattice, whereas the overall anion content
(4 + d + g) remained nearly constant. Wissel et al.208 prepared
and characterized the La2NiO3F2 composition derived from the
polymer-based uorination of the La2NiO4+d parent phase. The
XRD technique combined with 19F magic-angle spinning NMR
spectroscopy allowed the localization of the uorine ions to be
determined. Particularly, it was found that the uoride ions
occupied the apical anion sites, whereas the oxide ions are
located in the interstitial sites. Nowroozi et al.209 studied
a uorine-containing nickelate for utilization in all-solid-state
This journal is © The Royal Society of Chemistry 2021
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uoride ion batteries (FIB). They demonstrated that La2NiO4+d

(d ¼ 0.13) can accumulate a large amount of uorine ions
during FIB charging at 170 �C, with the formation of highly-
uorinated La2NiO4.13F1.59 with nearly full occupation of the
interstitial sites in the rock-salt-type layers by anions. The latter
phase has an orthorhombic structure (space group Fmmm) with
a unit cell signicantly elongated along the c-axis (c � 15.2 Å
compared to c � 12.7 Å for La2NiO4+d), conrming the incor-
poration of uorine ions into the interstitial sites.
Fig. 5 Low-pO2 stability boundaries of Ln2NiO4+d and
La2�xAxNi1�yMyO4+d nickelates. Literature sources: (a) ref. 212, (b) ref.
211, (c) ref. 63, (d) ref. 222, (e) ref. 58, (f) ref. 223, (g) ref. 120, (h) ref. 214,
(i) ref. 121, (j) ref. 189, (k) ref. 153 and (l) ref. 56.
3. Thermodynamic and chemical
stability of Ln2NiO4+d

The thermal stability of the phases in the pseudobinary
La2O3–NiO system (Fig. 4) increases in the sequence
LaNiO3�d < La4Ni3O10�d < La3Ni2O7�d < La2NiO4+d,210,215–217

consistent with the reduction in the average oxidation
state of the Ni cations from 3+ for LaNiO3 to 2+ for La2NiO4.
La2NiO4+d is the only stable compound in this system at
atmospheric oxygen pressure at temperatures above
�1250 �C (ref. 210 and 215–217) and exists up to the melting
point of 1670–1750 �C.210 Although La2NiO4+d easily forms in
air, and once formed can maintain a phase-pure state at
different temperatures, RP-type Lan+1NinO3n+1 (n ¼ 2 or 3)
and perovskite-like LaNiO3�d appear to be thermodynami-
cally more favorable at temperatures below 900–1100 �C
under ambient pO2. The corresponding pO2-T stability ranges
can be found in available phase diagrams.210,216,217 However, the
transformation of La2NiO4+d into other La–Ni–O phases at
temperatures below 1100 �C is kinetically suppressed.211,217While it
can be promoted by thermal treatments at elevated oxygen pres-
sures (>150 bar) at 825–850 �C,156,216 no evidence of phase
decomposition can be observed aer heating La2NiO4+d for 100 h
in ambient air at different temperatures in the range of 600–
1100 �C.21 However, Amow et al.97,218 demonstrated that La2NiO4+d

does undergo phase decomposition during a longer term: the
formation of a secondary phase (presumably La3Ni2O7�d) was
detected aer heating at 900 �C for two weeks in air. Later, Gau-
quelin et al.219 observed the segregation of nickel-rich La4Ni3O10�d
and La3Ni2O7�d phases on the surface of La2NiO4+d single crystals
aer annealing in air at 1000 �C for 13 days. Furthermore, it was
Fig. 4 T- (a) and pO2- (b) based phase diagrams in the NiO–LaO1.5

oxide systems. Reproduced with permission.210 Copyright 2004,
Elsevier.

This journal is © The Royal Society of Chemistry 2021
found that the decomposition of La2NiO4+d into higher-order RP-
type nickelates is catalyzed and strongly facilitated by contact
with Pt at temperatures$ 800 �C,220,221 thus raising concerns about
the impact of Pt current collectors on the results of electrochemical
studies of La2NiO4+d-based electrodes. No such an effect was
observed in contact with Au current collectors under similar
conditions.220

The stability boundary of La2NiO4+d at reduced oxygen partial
pressures at 600–1300 �C was determined in ref. 56, 211 and 212
and corresponds to pO2 � 10�17–10�15 atm at 800 �C (Fig. 5). A
decrease in oxygen chemical potential below this boundary
results in a reduction to La2O3 and metallic Ni. Moderate
substitutions (5–20 at%) in the B-sublattice by other transition
metal cations (Fe, Co, and Cu)120,121,213,214 or aluminum189 have a
rather minor effect of the low-pO2 stability limits at 600–1000 �C
(Fig. 5). Nakamura et al.56 studied the La2�xSrxNiO4�d (x¼ 0–0.4)
system at 600–900 �C and observed only a slight shi in the low-
p(O2) stability boundary towards more oxidizing conditions
caused by Sr doping for x ¼ 0.2–0.4. Similar results were ob-
tained by Kim et al.153 for La1.9Sr0.1NiO4+d and La0.9Ca0.1NiO4+d

at 800–1000 �C.
No information on the possible instability of Nd2NiO4+d

under oxidizing conditions can be found in the literature.
Petrov et al.211 indicated that the low-pO2 stability limits of
J. Mater. Chem. A, 2021, 9, 154–195 | 161

https://doi.org/10.1039/d0ta08132a


Journal of Materials Chemistry A Review

Pu
bl

is
he

d 
on

 0
8 

de
ce

m
be

r 
20

20
. D

ow
nl

oa
de

d 
on

 2
02

5-
01

-2
3 

08
:2

3:
46

. 
View Article Online
Nd2NiO4+d are close to the NiO/Ni boundary. Later, Naka-
mura et al.58 evaluated the Nd2�xSrxNiO4+d (x ¼ 0–0.4) system
at 600–900 �C and conrmed that the stability boundary of
undoped Nd2NiO4+d is close to that of nickel oxide (Fig. 5),
and, similar to the La2�xSrxNiO4�d system, the substitution
of Nd by Sr has no substantial effect on the stability limits
under reduced oxygen pressures.

Thus, electrode materials derived from Ln2NiO4+d (Ln ¼ La
or Nd) can be expected to remain tolerant towards reductive
decomposition under the typical conditions of oxygen electrode
operation, even under very high cathodic polarisation.

The low-p(O2) stability boundary of Pr2NiO4+d (Fig. 5) is
between that of La2NiO4+d and Nd2NiO4+d,222 while partial
substitutions in the nickel sublattice were reported to shi the
stability limits of Pr2Ni0.9Fe0.1O4+d and Pr2Ni0.8Cu0.2O4+d to
more oxidising conditions.52 Contrary to its La- and Nd-based
counterparts, the Pr2NiO4+d phase easily decomposes in the
high-p(O2) region. Sullivan et al.222 were the rst to show that
Pr2NiO4+d undergoes a transformation into Ruddlesden–Popper
Pr4Ni3O10�d and PrOy when exposed to oxidising conditions
below a certain temperature (e.g. below �1030 �C in pure
oxygen) (Fig. 6). The instability of the Pr2NiO4+d lattice at higher
oxygen pressures was conrmed and assessed in more detail in
subsequent studies.52,75,224–229 Pr2NiO4+d, which is stable in air at
T $ 925 �C, can be rapidly quenched down to low tempera-
tures.52,225 Thermal treatments at T # 900 �C result in a revers-
ible decomposition into a mixture of praseodymium oxide PrOy,
Ruddlesden–Popper Pr4Ni3O10�d and perovskite-like PrNiO3.
Ruddlesden–Popper Pr4Ni3O10�d is a dominant nickel-
containing product at 800–900 �C,75,224–226 while PrNiO3 forms
preferentially at lower temperatures # 700 �C.228,229 Although
the decomposition kinetics is very slow at 580–600 �C (lowest
temperature at which the oxidative decomposition was
Fig. 6 Approximate stability domain of RP-type Pr2NiO4+d. The liter-
ature data on low- and high-pO2 stability limits was taken from Sulli-
van,222 Kovalevsky52 and Sakai.95 The data on the high-pO2 stability
boundary of (Pr0.9La0.1)2Ni0.74Cu0.21Ga0.05O4+d ((PL)2NCG) was from
Xue.230

162 | J. Mater. Chem. A, 2021, 9, 154–195
observed),75,228,229 it accelerates with temperature, particularly
above 700 �C.96

The stability eld boundary of the Pr2NiO4+d lattice is inter-
related with the overstoichiometric oxygen content. Partial
substitution of nickel by copper was found to decrease d and
expand the stability eld in air to lower temperatures, while
doping by iron in the Ni sublattice led to the opposite effect.52

However, B-site substitutions have a rather negligible effect on
the stability from a practical point of view.52,111,118,199,230 A more
effective approach, involving the suppression of excess oxygen
and stabilisation of the Pr2NiO4+d phase under oxidising
conditions, is the substitution of praseodymium by alkaline-
earth cations. In particular, Pr2�xCaxNiO4+d solid solutions are
reported to be stable in air when x $ 0.3 for at least 250 h at
850 �C.101 Moreover, no evidence of phase separation under
oxidizing conditions was observed for Pr1.35Sr0.65Ni0.75Co0.25-
O4+d (ref. 177) and heavily Sr-doped Pr2�xSrxNiO4+d (x ¼ 1.0–
1.6).106,107 The incorporation of cation vacancies into the
praseodymium sublattice was suggested as a possible alterna-
tive to decrease the oxygen excess and expand the stability
eld.230 Yet another strategy involves the substitution of
praseodymium by lanthanum or neodymium with the forma-
tion of (Pr1�xLnx)2NiO4+d solid solutions.94–96,228,229 However, it
was found that full stabilisation requires the substitution of up
to 75% of praseodymium cations.96,228,229 Although the inter-
mediate compositions with x � 0.5 were reported to be stable in
the short term (#100 h scale),94,95 they decomposed in the
course of long-term thermal treatments (a month scale).96,228,229

Ln2NiO4+d-derived ceramic materials demonstrate good
stability in the presence of steam or carbon dioxide in the gas
phase at elevated temperatures. In particular, no degradation of
the electrical conductivity of Ln2NiO4+d (Ln ¼ La, Pr, and Nd)
and LaSrNiO4 ceramics in moist air, pH2O ¼ 0.03 atm, was
observed at 25–630 �C.81 Water partial pressures of up to 0.3 atm
were reported to have no detrimental effect on the conductivity
of Pr2NiO4+d ceramics at temperatures # 700 �C.231 Li et al.232

reported the phase stability of Pr2NiO4+d powder in a 40%
steam/60% air mixture at 700 �C (24 h) and the absence of
degradation of electrical conductivity of Pr2NiO4+d ceramics in
a 60% steam/40% air atmosphere at 700 �C (>7 h test). The TGA-
MS experiments performed by Egger et al.86 did not reveal any
signicant inuence of humidity or carbon dioxide on the
oxygen exchange properties of Nd2NiO4+d in air containing�1%
of H2O or 5% of CO2 at 500–900 �C. Upasen et al.233 exposed
Ln2NiO4+d (Ln ¼ La, Pr, and Nd) ceramics to harsher treatment
conditions, consisting of high steam pressure of 40 bar, both
with and without CO2 gas dissolved in water, at 550 �C for 5
days. The presence of secondary phases originating from
undesirable hydroxylation and carbonation in the course of the
treatment was detected only in the near-surface layers, while the
Nd2NiO4+d ceramics exhibited the highest structural, mechan-
ical and chemical stability under these conditions. When pure
CO2 was used as the sweep gas, the phase stability upon expo-
sure to CO2 and the absence of oxygen permeation ux degra-
dation through mixed-conducting Ln2NiO4+d-based ceramic
membranes were demonstrated in numerous studies conduct-
ed at 750–950 �C.163,234–239 At the same time, excessive doping by
This journal is © The Royal Society of Chemistry 2021
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Fig. 7 Electrical conductivity of Ln2NiO4+d ceramics in air. The data is
from Boehm53 and Pikalova.82
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alkaline-earth cations into the Ln sublattice may deteriorate
the stability of CO2, as was demonstrated in the case of
(La1�xCax)2(Ni0.75Cu0.25)O4+d for x $ 0.2.237

In addition to chemical stability with respect to the compo-
nents of the gas phase, electrode materials should preferably
exhibit good tolerance towards poisoning by volatile contami-
nants originating from chromium-based interconnects and
silica-based glass-ceramic sealants. The available studies show
that Ln2NiO4+d electrodes exhibit fairly good tolerance with
respect to Cr240–244 or Cr + Si245,246 poisoning in a dry atmosphere.
Lee et al.240 reported that despite La2NiO4+d and Cr2O3 readily
reacting at 1000 �C with the formation of LaNiO3 and LaCrO3,
the polarisation resistance of La2NiO4+d electrodes at 520–
800 �C is insensitive to chromium introduced by
solution inltration for Cr concentrations of up to 0.6 wt%. The
Nd2NiO4+d electrodes did not show an appreciable increase in
polarisation resistance in the presence of gaseous chromium
species at 850 �C and current density of 500 mA cm�2 during
800 h of testing.241 Oxygen surface exchange and electro-
chemical studies demonstrate the better stability of Ln2NiO4+d

compared to Sr-containing perovskite-type electrode mate-
rials242,243,245 due to chromium poisoning being correlated with
the formation of strontium chromate at the surface. At the same
time, deterioration of the electrode performance was observed
due to the acceleration of Cr/Si poisoning as a result of
humidity;243–246 moreover, the negative effect of humidity
becomes stronger when the temperature decreased from 800 �C
to 700 �C.245,246
4. Electrical transport properties of
Ln2NiO4+d-based ceramics
4.1. Electronic conductivity

4.1.1. Undoped Ln2NiO4+d. The electrical conductivity of
Ln2NiO4+d and its derivatives is predominantly p-type elec-
tronic. Undoped Ln2NiO4+d exhibits thermally activated
conductivity in the low-temperature range, but demonstrates
a smooth transition from semiconducting to metallic-like
behavior above 350–500 �C.51,53,57,81,82,86,93,96,97,116,144,156,247–253 The
interpretation of the apparent “semiconductor–metal” transi-
tion is controversial. Goodenough proposed the coexistence of
the localized dz2 electron state and itinerant dx2–y2 electron
states, forming a narrow in-plane sx2–y2 band in La2NiO4.254,255

The transition to semiconducting behavior in the low-
temperature range was interpreted in terms of splitting of the
sx2–y2 band due to antiferromagnetic ordering,254,255 which was
not conrmed, or due to intraatomic exchange interactions with
localized dz2 electrons,45 and also was correlated with an
orthorhombic–tetragonal transition.256 These considerations
did not account for temperature-dependent oxygen non-
stoichiometry. Bassat et al.51,54 noted that the apparent “semi-
conductor–metal” transition coincides with the onset of oxygen
loss on heating, and argued that the decrease in conductivity on
heating in the high-temperature range is caused by a decrease
in oxygen content and the hole concentration. Later, attempts to
model the temperature dependence of electrical conductivity
This journal is © The Royal Society of Chemistry 2021
showed that metallic-like behavior cannot be explained only by
the decrease in the concentration of charge carriers.251,257 In
recent works, Ln2NiO4+d nickelates are discussed as degenerate
p-type semiconductors63,64,258 with metal-like band conduction
in the high-temperature range63,64,142,148,258 and nearly pO2-inde-
pendent hole mobility (0.14–0.25 cm2 V�1 s�1), which slightly
decreases on heating.60,63,142,148,258

As expected for a layered structure, the electrical properties
of Ln2NiO4+d nickelates are highly anisotropic.71,259–261

Bassat et al.260 demonstrated that the electrical conductivity of
La2NiO4+d single crystals along the a–b plane is more than 3
orders of magnitude higher than that along the c-axis at room
temperature. Anisotropic electrical properties were obtained for
textured Nd2NiO4+d ceramics:262 the conductivity along and
across the a–b plane at 500 �C was 270 and 16 S cm�1, respec-
tively, compared to 117 S cm�1 for ceramics with randomly
oriented grains.

The electronic conductivity of Ln2NiO4+d is p-type and
decreases with a reduction in the oxygen partial pressure due to
oxygen release from the lattice and corresponding decrease in
the concentration of electron holes according to eqn
(2).52,57,63,139,140,142,148,258,263 Although there is some scattering in
the reported conductivity values, which is apparently due to
different synthesis techniques and porosity of ceramics, the
electrical conductivity of Ln2NiO4+d ceramics generally vary in
the range of 40–120 S cm�1 in air at 500–
900 �C.51,53,57,81,82,86,93,96,97,116,140,144,148,247–250,252,253 Considering the
relationship between oxygen nonstoichiometry and concentra-
tion of electronic charge carriers, eqn (3), the conductivity of
Ln2NiO4+d can be expected to increase in the sequence La < Pr <
Nd. This was conrmed, in particular, by Pikalova et al.,82

although different relationships were reported in some other
works,53,81,96 as shown in Fig. 7.

It is necessary to highlight that due to the phase instability in
air at 700–900 �C, the reported data on the transport properties
of Pr2NiO4+d in this temperature range are mostly compro-
mised. In fact, phase decomposition to a mixture of Pr4Ni3O10�d
and PrOx on cooling from higher temperatures was found to
J. Mater. Chem. A, 2021, 9, 154–195 | 163
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Fig. 8 Trends in the variation of electronic conductivity in the Ln2-
Ni1�yCuyO4+d and Ln2Ni0.9M0.1O4+d series at 700 �C in air. Literature
sources: Kharton,60,214 Tarutin,157 Boehm,113 Aguadero,114 Amow,97

Klande,270 Nishiyama,250 Wang,116 and Li.119
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result in a sharp increase in electrical conductivity due to the
superior conductivity of RP-type Pr4Ni3O10�d nickelate.52 Thus,
one may expect that reliable data on the electrical properties of
undoped Pr2NiO4+d in air include measurements done using
fresh samples within the stability domain ($925 �C in air) or
quenched samples in a metastable region (up to 600–700 �C in
air). The same considerations relate to solid solutions derived
from Pr2NiO4+d and their respective stability elds.

4.1.2. Effect of A-site deciency. Bassat et al.51,264 reported
that the electrical conductivity of La2�xNiO4�d (x ¼ 0–0.15)
gradually decreases with an increase in the concentration of A-
site cation vacancies. In the case of Nd2�xNiO4�d, the conduc-
tivity in air was found to increase in the sequence x ¼ 0 < 0.10 <
0.05,53 although the conductivity values for the parent material
(x¼ 0) weremuch lower compared to other reports. Therefore, it
can be concluded that A-site deciency is charge-compensated
by a decrease in both oxygen content and, to a lesser extent,
hole concentration (eqn (5)) and results in a decline in elec-
tronic transport.

4.1.3. Mutual solid solutions. In mutual solid solutions,
the electrical conductivity generally varies between that of the
end members of the series. Increasing praseodymium content
in La2�xPrxNiO4+d was found to enhance the conductivity93,265

sharply until x¼ 1.0, and then weakly in the 1.0# x# 2.0 range.
Electronic transport in the (Pr1�xNdx)2NiO4+d system was re-
ported to decline gradually with an increase in neodymium
fraction.96 The electrical conductivity of the La2�xSmxNiO4+d (x
¼ 0–1.1) solid solution tended to increase with an increase in
samarium content, although the observed variations of s vs. x
were not very systematic, and the highest conductivity was ob-
tained for x ¼ 0.5.97

4.1.4. A-site doping by alkaline-earth metal cations. As
a general trend, an increase in the content of alkaline-earth metal
cation in the A sublattice of Ln2�xAxNiO4+d is accompanied by
a decrease in the oxygen content, d, and an increase in the elec-
tron–hole concentration according to eqn (6). Consequently, the
electronic conductivity in Ln2�xAxNiO4+d (Ln ¼ La, Pr, Nd; A ¼ Ca,
Sr, Ba) increases with x within the solid solution formation range
(Fig. 3). This trend was observed in the high-temperature range for
La2�xCaxNiO4+d,82,99,100,130,131 La2�xSrxNiO4+d,81,133,139,141,142,154,266,267

La2�xBaxNiO4+d,266 Pr2�xCaxNiO4+d,82,102,267 Pr2�xSrxNiO4+d,57,144,268

Nd2�xSrxNiO4+d,79,148 Nd2�xCaxNiO4+d,53,78,79,82,132 and
Nd2�xBaxNiO4+d (ref. 79) systems. Similar to the parent
compounds, substituted Ln2�xAxNiO4+d exhibit a transition from
low-temperature semiconducting to high temperature metallic-like
behavior on heating.53,57,78,79,82,98–100,102,105,131–133,136,144,253,266–268 For Sr-
doped (including Sm-based)143 systems, this “semiconductor–
metal transition” was observed to shi to lower temperatures with
an increase in the strontium content, and the compositions with
x $ 0.8–1.0 show metallic-like behavior above room
temperature.79,81,98,105,133,136,137,143,146,147,152,268

In the case of Sr-rich compositions (x $ 1.0), the electron–
hole concentration and electronic conductivity in the high-
temperature range reaches the maximum for x ¼ 1.2 (Fig. 3),
with conductivity values in the range of 340–470 S cm�1 at
700 �C, and then declines due to an increase in oxygen vacancy
concentration.106–108,145 However, the strong anisotropic
164 | J. Mater. Chem. A, 2021, 9, 154–195
expansion of the Ln2�xSrxNiO4+d (x > 1.0) crystal lattice results in
microcracking effects in ceramics and, consequently, in an
apparent hysteresis in dilatometric and conductivity curves on
temperature cycling.106,108,138,145

Similar to undoped nickelates, Ln2�xAxNiO4+d are p-type
electronic conductors. Variations in the electrical conduc-
tivity as a function of the oxygen partial pressure is directly
correlated with the changes in oxygen nonstoichiometry. A
decrease in oxygen content with a reduction in pO2 is
accompanied by a decrease in electrical conductivity for
compositions with a moderate (x # 0.3) and large (x $ 1.0)
substitutional level, while solid solutions with intermediate
dopant contents demonstrate nearly pO2-independent
oxygen nonstoichiometry (d � 0) and electronic conductivity
at 600–900 �C and pO2 in the range of 10�5 to
1.0 atm.57,106,108,139,142,145,148,154,269 A reduction of Sr-rich
La2�xSrxNiO4+d (x $ 1.0) at pO2 � 10�5 atm and associated
structural changes were observed to result in a localization
of electronic charge carriers and a transition to semi-
conducting behavior at T # 1000 �C under mildly reducing
conditions.152,155

Shen et al.266 reported that the electrical conductivity of
La2�xAxNiO4+d (x¼ 0.1, 0.3) is higher for A¼ Sr compared to A¼
Ba, while the electronic transport in La1.7A0.3NiO4+d was found
to increase in the sequence A¼ Sr� Ba < Ca.253,267 It should also
This journal is © The Royal Society of Chemistry 2021
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be noted that the conductivity of Sm1.4Sr0.6NiO4+d ceramics was
reported to be only slightly lower compared to their Pr-
based analog,73 which seems to imply that the trends in the
Sm2�xSrxNiO4+d system should be similar to other A-site-doped
series.

4.1.5. B-site doping by transition metal cations. Substitu-
tion of nickel by copper generally results in a gradual moderate
decrease in electrical conductivity in La2Ni1�yCuyO4+d (ref. 112–114
and 157) and Pr2Ni1�yCuyO4+d (ref. 45 and 52) systems within the
solid solution formation range (Fig. 8), while a minor increase in
the conductivity with an increase in copper content was reported
for the Nd2Ni1�yCuyO4+d series.116 All the Ln2Ni1�yCuyO4+d exhibit
a “metal–insulator” transition on heating in air, with metallic-
like behavior in the high-temperature range. Analysis of the
pO2–T–d diagram of La2Ni0.8Cu0.2O4+d employing a statistical
thermodynamic approach showed that the lattice sites occupied by
nickel and copper cations are essentially equivalent from an
energetic point of view.61,62,65 Therefore, the decline in electronic
transport with copper doping should be attributed to a decrease in
oxygen nonstoichiometry and hole concentration.

Although substitution by cobalt or iron has a contrary effect
on the d and concentration of electron holes, as shown in eqn
Table 2 Ionic conductivity of Ln2NiO4+d-based ceramics in air. Visualisa

Composition

sO, S cm�1

900 �C 800 �C

La2NiO4+d — 0.037
La2NiO4+d 0.130 0.053
La2NiO4+d

a 0.062 0.046
La2NiO4+d — 0.010
La1.95NiO4+d — 0.019
La1.9Sr0.1NiO4+d — 0.012
La1.9Sr0.1NiO4+d

a 0.017 0.010
La1.5Sr0.5NiO4+d 3.2 � 10�4 5.8 � 10�5

La1.5Sr0.5Ni0.8Co0.2O4+d 1.9 � 10�4 3.6 � 10�5

La1.5Sr0.5Ni0.6Co0.4O4+d 1.3 � 10�4 3.4 � 10�5

La1.5Sr0.5Ni0.9Fe0.1O4+d 3.6 � 10�4 1.5 � 10�4

La1.5Sr0.5Ni0.6Fe0.4O4+d 9.7 � 10�4 2.1 � 10�4

La1.9Ca0.1NiO4+d
a 0.038 0.022

La1.9Ca0.1NiO4+d — 0.022
La1.7Ca0.3NiO4+d — 4.9 � 10�3

La1.7Ca0.3NiO4+d — 8.4 � 10�4

La2Ni0.5Cu0.5O4+d — —
La2Ni0.9Fe0.1O4+d 0.258 —
La2Ni0.95Al0.05O4+d

a 0.109 0.085
La2Ni0.95Al0.05O4+d

a 2.7 � 10�3

Pr2NiO4+d — 0.047
Pr2NiO4+d — 0.057
Pr1.7Ca0.3NiO4+d — 7.9 � 10�4

Pr1.9Ni0.75Cu0.25O4+d — 0.075
Pr1.9(Ni0.75Cu0.25)0.95Ga0.05O4+d — 0.099
Nd2NiO4+d — 0.045
Nd2NiO4+d

a 2.0 � 10�3 1.1 � 10�3

Nd2NiO4+d — 0.076
Nd1.7Ca0.3NiO4+d — 6.8 � 10�4

Nd1.9Ba0.1NiO4+d — 0.040
Nd1.9Ba0.1NiO4+dF0.05 — 0.081

a pO2 ¼ 0.1 atm. b Calculated using Arrhenius model, s ¼ (A0/T)exp(�Ea/(

This journal is © The Royal Society of Chemistry 2021
(7), electronic conductivity of Ln2Ni1�yCoyO4+d (ref. 60, 97, 118,
119 and 250) and Ln2Ni1�yFeyO4+d (ref. 52, 60, 119 and 270)
decreases on doping. This is attributed to the hole localization
and trapping of p-type charge carriers by the dopant cations,
forming stable Co3+ and Fe3+ states.60–62,121,271

Upon comparing the effect of different transition metal
dopants, the electrical conductivity at 700 �C in air was reported
to decrease from 44 to 33 S cm�1 in the sequence M ¼ Ni > Co >
Cu > Fe � Mn for the Nd2Ni0.9M0.1O4+d series119 and from 87 to
44 S cm�1 in the sequence M¼ Ni > Co > Fe for La2Ni0.9M0.1O4+d

solid solutions60 (Fig. 8). As in the case of the parent praseo-
dymium nickelate, the data on the electrical conductivity of the
doped Pr2NiO4+d can be strongly affected by the instability of
the lattice under oxidizing condition: the decomposition
into Pr4Ni3O10�d and PrOx phases was observed to result in
a sharp increase in the conductivity of Pr2Ni0.9Fe0.1O4+d and
Pr2Ni0.9Cu0.1O4+d on cooling in air.52

B-site doping by transition metal cations is also known to
suppress electronic transport in A-site co-doped compositions.
The corresponding high-temperature conductivity data is
available for La1.9Sr0.1Ni1�yFeyO4+d (y ¼ 0.02–0.10),272,273

La2�xSrxNi1�yFeyO4+d (x ¼ 0.5–0.8, y ¼ 0–0.5),168,172
tion of these data is presented in Fig. S1, ESI

tO (800 �C) Ea
b, eV Ref.700 �C

0.015 8.0 � 10�4 0.87 53, 85 and 277
0.013 7.0 � 10�4 1.15 263
— 8.4 � 10�4 278
3.7 � 10�3 1.6 � 10�4 1.07 100
8.7 � 10�3 — 0.77 85
— 1.3 � 10�4 154
— 7.8 � 10�5 0.63 279
— — 1.90 280
6.0 � 10�6 — 1.69 280
4.8 � 10�6 — 1.86 280
— 1.2 � 10�6 1.21 172 and 281
3.7 � 10�5 1.3 � 10�5 1.58 172 and 281
— 1.7 � 10�4 0.74 279
9.5 � 10�3 2.8 � 10�4 0.86 100
2.7 � 10�3 4.2 � 10�5 0.62 100
3.0 � 10�4 1.0 � 10�4 1.04 282
7 � 10�3 — — 283
— — — 60
— 2.5 � 10�3 — 190
— — — 284
0.024 5.0 � 10�4 0.70 53 and 277
0.026 7.3 � 10�4 0.84 282
3.0 � 10�4 9.4 � 10�6 0.96 282
0.040 — 0.65 276
0.061 — 0.59 276
0.015 1.3 � 10�3 1.06 53 and 277
4.4 � 10�4 — 0.76 286
0.017 9.1 � 10�4 1.46 282
2.2 � 10�4 6.0 � 10�6 1.08 282
9.4 � 10�3 4.1 � 10�4 1.28 207
0.023 9.7 � 10�4 1.17 207

kT)).
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LaSrNi1�yMnyO4�d (y ¼ 0–0.3),171 La1.8Sr0.2Ni1�yMoyO4+d (y ¼ 0–
0.05),165 La1.6Ca0.4Ni1�yCuyO4+d (y ¼ 0–0.3),131

La1.6Ca0.4Ni1�yFeyO4+d (y ¼ 0–0.2),131 Nd0.8Sr1.2Ni1�yMyO4�d (M
¼ Co, Fe, y ¼ 0–0.2),274 La2�2xSr2xNi1�xTixO4+d,45 and
La2�2xSr2xNi1�xMnxO4+d (x ¼ 0–0.3)169 systems. On the contrary,
Shen et al.275 reported an increase in electrical conductivity with
an increase in copper content in La1.7Ca0.3Ni1�yCuyO4+d (y ¼
0.1–0.3) series.

4.1.6. B-site doping by other metal cations. The incorpo-
ration of metal cations with a stable oxidation state, such as
Mg2+ and Al3+, into the nickel sublattice of Ln2NiO4+d reduces
the hole concentration, breaks the Nin+–O2�–Nin+ chains, and
therefore decreases the electronic conductivity,38,190 although
the hole mobility in La2Ni0.95Al0.05O4+d was reported to be
slightly higher compared to undoped La2NiO4+d.190 The same
trends in the variation of electrical conductivity were observed
for co-doped compositions including LaSrNi1�yScyO4+d

(y ¼ 0–0.2)192 and Pr2�x(Ni,Cu)1�yGayO4+d (y ¼ 0–0.10).198,276
4.2. Oxygen-ionic transport

Ln2NiO4+d-based oxide materials are considered mixed ionic-
electronic conductors. However, the oxygen-ionic conductivity
(sO) in these phases is 3 or more orders of magnitude lower
compared to electronic conductivity at 500–1000 �C (Table 2). In
addition to sO, the important parameters used to describe
oxygen transport processes include the oxygen diffusion coef-
cient, D, and oxygen surface exchange coefficient, k (Table 3).
The diffusion coefficient is the measure of the oxygen diffusion
rate in the oxide bulk and is interrelated with the oxygen-ionic
conductivity via the Nernst–Einstein equation (for predomi-
nantly electronic conductors) as follows:190,286,299,307

sO ¼ 4F 2cODO

RT
(8)

where cO is the concentration of oxygen ions and DO is the
oxygen self-diffusion coefficient, while the surface exchange
coefficient describes the kinetics of oxygen exchange at the
oxide/gas interface.

Three main experimental techniques are employed to study
oxygen transport in RP-type nickelates:

(i) Isotope exchange depth-proling with secondary ion
mass-spectrometry (IEDP/SIMS) is based on analysis of the
concentration prole of traced 18O ionic species in an oxide
sample (polycrystalline ceramics,160,276,290,292,294,298–301 single crys-
tals277,302,303 or thin lms)304 aer exposure to an environment
enriched with an 18O isotopic tracer (18O2/

16O2 gas mixtures) at
different temperatures. This method yields the oxygen tracer
diffusion (D*) and surface exchange (k*) coefficients. The
oxygen tracer and self-diffusion coefficients are related as
follows:85,282,283,289,299

D* ¼ f � DO (9)

where f is the tracer correlation factor (or, more generally, the
Haven ratio). The values of f are #1 and depend on the mech-
anism of diffusion. In the case of RP-type Ln2NiO4+d nickelates,
it is typically assumed that f � 1.85,282,283,289,299
166 | J. Mater. Chem. A, 2021, 9, 154–195
(ii) The electrical conductivity relaxation (ECR) method
involves the analysis of the transient change in the conductivity
of the sample (ceramics86,87,92,118,227,286,289,299,305–307 or thin
lms308,309) induced by an instant change in pO2 at a constant
temperature. The oxygen chemical diffusion (~DO or Dchem) and
surface exchange (kchem) coefficients are obtained by tting the
relaxation data. The chemical diffusion coefficient, Dchem, is
interrelated with the self-diffusion coefficient, DO, via the ther-
modynamic enhancement factor, gO:190,286,289,299,306,307

gO ¼
1

2

vln pO2

vln cO
¼ Dchem

DO

(10)

which can be obtained from the analysis of the d–pO2

dependence.
(iii) Oxygen permeability (OP) studies represent the

measurements of oxygen permeation ux, jO2
, through a dense

ceramic membrane under an applied gradient of oxygen
chemical potential. The jO2

values obtained under similar
conditions can be used as a measure for the rough comparative
analysis of the oxygen transport in mixed-conducting
ceramics.162,163,185,194,195 The oxygen-ionic conductivity, sO,
oxygen self-diffusion coefficient, DO, and surface exchange
coefficient, kO, can be extracted from the oxygen permeation
data employing the Wagner equation for bulk diffusion and
considering the surface exchange
kinetics.65,154,263,280,281,283,297,301,310,311 For a mixed conductor with
predominately p-type electronic conductivity, the exchange
coefficients obtained by different methods are related
by:286,306,307

kO z k*z
kchem

gO

(11)

The other less commonly used experimental techniques are
the electrochemical ion/electron blocking cell
methods,100,207,279–281,284,312 mass92 or lattice parameter92,305,313,314

relaxation aer instant p(O2) change, analysis of electro-
chemical impedance spectroscopy (EIS) and distribution of
relaxation times (DRT) data,169,296,315,316 and different methods
based on the oxygen isotope exchange with the gas phase,
including isotope exchange with the gas phase equilibration
(IE-GPE),130,291,317,318 pulse isotopic exchange (PIE),227,319 and
temperature-programmed isotope exchange (TPIE) with 18O2 or
C18O2.82,102,276,282,317

4.2.1. Mechanisms of oxygen-ion transport in RP-type
Ln2NiO4+d. Similar to the case of electronic conduction, the
layered structure of Ln2NiO4+d oxides determines the strong
anisotropy of oxygen-ionic transport in these phases. Studies on
Ln2NiO4+d single crystals and oriented thin lms by IEDP/SIMS
at 340–900 �C demonstrated that the oxygen diffusivity along
the a–b plane is �3 orders of magnitude faster than along c
axis.277,302–304 The D*

a�b values were found to be comparable
(slightly higher) to that of the bulk polycrystalline samples,
implying that oxygen transport in Ln2NiO4+d ceramics is gov-
erned by the oxygen diffusion along the basal plane. A large
anisotropy was also observed for the surface exchange coeffi-
cient with higher k values for the a–b plane.277,302–304
This journal is © The Royal Society of Chemistry 2021
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Table 3 Oxygen surface exchange and diffusion processes and the corresponding apparent activation energy values for Ln2NiO4+d-based
compounds. Visualisation of these data is presented in Fig. S2, ESI

Composition Methoda

Dchem, cm
2 s�1 kchem, cm s�1 Ea, eV

Ref.600 �C 700 �C 600 �C 700 �C Dchem kchem

La2NiO4+d ECR 3.9 � 10�5 8.3 � 10�5 2.8 � 10�5 2.6 � 10�5 0.53 1.36 287
La2NiO4+d EIS — — — 8.6 � 10�7 — 1.21 169
La2NiO4+d ECR — 2.1 � 10�6 — 1.2 � 10�6 2.82 1.99 258
La2NiO4+d EIS — — 1.6 � 10�7 8.6 � 10�7 — 1.21 288
La2NiO4+d ECR 4.4 � 10�6 2.1 � 10�5 1.2 � 10�4 8.2 � 10�4 1.06 1.68 289
La2Ni0.95Al0.05O4.025+d ECR 7.9 � 10�6 2.1 � 10�5 1.7 � 10�5 4.4 � 10�5 0.92 0.84 190
La1.8Sr0.2NiO4+d EIS — — 4.0 � 10�8 2.7 � 10�7 — 1.31 288
La1.6Sr0.4NiO4+d EIS — — — 1.7 � 10�7 — 1.40 288
La1.8Sr0.2Ni0.95Mo0.05O4+d ECR 8.0 � 10�6 12.6 � 10�6 — 2.0 � 10�4 0.51 1.31 165
Nd2NiO4+d ECR — — 3.2 � 10�8 1.3 � 10�7 — 1.10 286
Nd2NiO4+d ECR — — — 1.2 � 10�4 — — 295
Nd2NiO4+d EIS 1.8 � 10�8 5.6 � 10�8 3.0 � 10�6 1.8 � 10�7 0.90 1.43 296
Pr2NiO4+d ECR — — 2.9 � 10�6 4.7 � 10�5 — 1.84 118
Pr2Ni0.9Co0.1O4+d ECR — — 3.1 � 10�5 9.9 � 10�5 — 0.83 118

Composition Methoda

D*, cm2 s�1 k*, cm s�1 Ea, eV

Ref.600 �C 700 �C 600 �C 700 �C D* k*

La2NiO4+d IEDP/SIMS 1.3 � 10�8 3.0 � 10�8 2.8 � 10�8 1.9 � 10�7 0.59 1.24 160
La2NiO4+d IE-GPE — 5.5 � 10�10 — 7.7 � 10�5 1.04 1.04 82
La2NiO4+d IE-GPE 1.2 � 10�9 1.1 � 10�8 1.5 � 10�8 1.4 � 10�7 1.34 1.39 130
La2NiO4+d IEDP/SIMS — 3.4 � 10�8 — 1.8 � 10�7 0.85 1.61 290
La2NiO4+d IE-GPE 1.1 � 10�9 9.6 � 10�9 — 1.4 � 10�8 1.41 1.43 291
La2NiO4+d IEDP/SIMS — 4.8 � 10�8 — 2.1 � 10�7 0.88 0.42 53
La2Ni0.9Fe0.1O4+d IEDP/SIMS — 3.5 � 10�8 — 4.5 � 10�7 0.99 1.17 53
La2Ni0.9Co0.1O4+d IEDP/SIMS 1.0 � 10�8 2.6 � 10�8 5.9 � 10�7 6.4 � 10�7 0.69 0.57 160
La2Ni0.8Co0.2O4+d IEDP/SIMS 1.3 � 10�8 4.0 � 10�8 7.3 � 10�7 1.4 � 10�6 0.62 0.50 160
La2Ni0.5Co0.5O4+d IEDP/SIMS 2.6 � 10�8 4.7 � 10�8 7.1 � 10�7 1.4 � 10�6 0.62 0.26 160
La2Ni0.75Cu0.25O4+d IEDP/SIMS — 3.5 � 10�8 — 1.3 � 10�6 0.62 1.24 113
La2Ni0.5Cu0.5O4+d IEDP/SIMS — 3.0 � 10�8 — 6.0 � 10�7 0.51 1.24 113
La1.9Sr0.1NiO4+d IEDP/SIMS — 1.0 � 10�8 — 1.7 � 10�7 0.57 1.29 290
La1.8Sr0.2NiO4+d IEDP/SIMS — 6.1 � 10�10 — 1.2 � 10�7 0.60 1.06 293
La1.8Sr0.3NiO4+d IE-GPE — 1.4 � 10�9 — 6.1 � 10�6 1.04 1.24 267
La1.9Ca0.1NiO4+d IE-GPE — 1.6 � 10�10 — 1.5 � 10�7 1.75 0.71 291
La1.7Ca0.3NiO4+d IE-GPE — 1.5 � 10�9 — 6.0 � 10�6 1.04 1.24 82
La1.7Ba0.3NiO4+d IE-GPE — 3.3 � 10�9 — 1.5 � 10�5 1.04 1.24 267
Nd2NiO4+d IE-GPE — 4.5 � 10�8 — — 1.45 — 82
Nd2NiO4+d IEDP/SIMS — 4.5 � 10�8 — 3.4 � 10�7 1.06 0.77 53
Nd1.95NiO4+d IEDP/SIMS — 3.5 � 10�8 — 9.0 � 10�7 0.65 0.94 53
Nd1.8Ca0.2NiO4+d IEDP/SIMS — 1.0 � 10�8 — 1.9 � 10�7 0.72 0.74 53
Nd1.7Ca0.3NiO4+d IE-GPE — 6.3 � 10�10 — — 1.09 — 82
Pr2NiO4+d IE-GPE — 7.0 � 10�8 — 9.5 � 10�5 0.83 1.19 82
Pr2NiO4+d IEDP/SIMS — 7.2 � 10�8 — 1.4 � 10�6 0.73 1.34 53
Pr1.7Ca0.3NiO4+d IE-GPE — 7.6 � 10�10 — 2.4 � 10�4 0.93 1.35 82
Pr1.9Ni0.75Cu0.25O4+d IEDP/SIMS 4.9 � 10�8 1.1 � 10�7 1.8 � 10�7 5.0 � 10�7 0.64 0.77 276
Pr1.9Ni0.71Cu0.24Ga0.05O4+d IEDP/SIMS 4.3 � 10�8 2.2 � 10�7 — — 0.72 297
Pr1.9(Ni0.75Cu0.25)0.95Ga0.05O4+d IEDP/SIMS 4.2 � 10�8 1.8 � 10�7 2.8 � 10�7 1.9 � 10�6 0.57 0.62 276
Pr0.85La0.85Ca0.3NiO4+d IE-GPE — 5.1 � 10�10 — 7.6 � 10�5 1.04 1.24 267

a Abbreviations: ECR – electrical conductivity relaxation; EIS – electrochemical impedance spectroscopy analysis; IEDP/SIMS – isotope exchange
depth proling combined with secondary ion mass-spectrometry; and IE-GPE – isotope exchange with gas phase equilibration.
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Oxygen hyperstoichiometry of Ln2NiO4+d phases under
oxidizing conditions implies that oxygen migration in these
materials may involve either oxygen interstitials or oxygen
vacancies, or both. Furthermore, interstitial oxygen ions are
highly mobile. Temperature-programmed oxygen desorption
This journal is © The Royal Society of Chemistry 2021
studies demonstrate that the release of weakly bonded inter-
stitial oxygen on heating in inert gas starts at temperatures as
low as �200 �C, while desorption processes associated with the
formation of oxygen vacancies in the perovskite layers occur at
$700 �C (ref. 129, 140, 317 and 320) (except Sr-rich oxygen-
J. Mater. Chem. A, 2021, 9, 154–195 | 167
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Fig. 9 Temperature dependence of oxygen tracer diffusion coeffi-
cient, D*, reported for Ln2NiO4+d single crystals (a–b plane) and
polycrystalline samples.53,302,303
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decient Ln2�xSrxNiO4�d with the onset of oxygen loss from the
perovskite layers at lower temperatures).108,140,155 This agrees
with the results of the TPIE investigations, also showing that the
exchange of interstitial oxygen initiates at �200 �C.82,102,267

Several mechanisms of oxygenmigration in Ln2NiO4+d lattice
were considered and modeled employing static lattice simula-
tions (SLS),321–324 molecular dynamics simulations (MDS),324–327

and density functional theory (DFT) calculations.47,328–332

(A) Direct interstitial diffusion pathway involving direct jumps
of interstitial oxygen ions between vacant adjacent interstitial
sites within rock-salt-type LnO layers. SLS and DFT calculations
showed that this pathway is characterized by an excessive
energy barrier of 1.2–1.4 eV,47,324 and therefore, is least probable
compared to other mechanisms of diffusion along the a–
b plane.

(B) Interstitialcy mechanism, also referred to as a push–pull or
cooperative mechanism. In this mechanism, the oxygen inter-
stitial displaces an apical oxygen ion from the NiO6 octahedron,
which in turn move to an adjacent oxygen interstitial site.
Oxygen diffusion in the a–b plane by the interstitialcy mecha-
nism is considered as the main pathway of oxygen transport in
Ln2NiO4+d phases.321,324–327 The calculated Ea values for oxygen
migration by this mechanism were reported to be in the range
of 0.50–0.65 eV for La2NiO4+d and Pr2NiO4+d in the high-
temperature range,324,325,327 which is in good agreement with
the oxygen diffusion activation energy values obtained experi-
mentally in most works (Table 3). The interstitialcy diffusion
pathway in the a–b plane is also supported by the results of
high-temperature neutron diffraction experiments combined
with the analysis by the maximum-entropy method.328,333,334

(C) Vacancy diffusion mechanism involving oxygen vacancies
in equatorial and/or apical oxygen positions in the perovskite
layers. Anion Frenkel disorder, as shown by eqn (4), was pre-
dicted to be a dominant intrinsic defect formation mechanism
in La2NiO4, with oxygen vacancies at the equatorial sites of the
NiO6 octahedra energetically more favorable than that at the
apical sites.321,323,329 Cleave et al.323 performed static lattice
simulations of La2NiO4 and reported that all the considered
vacancy mechanisms exhibited lower activation energies than
the direct interstitial process, and that oxygen anion diffusion
between the equatorial positions is energetically most prefer-
able with the calculated Ea¼ 0.55 eV. However, the formation of
oxygen vacancies in the perovskite layers of oxygen-
hyperstoichiometric La2NiO4+d via Frenkel disorder is likely to
be suppressed due to the saturation of oxygen interstitials. The
thermodynamic analysis of the pO2–T–d diagrams of undoped
and B-site-substituted La2NiO4+d (ref. 61, 62 and 271) showed
that the vacancy formation processes under thermodynamic
equilibrium conditions are statistically insignicant when d $

0. Furthermore, the MD simulations carried out on stoichio-
metric La2NiO4 and Nd2NiO4 demonstrated insignicant
oxygen diffusivities in the high-temperature range.325,326 None-
theless, the vacancy mechanism must be involved in oxygen
diffusion across the perovskite layers (along the c axis).277,303 A
limited vacancy transport mechanism was identied along the c
axis in the MD simulations of Pr2NiO4+d.327 Furthermore, the
role of oxygen vacancies is expected to increase as a result of
168 | J. Mater. Chem. A, 2021, 9, 154–195
acceptor-type A-site substitutions in Ln2�xAxNiO4+d (A ¼
alkaline-earth cation) accompanied by a reduction in the overall
oxygen content and a gradual transition to oxygen deciency
with an increase in x (ref. 145 and 329) and with a reduction in
pO2.335 This seems to be supported by the results of TPIE
studies, which were interpreted as an indication of two distin-
guishable oxygen diffusion pathways in some Ln2�xAxNiO4+d

nickelates.82,102,276,282,330

In addition to O2� transport, the involvement of interstitial
peroxide O� ions in different diffusion mechanisms is consid-
ered.277,321,329,331 In particular, the DFT calculations predict that Oi

�

species may be more stable compared to Oi
2� ions and oxygen

vacancies at certain strontium contents in La2�xSrxNiO4+d,329,331

while the diffusion of Oi
� by the interstitialcy mechanism may be

more energetically favorable.321,331

4.2.2. Undoped Ln2NiO4+d. The IEDP/SIMS studies of
single crystals at 450–700 �C demonstrated comparable oxygen
diffusivity along the a–b plane for La2NiO4+d and Pr2NiO4+d with
an activation energy of 0.67 eV for Ln ¼ Pr, whereas higher
activation energy (1.4 eV) in the case of Nd2NiO4+d results in
lower D* values at temperatures # 600 �C,302,303 as shown in
Fig. 9. All the Ln2NiO4+d single crystals also have comparable
k*a�b, which is 0.5–1.0 orders of magnitude higher than
D*
a�b.

302,303 Similar trends are generally observed for undoped
polycrystalline Ln2NiO4+d.53 The ionic conductivity of Ln2NiO4+d

ceramics is around 0.05 S cm�1 at 800 �C in air (Table 2).
Furthermore, La2NiO4+d and Pr2NiO4+d ceramic membranes
show similar oxygen permeability at $900 �C.52,225

Compared to the oxygen diffusion coefficients, there is
a substantially larger variation in the reported values of k and
corresponding activation energies, as noted in a number of
works.53,300,302 It was highlighted that the scattering in measured
surface exchange coefficients can be caused by the differences
in surface chemistry (surface termination, near-surface rear-
rangement, and presence of extrinsic impurities) as a result of
different thermal pre-history.302 Generally, the oxygen diffusion
This journal is © The Royal Society of Chemistry 2021
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and surface exchange coefficients of Ln2NiO4+d ceramics are
higher compared to many perovskite systems, such as La0.6-
Sr0.4Fe0.8Co0.2O3�d and La0.6Sr0.4Fe0.8Ni0.2O3�d, but lower
compared to the best (La,Sr)CoO3�d mixed
conductors.53,113,290,307,317

Since interstitial oxygen ions are the dominant ionic charge
carriers in Ln2NiO4+d under oxidizing conditions, the ionic
conductivity,65,263,278,279,286,307,311 oxygen diffusion coeffi-
cient278,279,301,307,311,312 and surface exchange coefficient286,301,307

decrease with a reduction in pO2 due to the decrease in the
interstitial oxygen concentration, as shown by eqn (2).

The instability of the RP-type Pr2NiO4+d lattice under
oxidizing conditions has a strong impact on the experimentally
measured ionic transport parameters in the temperature range
of 700–900 �C. In particular, it has been demonstrated that the
decomposition of Pr2NiO4+d ceramics into Pr4Ni3O10+d, PrOx and
PrNiO3 at 750 �C in air results in an increase in the oxygen
permeation ux and apparent values of oxygen diffusion and
surface exchange coefficients by 1–2 orders of magnitude
within 120 h.227 A similar increase in the oxygen permeability
of Pr2NiO4+d membranes with time caused by phase decom-
position at temperatures below 900 �C was reported in ref. 52
and 225. On the contrary, phase separation resulted in
a deterioration of the oxygen permeation ux through
(Pr0.9La0.1)2�xNi0.74Cu0.21Ga0.05O4+d membranes at 800–
900 �C.230 Berger et al.118 observed the exsolution of PrOx

particles on the surface of Pr2NiO4+d and Pr2Ni0.9Co0.1O4+d

ceramic samples in the course of ECR at 600–800 �C and pO2

¼ 10�3 atm, and correlated this with an increase in the
measured oxygen exchange coefficients upon temperature
cycling.

4.2.3. A-site cation deciency. The data on ionic transport
in A-site-decient nickelates is scarce and somewhat contra-
dictory, although one may expect a decline in oxygen diffusivity
considering the trends in oxygen nonstoichiometry (see
Subsection 2.2.1). Zhao et al.85 observed that the introduction of
A-site cation vacancies in La2�xNiO4+d (x¼ 0.5) results in a slight
decrease in the oxygen diffusion coefficient, D*, and ionic
conductivity, but also increases the activation energy for k*,
thus suppressing oxygen exchange at temperatures below
800 �C compared to La2NiO4+d. In the Nd2�xNiO4+d system,53

a minor neodymium deciency (x ¼ 0.05) was found to have
a negligible effect on the oxygen diffusivity and slightly
improved the oxygen exchange, while a further increase in A-site
vacancy concentration up to x ¼ 0.10 resulted in a decline in
both D* and k* compared to the cation-stoichiometric Nd2-
NiO4+d. Sadykov et al.317 found no substantial effect of A-site
deciency on the oxygen self-diffusion coefficients and
exchange rates of Pr1�xNiO4+d at 600–850 �C, but later reported
more than an order of magnitude increase in Dchem and kchem at
500 �C for Pr1.9NiO4+d compared to the parent Pr2NiO4+d.92 The
introduction of A-site cation vacancies in Nd2�xNi0.75Cu0.25O4+d

(x ¼ 0–0.10) was found to improve the oxygen diffusivity and
oxygen permeation ux through ceramic membranes at 750–
880 �C despite a decrease in oxygen content,87 which was accom-
panied by some decline in surface exchange rates. Similarly, the
oxygen permeability of (Pr0.9La0.1)2�xNi0.74Cu0.21Ga0.05O4+d (x ¼ 0–
This journal is © The Royal Society of Chemistry 2021
0.10) membranes was reported to increase 2 times with the
introduction of A-site cation vacancies,285,336 while oxygen excess in
the lattice was suppressed.285 This effect was attributed to the
contribution of highly mobile oxygen vacancies to ionic
transport.285

4.2.4. Mutual solid solutions. Vibhu et al.93 performed
IEDP/SIMS studies of La2�xPrxNiO4+d (x ¼ 0.5, 1.0 and 1.5)
ceramics. They found that the oxygen diffusion coefficient, D*,
of solid solutions at 500–700 �C is close to that reported for
La2NiO4+d and Pr2NiO4+d and moderately increases with an
increase in praseodymium content. The values of the surface
exchange coefficient, k*, did not show a systematic change with
the composition and varied in a narrow range.

4.2.5. A-site substitutions. The studies on the oxygen
transport parameters using different techniques revealed that
the partial substitution of Ln3+ by alkaline-earth cations in
Ln2�xAxNiO4+d generally suppresses the oxygen diffusivity, ionic
conductivity, surface exchange kinetics, and oxygen perme-
ability (e.g. Tables 2 and 3). The corresponding literature
data is available for the La2�xSrxNiO4+d,140,269,279,290,298,337,338

La2�xCaxNiO4+d,82,100,130,279,282,291 Nd2�xCaxNiO4+d,53,82,282 and
Pr2�xCaxNiO4+d

82,102,276,282,330 systems. In particular, the substi-
tution of 5 and 10 at% of lanthanum by strontium in La2�x-
SrxNiO4+d was reported to decrease the oxygen diffusion
coefficient at 640–1000 �C by ca. 1 and 2 orders of magnitude,
respectively.279,290,298,337 The negative effect of acceptor-type
doping on oxygen ionic transport and exchange is mainly
attributed to the decrease in the concentration of ionic charge
carriers (interstitial oxygen ions) with an increase in x in
Ln2�xAxNiO4+d (see Subsection 2.2.3). Possible steric effects are
considered as an additional factor.53,82,102,279,282 The interstitialcy
mechanism involves the movement of interstitial oxygen ions
through Ln3 triangles in the rock-salt-type layers. The substi-
tution of Ln3+ by larger A2+ cations (e.g. La3+ by Sr2+) reduces the
free volume available for interstitial migration in the LnO
layers279 and the radius of diffusion channels through (Ln,A)3
triangles,53,82,102,282 thus contributing to the decline in ionic
mobility.

Contrary to other works, Shen et al.100 reported that the ionic
conductivity of La2�xCaxNiO4+d (x ¼ 0–0.3) at 600–800 �C
increases with moderate Ca doping (x ¼ 0.1), despite the
decrease in oxygen overstoichiometry, and then declines upon
further doping. However, it should be noted that the value of sO
obtained for undoped La2NiO4+d in that work is lower compared
to other literature data (Table 2). Zhu et al.339 found that
substitution of 5 at% of lanthanum by bismuth enhances the
oxygen chemical diffusion and surface exchange coefficient of
La1.65Bi0.1Sr0.25NiO4+d by a factor of 2–3 compared to La1.75-
Sr0.25NiO4+d at 700–800 �C. This was attributed to the minor
increase in oxygen excess with bismuth doping and higher
oxygen diffusivity in the doped material associated with the
high polarizability of bismuth cations.

4.2.6. B-site doping by transition metal cations. IEDP/SIMS
and oxygen permeation studies113,283,299,306 demonstrated that
the ionic transport parameters in La2Ni1�yCuyO4+d (y ¼ 0–0.75)
tend to deteriorate with an increase in copper concentration in
the nickel sublattice, and consequently, a decrease in oxygen
J. Mater. Chem. A, 2021, 9, 154–195 | 169
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interstitial concentration (see Subsection 2.2.4). La2Ni0.9Cu0.1O4+d

was reported to exhibit a slightly higher oxygen self-diffusion
coefficient, DO, and a similar surface exchange coefficient, k,
compared to undoped La2NiO4+d at 800–950 �C.306 A further
increase in copper content (y$ 0.25) results in a gradual decrease
in the oxygen tracer diffusion coefficient, D*, at 490–810 �C,
although the changes in oxygen diffusivity do not exceed one order
of magnitude113,283 and moderate copper doping may still be
favorable at lower temperatures of�500 �C.113 Simultaneously, the
substitution of nickel by copper (y ¼ 0.25–0.75) was found to
increase the activation energy for the exchange coefficient, k*, thus
substantially suppressing the oxygen surface exchange at temper-
atures below 750 �C compared with that for undoped lanthanum
nickelate.113

Moderate copper doping was found to be favorable for
oxygen transport in Pr2NiO4+d. In particular, Miyoshi et al.162

reported that the oxygen permeability of Pr2Ni1�yCuyO4+d

(y ¼ 0.1–0.5) ceramic membranes at 600–1000 �C reached the
maximum at y ¼ 0.2 and declines upon further doping.
IEDP/SIMS studies revealed that the oxygen tracer diffusion
coefficient, D*, and ionic conductivity, sO, of copper-doped
Pr1.9Ni0.75Cu0.25O4+d at 730–800 �C is �2 times higher
compared to undoped praseodymium nickelate.276

Static lattice and molecular dynamics simulations324 showed
that although the incorporation of transition metal cations with
the 3+ oxidation state (such as Co3+ or Fe3+) into the nickel
sublattice increases the concentration of ionic charge carriers,
these dopants simultaneously tend to reduce the ionic
mobility. This generally agrees with the reported experimental
results. Kilner and Shaw160 performed IEDP/SIMS studies of
La2Ni1�yCoyO4+d ceramics and found that within the solid solution
formation range under oxidizing conditions (y ¼ 0–0.2), cobalt
doping has a rather minor impact on the oxygen diffusivity with
similar values of D* for all compositions (despite the increase in
d with doping). Simultaneously, the substitution of Ni by Co
decreases Ea for the surface exchange coefficient, k*, and enhances
oxygen exchange, especially at lower temperatures.160 Similarly, the
studies of co-substituted La1.5Sr0.5Ni1�yCoyO4+d (y ¼ 0–0.4) nick-
elates by oxygen permeation and Hebb–Wagner polarization
methods at 800–1000 �C revealed that although doping by cobalt
increases the interstitial oxygen content and improves the surface
oxygen exchange, it also deteriorates the oxygen diffusivity, and to
a lesser extent, the ionic conductivity.280 Berger et al.118 reported
based on the ECR studies at pO2 ¼ 10�3 atm at 600–800 �C that
doping with cobalt in Pr2Ni0.9Co0.1O4+d decreases the activation
energy for surface oxygen exchange and substantially improves
kchem at temperatures below 800 �C, which is ca. one order of
magnitude at 600 �C. Later, they conrmed316 by analysis of the EIS
data for Pr2Ni1�yCoyO4+d (y ¼ 0 and 0.1) microelectrodes at
550–850 �C that the substitution by cobalt improves the oxygen
exchange at T < 800 �C and p(O2)¼ 10�3–10�2 atm, while the effect
was opposite at atmospheric oxygen pressure.

Substitution of 10 at% of nickel by iron has a comparatively
minor effect on the oxygen transport, as revealed by
IEDP/SIMS studies at 700–840 �C.298 Specically, D* and k* of
La2Ni0.9Fe0.1O4+d are similar to that of undoped lanthanum
nickelate at higher temperatures (despite the higher d), but the
170 | J. Mater. Chem. A, 2021, 9, 154–195
oxygen diffusivity tends to decline to some extent upon cooling
with respect to La2NiO4+d, and the opposite effect was observed
for the surface exchange. Analysis of the oxygen permeation
data for La2Ni0.9Fe0.1O4+d ceramic membranes60,161 showed that
doping by iron results in a slightly higher ionic mobility
compared to La2NiO4+d at 900–950 �C, but deteriorates the
oxygen transport at lower temperatures. Furthermore, Klande
et al.163 reported that the oxygen permeability of La2NiO4+d

membranes exceeds that of La2Ni0.9Fe0.1O4+d in the entire
studied temperature range (750–950 �C). Gilev et al.281 studied
the oxygen transport in the La2�xSrxNi1�yFeyO4+d (x ¼ 0.5
and 0.8, y ¼ 0.1–0.4) system employing the oxygen
permeation and Hebb–Wagner polarizations techniques and
found that co-substitution by iron (up to 40 at% in the nickel
sublattice) enhances the oxygen permeability, bulk ionic diffu-
sion and oxygen surface exchange, while the oxygen self-
diffusion coefficient DO is lower compared to that of Fe-free
La1.5Sr0.5NiO4+d.280 Miyoshi et al.340 reported that co-doping by
iron improves the oxygen permeability of Pr2Ni0.8�yCu0.2FeyO4+d

(y ¼ 0–0.20) ceramics at 600–1000 �C with the best results ob-
tained for y ¼ 0.05.

The positive effects of co-substitutions by transition metal
cations on oxygen transport were also reported for other
(La,Sr)2(Ni,M)O4+d systems. Gómez et al.165 performed ECR
measurements of La1.8Sr0.2Ni0.95Mo0.05O4+d at 600–900 �C and
found that Dchem is almost an order of magnitude higher than
that of La1.8Sr0.2NiO4+d and comparable to that of undoped
La2NiO4+d (although with a two times lower activation energy,
leading to a higher oxygen diffusivity at T < 700 �C), while the
surface exchange coefficient, kchem, exceeds that of the undoped
nickelate by more than an order of magnitude. Li et al.169 per-
formed an analysis of EIS data obtained for
La2�2xSr2xNi1�xMnxO4+d electrodes (x ¼ 0–0.30) at 600–800 �C
and demonstrated that co-substitution by manganese promotes
the surface exchange kinetics: the surface exchange coefficient,
k, reaches the maximum for x ¼ 0.10, but declines upon further
doping.

Comparing the available oxygen permeation data for RP-type
nickelate membranes with different dopants, one may also nd
the following trends:

– The oxygen transport in La2Ni0.9M0.1O4+d at temperatures
below 850–900 �C decreases in the sequence M ¼ Ni > Co >
Fe;60,163

– In the La2Ni0.8M0.2O4+d series, the oxygen transport at 600–
1000 �C was reported to decrease in the sequence M¼ Cu > Co >
Fe > Mn;162

– The oxygen permeability of La2Ni0.8Cu0.2O4+d is slightly
lower compared to that of La2Ni0.9Co0.1O4+d at 850–950 �C and
similar at 700–800 �C;214,341

–Oxygen permeability in the PrNi0.75Cu0.20M0.05O4+d series at
600–1000 �C was found to decline in the sequence M ¼ Fe > Cr
> V.185

4.2.7. B-site doping by other metal cations. Jeon et al.190

studied aluminum-doped La2Ni0.95Al0.05O4+d by the ECR
method at 800–1000 �C and reported a non-negligible
improvement in the oxygen self-diffusion coefficient, DO, and
ionic conductivity, sO, compared to the literature data on
This journal is © The Royal Society of Chemistry 2021
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undoped La2NiO4+d (Table 2). Later they reinvestigated this
material employing the electrochemical blocking cell method at
900–1000 �C.284 Although the updated Dchem and kchem values
were similar to that in the rst report and slightly exceeded the
corresponding parameters for undoped lanthanum nickelate,
doping with aluminum was shown to suppress the self-
diffusion coefficient, DO, and oxygen-ionic conductivity by
�1.5 orders of magnitude (Tables 2 and 3). This was attributed
to the steric effects, namely shrinkage of the lattice and reduc-
tion of free volume for oxygen diffusion caused by aluminum
doping.284 However, it should be noted that the aluminum
doping also was found to decrease the concentration of inter-
stitial oxygen.189

Klande et al.163 reported that partial substitution of nickel by
aluminum or magnesium resulted in the lower oxygen perme-
ability of La2Ni0.9M0.1O4+d (M ¼ Al or Mg) ceramic membranes
compared to the parent La2NiO4+d, although this may be partly
attributed to the presence of phase impurities.

Ishihara et al.194,195,198 performed extensive oxygen permeability
screening tests at 600–1000 �C and found that the introduction of
gallium into the nickel sublattice of Ln2Ni0.75Cu0.25O4+d (Ln¼Ndor
Pr) combined with the introduction of A-site vacancies is a suitable
approach to improve the oxygen permeability of nickelate
membranes. The optimum composition was claimed to be
Ln2�2x(Ni0.75Cu0.25)1�xGaxO4+d with x ¼ 0.05 and with better
transport properties in the case of Ln ¼ Pr.194,195,198 However, it
should be noted that it is hard to distinguish between the effects of
cation deciency and gallium doping without detailed studies. As
mentioned above, the oxygen permeability of A-site-decient
Fig. 10 Main correlations between the performance of Ln2NiO4+d elect

This journal is © The Royal Society of Chemistry 2021
(Pr0.9La0.1)1.90Ni0.74Cu0.21Ga0.05O4+d membranes was found to be
more than 2 times that of the cation-stoichiometric analog
(Pr0.9La0.1)2Ni0.74Cu0.21Ga0.05O4+d.285 Hyodo et al.276 performed
IEDP/SIMS studies of Pr1.9(Ni0.75Cu0.25)1�yGayO4+d (y ¼ 0 and 0.05)
nickelates and found that gallium doping results in a slight
improvement in the oxygen tracer diffusion coefficient, D*, and
ionic conductivity (�1.5 times, Table 3), and also results in some
enhancement in oxygen exchange. This composition exhibits the
highest ionic conductivity among the Ln2NiO4+d-based phases re-
ported thus far.

Based on the oxygen permeation screening tests at 600–
1000 �C, the following trends should also be mentioned:

– The oxygen transport in Pr2Ni0.9M0.1O4+d was reported to
decrease in the sequence M ¼ Mg > Ga > Al.162 Besides, the
oxygen permeability of Pr2Ni0.9Mg0.1O4+d membranes was also
higher compared to that of Pr2Ni0.8M0.2O4+d (M ¼ Cu or Zn);162

– The oxygen permeability of PrNi0.75Cu0.20M0.05O4+d

membranes decreases in the sequence Al > In > Zr, in all cases
being lower compared to M ¼ Fe;185

– The oxygen transport in Pr1.90(Ni0.75Cu0.25)0.95M0.05O4+d

decreases in the sequence M ¼ Ga > Al > In.195

4.2.8. Substitutions in the oxygen sublattice. Tarutin
et al.207 studied Nd1.9Ba0.1NiO4+dFg (g ¼ 0–0.10) nickelates
employing the Hebb–Wagner electron blocking method and
found that the moderate introduction of uorine into the
oxygen sublattice may be favorable for oxygen-ionic transport,
leading to an increase in ionic conductivity by a factor of 2 for g
¼ 0.05. This was attributed to the mixed anion lattice
effect.342–348
rode materials and their functional properties.
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5. Ln2NiO4+d-based materials as
electrodes for proton-conducting
electrochemical cells

In this section, we discuss the results of research regarding the
utilisation of Ln2NiO4+d-based materials as electrodes of
protonic ceramic electrochemical cells. The success of this
application depends on many factors (Fig. 10), where the
inherent properties of the RP phases (considered in detail in the
previous sections) and their behaviour upon contact with
proton-conducting electrolytes, including chemical reactivity,
thermal compatibility and electrochemical activity.
5.1. Chemical compatibility with proton-conducting
electrolytes

In terms of their thermodynamic stability, Ln2NiO4+d-based
phases exhibit considerable chemical tolerance towards inter-
action with state-of-the-art proton-conducting materials. This
may be due to two main factors, i.e. their wide structural exi-
bility upon cationic interdiffusion, and the low number of
impurity phases capable of being formed at interfaces upon
long-term treatment.

Lyagaeva et al.349 studied the chemical interaction features of 13
cathode materials with BaCe0.9Y0.1O3�d (BCY) and BaZr0.8Y0.2O3�d
(BZY) electrolytes using 50 : 50 wt%mixtures calcined at 1100 �C for
10 h. The Co-containing cathodes and manganites,
comprising simple cobaltites (Ba0.5Sr0.5CoO3�d), layered cobaltites
(GdBaCo2O5+d, NdBaCo2O5+d, and Y0.8Ca0.2BaCo4O7+d), simple
cobaltite-ferrites (Ba0.5Sr0.5Co0.2Fe0.8O3�d, Ba0.5Sr0.5Co0.8Fe0.2O3�d,
and La0.6Sr0.4Co0.2Fe0.8O3�d), layered cobaltite-ferrites
(GdBaCoFeO5+d and NdBa0.5Sr0.5Co1.5Fe0.5O5+d) and manganites
(La0.75Sr0.2MnO3�d), are chemically incompatible either with one of
the BCY and BZY phases or with both of them. However, the
studied ferrites (Ba0.5Sr0.5FeO3�d) and nickelates (LaNi0.6Fe0.4O3�d
and La2NiO4+d) showed no interaction with both the BCY and BZY
phases.
Table 4 Chemical compatibility of Ln2NiO4-based electrodes with Ba-

Electrolyte Electrode
Weight
ratio

BaZrO3 La2NiO4+d 1 : 1
La28�xW4+xO54+3x/2 Pr2NiO4+d 1 : 1
La5.5WO11.25�d La2NiO4+d 1 : 1
BaCe0.9Y0.1O3�d Pr2NiO4+d 1 : 1
BaCe0.7Zr0.1Y0.1Yb0.1O3�d Nd2NiO4+d 1 : 1
BaCe0.89Gd0.1Cu0.01O3�d La1.7Ba0.3NiO4+d 1 : 1
BaCe0.8Y0.2O3�d La2NiO4+d 1 : 1
BaZr0.8Y0.2O3�d La2NiO4+d 1 : 1
BaZr0.1Ce0.7Y0.2O3�d Pr1.8La0.2Ni0.74Cu0.21Nb0.05O4+d 1 : 1
BaCe0.5Zr0.3Dy0.2O3�d Nd1.95Ba0.05NiO4+d 1 : 1
BaCe0.55Zr0.3Y0.15O3�d Pr2NiO4+d 1 : 1

BaZr0.1Ce0.7Y0.2O3�d La1.2Sr0.8Ni0.6Fe0.4O4+d 1 : 1
BaCe0.5Zr0.3Dy0.2O3�d Pr1.9Ba0.1NiO4+d 1 : 1
La2Ce2O7�d Pr2NiO4+d 1 : 1

172 | J. Mater. Chem. A, 2021, 9, 154–195
Tolchard and Grande350 applied more stringent conditions
(1100 �C for 72 h) to reveal the interaction abilities of LaMnO3,
LaFeO3, LaCoO3, and La2NiO4 phases with BaZrO3. Using XRD
and SEM and EDX analyses, they found that LaMnO3 is the most
unsuitable oxide, which results in the formation of 12.2 wt% of
an La2Zr2O7 impurity phase according to the simplied
reaction:

xBaZrO3 þ LaMO3 þ x

4
O2/

x

2
La2Zr2O7 þ La1�xBaxMO3 (12)

where M ¼ Mn, Co or Fe.
For the couples of LaFeO3/BaZrO3 and La2NiO4/BaZrO3, this

impurity phase was also detected in amounts of 0.7 and
2.2 wt%, respectively. The highest chemical tolerance was re-
ported for LaCoO3/BaZrO3, where no La2Zr2O7 was formed
aer prolonged high-temperature calcination. However, this
does not lead to the conclusion that LaCoO3 is the most suit-
able for BaZrO3 since cationic interdiffusion (without decom-
position of the original phases or appearance of new ones) can
also occur. For example, cobalt-based solutions in a wide
concentration range, i.e. BaZr1�xCoxO3�d (0 # x # 0.4), can be
formed,27,351 leading to signicant disruption of the chemical
compositions for both the basic LaCoO3 and BaZrO3 phases
without the formation of any impurities. A similar situation
has been described in other works,352,353 where Ba-enriched
Ba0.5Sr0.5Co0.8Fe0.2O3�d/Ba-decient BaCe0.9Y0.1O3�d and Co-
enriched BaCe0.7Zr0.1Y0.2O3�d/Y-enriched PrBaCo2O5+d

compositions were observed aer prolonged high-temperature
calcination.

Considering the model BaCeO3/Ln2NiO4+d pair as an
example, Ni-dissolution in BaCeO3 is limited to�1 mol%;354 Ln-
dissolution may be also minimised if BaCeO3 is doped by
acceptor dopants; Ba-dissolution in Ln2NiO4+d is possible,355 but
this improves the catalytic activity of the modied electrodes356

and is limited in the case of already Ba-doped nickelates (i.e.
(Ln,Ba)2NiO4+d); and nally, Ce-dissolution in the Ln2NiO4+d

parent phase is negligible. These features constitute quite
and La-based proton-conducting electrolytes

Calcination condition,
T, �C/s, h Impurity phases (from XRD data) Ref.

1100/72 La2Zr2O7 (trace) 350
800/2 Pr6O11 (trace) 357
1150/5 La6W2O15 (trace) 265
1200/1 (Ce,Pr)O2 and NiO 231
1200/3 No interaction 358
700/1000 BaO (trace) 359
1100/10 No interaction 349
1100/10 No interaction 349
950/3 No interaction 360
1100/10 No interaction 361
800, 900 (Ce,Pr)O2 (at T $ 900 �C) 362
1000, 1100
1200/2
900/5 No interaction 363
1350/5 NiO 364
1150 Pr6O11 and La2NiO4+d 365

This journal is © The Royal Society of Chemistry 2021
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Fig. 11 Thermal expansion behaviour (a) and average TEC values (b) of some oxygen-ionic and proton-conducting electrolytes compared with
LN. These data were taken from ref. 157 for LN, ref. 367 for YSZ and LGSM, ref. 368 for SDC, ref. 369 for GDC and SCSZ, and ref. 370 for BZY and
BCY. Abbreviations: LN ¼ La2NiO4+d, YSZ ¼ Zr0.9Y0.1O2�d, LGSM ¼ La0.9Sr0.1Ga0.8Mg0.2O3�d, SDC ¼ Ce0.8Sm0.2O2�d, GDC ¼ Ce0.9Gd0.1O2�d,
SCSZ ¼ (Sc2O3)0.1(CeO2)0.01(ZrO2)0.89, BZY ¼ BaZr0.8Y0.2O3�d, and BCY ¼ BaCe0.8Y0.2O3�d.
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encouraging results regarding the chemical compatibility of
nickelates with state-of-the-art proton-conducting oxides, as
shown in Table 4.
5.2. Mechanical compatibility with proton-conducting
electrolytes

Components of solid oxide electrochemical systems are typi-
cally subjected to severe conditions under both fabrication of
the cells (very high co-sintering temperatures) and their oper-
ation (reduced temperatures, but high gradients of electro-
chemically active components). Thus, to achieve excellent
integrity of multi-layered structures with no further unaccept-
able consequences (electrode delamination, cracking and other
failures), materials should be selected based on their thermo-
(chemico-) mechanical properties. Generally, this issue has
been thoroughly described by Løken et al.,366 who reviewed the
thermal and chemical expansion features of proton-conducting
electrolytes together with the compatibility aspects of their use
with different electrode materials. To briey summarise their
main conclusions, suitable electrodes should exhibit TEC
values close to that of the widely studied protonic conductors
((8–12) � 10�6 K�1), featuring a low contribution from chemical
expansion.

5.2.1. Thermomechanical expansion. A comparative anal-
ysis (Fig. 11) shows that nickelate materials are attractive elec-
trodes, which demonstrate TECs closest to that of various solid
oxide electrolytes, including proton-conducting materials.
Although the TEC difference comprises about 2–3 respective
units for a BCY/LN couple and 5–6 respective units for a BZY/LN
couple, further adjustment of their thermal compatibility can
be realised through the design of composite materials. These
composites (combination of an electrode and an electrolyte with
10–50 wt% of the latter phase) have decreased TECs that follow
an additive rule,

acomposite ¼ (1 � x)aelectrode + xaelectrolyte

where x is the weight fraction.
Together with composite materials, the TEC levels of Ln2-

NiO4+d-based materials can be widely tuned via the doping
This journal is © The Royal Society of Chemistry 2021
approach. Table 5 lists some doped oxides and their average
TECs determined within the entire studied temperature range.

5.2.2. Chemical expansion. Fairly low absolute levels of
TECs achieved for Ln2NiO4+d-based ceramics are combined with
the very weak temperature dependence of TECs (as a differential
form of dilatometry curve, Fig. 12). This implies that the
chemical-induced effects (or an orthorhombic/tetragonal phase
transition, if existing) insignicantly affect the overall expan-
sion of nickelate materials compared to some widely studied
Co- and Fe-based oxides. The latter can suffer from phase
transition(s) or chemical-induced expansion, either leading to
the corresponding local TEC burst within a narrow temperature
range or increase in TEC in the high-temperature range
compared with that at lower temperatures, as shown in Fig. 12b.
For example, GdBaCo2O5+d exhibits a close-to-linear dilatometry
curve with a TEC of (20 � 1) � 10�6 K�1; however, the structure
of this double cobaltite is transformed from orthorhombic to
tetragonal between 450 �C and 500 �C.386,387 At temperatures
above 300 �C, Ba0.5Sr0.5Co0.8Fe0.2O3�d has a cubic-type perov-
skite structure,388–390 but chemical expansion occurs upon
heating from 500 �C, increasing the TEC value by 2 times from
(11� 1)� 10�6 K�1 at 100–400 �C to (22� 1)� 10�6 K�1 at 650–
850 �C. The complex oxide of Y0.8Ca0.2BaCo4O7+d with a swe-
denborgite structure type shows very low TECs of (8–11) � 10�6

K�1; nevertheless, two specic temperatures (around 400 �C and
800 �C) can be distinguished when oxygen adsorption processes
with subsequent oxygen desorption occur.391–393 This leads to an
increase in TEC of up to 17 � 10�6 and 12 � 10�6 K�1,
respectively.

The Ni-based Ruddlesden–Popper phases are attractive from
the viewpoint of chemical-induced strain effects (Fig. 13),
showing an inappreciable response in dimensional changes
towards oxygen deviation (d) from the stoichiometric values or
oxygen partial pressure variations. This unique pO2-tolerance
strain originates from the structural features of nickelates.376

Oxygen desorption of Ln2NiO4+d results in two opposite effects,
i.e. contraction of the c-parameters owing to the release of
interstitial oxygen from the rock-salt layers and expansion of the
perovskite-like layers (a–b plane) due to charge compensation
by the partial reduction of existing cations (Ni3+). The combi-
nation of these effects results in negligible overall expansion.
J. Mater. Chem. A, 2021, 9, 154–195 | 173
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Table 5 Average thermal expansion coefficient values (aav) of Ln2-
NiO4+d-based materials. In most cases, dilatometry measurements
were performed in ambient air atmosphere between RT and 1000 �C.
Visualisation of the data is presented in Fig. S3, ESI

Composition aav � 106, K�1 Ref.

La2NiO4+d

La2NiO4+d 12.6 114
13.0 53, 72 and 371
13.1 340
13.5 372
13.8 218

La1.95Ba0.05NiO4+d 13.2 373
La1.8Sr0.2NiO4+d 12.6 371 and 374
La1.75Sr0.25NiO4+d 11.2 339
La1.7Sr0.3NiO4+d 13.9 359
La1.7Sr0.3Ni0.9Mn0.1O4+d 15.3 171
La0.2Sr1.8NiO4+d 13.8 374
La1.8Ca0.2NiO4+d 14.5 131
La1.7Ca0.3NiO4+d 13.9 359

14.2 132
La1.6Ca0.4Ni0.9Fe0.1O4+d 14.6 131
La1.6Ca0.4Ni0.9Cu0.1O4+d 14.9 131
La1.7Ba0.3NiO4+d 15.2 359
La2Ni0.6Cu0.4O4+d 13.0 375
La2Ni0.9Co0.1O4+d 12.8 204 and 205
La2Ni0.9Fe0.1O4+d 13.8 376

12.7 377
La2Ni0.8Cu0.2O4+d 14.2 376

Pr2NiO4+d

Pr2NiO4+d 13.2 378
13.3 372
13.4 72
13.6 53
13.9 379
15.5 101

Pr1.95Ba0.05NiO4+d 13.9 373
PrLaNiO4+d 14.1 380
Pr1.7Sr0.3NiO4+d 12.0 268

15.0 201
Pr1.2Sr0.8NiO4+d 12.9 268
Pr1.5Sr0.5Ni0.5Co0.5O4+d 13.1 177
Pr1.7Sr0.3Ni0.6Cu0.4O4+d 13.8 381
Pr2Ni0.75Cu0.25Ga0.05 O4+d 12.7 382
Pr1.7Ca0.3NiO4+d 14.5 132
Pr1.6Ca0.4NiO4+d 13.7 101
Pr2Ni0.9Co0.1O4+d 16.2 118
Pr2Ni0.9Mo0.1O4+d 13.5 379

Nd2NiO4+d

Nd2NiO4+d 12.7 53
13.4 383
14.5 384
15.0 132

Nd1.95Ba0.05NiO4+d 13.4 373
Nd1.8Sr0.2NiO4+d 12.9 91
Nd1.6Sr0.4NiO4+d 13.0 385
Nd1.2Sr0.8NiO4+d 14.4 385
NdSrNiO4+d 12.3 108
Nd1.9Ca0.1NiO4+d 15.1 132
Nd1.8Ca0.2NiO4+d 14.3 132
Nd1.7Ca0.3NiO4+d 13.5 132
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Conversely, defect formation and interaction upon oxygen
desorption occur within the sole structure of the conventional
perovskite- and uorite-related materials. For Co- and Fe-based
oxides, oxygen vacancies are also formed (that should contract
the cell), but cation reduction and cation–cation repulsion have
a greater inuence, leading to overall chemical expansion.

Interesting results were obtained by Flura et al.72 in
their study on the structural parameters of basic nickelates
(La2NiO4+d, Nd2NiO4+d, and Pr2NiO4+d) utilising high-
temperature XRD analysis, revealing the effects of tempera-
ture, measurement atmosphere and phase transitions on the
thermo-chemical response of the corresponding ceramics
(Fig. 13c). Based on this analysis, decreasing pO2 from the
conventional value of air to �1 � 10�4 atm (helium atmo-
sphere) resulted in an apparent decrease in TEC across the
entire temperature range. Simultaneously, the TEC behaviour of
Pr2NiO4+d was distinct from that of other nickelates, where its
phase transition (Bmab / I4/mmm) decreased the TECs,
while the phase transitions for La2NiO4+d and Nd2NiO4+d

(Fmmm / I4/mmm occurred around 150 and 500 �C, respec-
tively) were found to increase the TECs with respect to the low-
temperature range. The dilatometry data of Berger et al.118

conrm that the TECs decreased with a reduction in pO2 for
a Pr-based nickelate (Pr2Ni0.9Co0.1O4+d) within the low-
temperature range of 12.2 � 10�6 K�1 at pO2 ¼ 1 atm to
10.8 � 10�6 K�1 at pO2 ¼ 1 � 10�2 atm. However, the TECs
increased for the high-temperature range of 15.9 � 10�6 to
16.9 � 10�6 K�1 due to the oxygen desorption mechanism.
The difference between these two works is the low-
temperature structure of praseodymium nickelate (Bmab72

and Fmmm118), implying that this can also affect the achieved
TECs and their relation relative to each other in different
temperature regions.
5.3. Proton transportation

The RP phases of the rst order, A2BO4+d, are typically hyper-
stoichiometric compounds having an excess of interstitial
oxygen in their structure. It is evident that the appearance of
proton transport (if existing) in A2BO4+d occurs with different
mechanism(s) compared with the conventional acceptor-doped
perovskites, where proton defects are formed under dissociative
adsorption of water molecules by existing oxygen
vacancies:402–404

H2Oþ V
��

O þO�O%2OH
�

O (13)

In contrast, the interstitial sites in the classical Ln2NiO4+d

compounds are important for proton transportation since H2O
is more favourable for insertion at the interstitial sites, as
shown in Fig. 14.

The protonation of oxides is generally achieved within
a hydration process. The hydration equation for Ln2BO4+x can
be written as:144

H2OþO�O%OH
�

O þOH
0
i (14)
This journal is © The Royal Society of Chemistry 2021
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Fig. 13 Chemical strain effects for some oxide materials: (a) chemical expansion coefficient as a function of the oxygen non- (over-) stoichi-
ometry and (b) dimensional change as a function of oxygen partial pressure at 800 �C. These graphs presented in ref. 376 and 394 were prepared
based on the data in ref. 395–400. (c) Temperature dependence of TECs for nickelates under oxidising (pO2¼ 0.2 atm) and reducing (He, pO2¼ 1
� 10�4 atm) atmospheres.72 (d) Chemical expansion coefficients for some oxygen electrodes at 800 �C in air.91,120,401 Abbreviations: LN ¼ La2-
NiO4+d, NN ¼ Nd2NiO4+d, PN ¼ Pr2NiO4+d, LSN ¼ La1.8Sr0.2NiO4+d, CGO ¼ Ce0.9Gd0.1O1.95�d, LSCF ¼ La0.6Sr0.4Co0.2Fe0.8O3�d, SCF ¼
SrCo0.8Fe0.2O3�d, LSF ¼ La0.3Sr0.7FeO3�d, LSF0 ¼ La0.6Sr0.4FeO3�d, LSC-P ¼ La0.5Sr0.5CoO3�d, LSC ¼ La0.6Sr0.4CoO3�d, LSC0 ¼ La0.3Sr0.7CoO3�d,
LSFG ¼ La0.3Sr0.7Fe0.6Ga0.4O3�d, LSC-RP ¼ LaSrCoO4+d, and BSCF ¼ Ba0.5Sr0.5Co0.2Fe0.8O3�d.

Fig. 12 Thermal expansion (a) and TEC values (b) of some electrode materials as a function of temperature (ambient air atmosphere). Data is
presented based on experiments. Abbreviations: LN ¼ La2NiO4+d, YCBC ¼ Y0.8Ca0.2BaCo4O7+d, GBC ¼ GdBaCo2O5+d, BSCF ¼ Ba0.5Sr0.5-
Co0.8Fe0.2O3�d, BSF ¼ Ba0.5Sr0.5FeO3�d, and NBSCF ¼ NdBa0.5Sr0.5Co1.5Fe0.5O5+d. Reproduced with permission.349 Copyright 2017, Elsevier.

Review Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 0
8 

de
ce

m
be

r 
20

20
. D

ow
nl

oa
de

d 
on

 2
02

5-
01

-2
3 

08
:2

3:
46

. 
View Article Online
According to the equation, it seems that H2O is split into OH
and H, while OH occupies the interstitial site and H attaches to
the lattice oxygen. It should be noted that this is only an
assumption since little research activity has been carried out to
determine the exact mechanism for hydration and proton
transportation in Ln2NiO4+d materials. However, this assump-
tion is reasonable if one considers the loss of the interstitial
oxygen in the classical Ln2NiO4+d (such as La2NiO4+x) at high
temperatures,67 leaving the interstitial sites to be compensated
by H2O. Although the loss of the interstitial oxygen was
observed in La2NiO4+x, no observation of oxygen vacancy was
reported in this study. Li et al.232 arrived at a similar conclusion.
They studied the hydration ability of Pr2NiO4+x and found that
This journal is © The Royal Society of Chemistry 2021
the insertion of H2O at the interstitial sites is the most likely
explanation for the protonation of this material. Although there
are three possible ways for the formation of proton defects in
Pr2NiO4+x, the very low H2 partial pressure at the cathode side
eliminates the possibility of the direct combination of H2 with
interstitial oxygen. They also revealed that the insertion of H2O
at the oxygen vacancies through eqn (13) is not signicant due
to the very low oxygen vacancy content in the oxygen-rich
environment for Pr2NiO4+x. Therefore, protonation can only
occur with the insertion of H2O at the interstitial sites. However,
differing from the opinion of Grimaud et al.144 that proton
defects form at both interstitial sites and with lattice oxygen, Li
J. Mater. Chem. A, 2021, 9, 154–195 | 175
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Fig. 14 Possible places for the insertion of water molecules in the different structures.
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et al. indicated that the H2O split reaction is only associated
with the interstitial sites, with the reaction equation written as:

2H2Oþ 4O
00
i%4OH

0
i þO2 þ 4e

0 (15)

The difference in the opinion of researchers concerning the
hydration process of Ln2NiO4+d materials implies that this can
be an interesting question for further study. Nevertheless, both
studies agree that Ln2NiO4+d has a different hydration mecha-
nism in comparison with that for traditional ABO3�x perovskite
oxides, while the interstitial sites play an important role in the
protonation.

For the RP phases with pronounced basic properties (for
example, BaLaInO4), the proton defects may be formed
according to the following reactions:144,405–408

H2Oþ V
��

O þO
00
i%OH

�

O þOH
0
i (16)
Fig. 15 Schematic representations of two paths for proton transport (PT
possible proton locations and R and T refer to proton rotation and trans

176 | J. Mater. Chem. A, 2021, 9, 154–195
H2OþO�O þ V�i %OH
�

O þOH
0
i (17)

H2OþO
00
i %2OH

0
i (18)

The rst two reactions require vacancy (lattice or interstitial)
defects. These defects occur to a considerable degree in nick-
elates, even those that are not doped by acceptors (eqn (19)). In
detail, the heating of Ln2NiO4+d leads to oxygen desorption, and
correspondingly the appearance of the necessary vacancies (eqn
(20)), which are theoretically capable of providing hydration.
The third reaction does not require crystallographic or inter-
stitial vacancies, allowing the formation of proton defects
directly upon water interaction with interstitial oxygen. Tar-
asova et al.407 used IR spectroscopy to reveal the two energeti-
cally non-equivalent hydroxyl groups in BaLaInO4 and
BaLaIn0.9Nb0.1O4+d, conrming the possible realisation of eqn
(14) and (15).
) between the inter-layer PT1 and inner-layer PT2. Pn (n ¼ 1–6) are the
fer, respectively.332

This journal is © The Royal Society of Chemistry 2021
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MO/M
0
Ln þ V

��

O þO�O (19)

2Ni�Ni þ 0:5O2%2Ni
0
Ni þ V

��

O þ
1

2
O2 (20)

Grimaud et al.144 analysed the weight change of Pr2NiO4+d in
air with various pH2O levels (from 0.002 to 0.095 atm). This
analysis revealed different weight changes depending on pH2O,
but could not determine the actual proton concentration in
praseodymium nickelate due to the difficulty associated with
two simultaneous processes, hydration/dehydration and oxygen
sorption/desorption.

Zhang et al.332 studied both oxygen migration and proton
diffusivity in undoped and doped La2NiO4+d using rst-
principle calculations, including analyses of relative energy,
effective charge and electron density. They proposed a possible
mechanism (Fig. 15) and found that proton transportation is
unfavourable in a perfect La2NiO4+d crystal; however, fast proton
transport may occur for Co- and Cu-doped derivatives. It should
be noted that unlike oxygen transport, proton migration is
proposed to occur between the apical and equatorial oxygen
ions with a resulting energy barrier of �1.1 eV, having ve
potential insertion sites on oxygen ions. This fact implies that
the migration of protons between two rock-salt layers is unfav-
ourable in nickelates in terms of a very large energy barrier,
which is in accordance with the hydration of other RP pha-
ses.409,410 However, it is also noted that the calculated proton
transport route, whether rotating or jumping, is associated with
the lattice oxygen only, and no interstitial oxygen is considered.
As discussed above, the interstitial oxygen can play an impor-
tant role in the protonation for Ln2NiO4+d, while the participa-
tion of interstitial oxygen may change the distance of proton
migration, and thus alter the optimised migration routes.
Therefore, it will be desirable to have a more comprehensive
view concerning the rst-principle calculations of proton
transportation by also considering the interstitial oxygens.
Although this aspect has yet to be considered in detail, it can be
benecial for an understanding of proton transportation in the
Ln2NiO4+d class of materials.

As can be seen above, the issue of the proton transportation
in Ln2NiO4+d phases remains open and should be evaluated in
detail in future research.
Fig. 16 Correlation of polarisation resistances of Ln2NiO4+d-based
electrodes (Rp) measured on the symmetrical cells with proton-con-
ducting electrolytes with kinetic parameters (kD), oxygen content (4 +
d) and ionic conductivity (sion) of nickelates. Panels (a), (b) and (c) were
reproduced from works by Sadykov et al.,267 Grimaud et al.144 and
Tarutin et al.,207 respectively. In panel (a) the following abbreviations
are used: LNO ¼ La2NiO4+d, LCNO ¼ La1.7Ca0.3NiO4+d, LSNO ¼
La1.7Sr0.3NiO4+d, LBNO¼ La1.7Ba0.3NiO4+d, PNO¼ Pr2NiO4+d, PCNO¼
Pr1.7Ca0.3NiO4+d, and PLCNO ¼ Pr0.85La0.85Ba0.3NiO4+d. Panel (b)
highlights the results obtained for the PSN|BCY|PSN symmetrical cells
at 600 �C and pH2O¼ 0.03 atm. Here, PSN¼ Pr2�xSrxNiO4+d, and BCY
¼ BaCe0.9Y0.1O3�d. In panel (c), all the data are provided for 600 �C and
the Rp values were obtained for symmetrical cells based on proton-
conducting BaCe0.5Zr0.3Y0.1Y0.1O3�d electrolyte.
5.4. Electrochemical activity towards oxygen- and proton-
involving electrode processes

The electrochemical activity of electrodes depends on different
parameters affecting the active zone where the electrochemical
reactions occur. Among them, a number of parameters have
a technology-related nature (particle size, tortuosity, and
porosity), which regulates the triple phase boundary (TPB)
length.411–415 Another set is related to the inherent properties of
the phases, including oxygen and electron transport, which
determine the activity of TPB. Although the complete separation
of composition from technological parameters is a difficult
task, some regularities can be revealed.
This journal is © The Royal Society of Chemistry 2021
Oxygen electrodes of SOFCs or PCFCs allow the realisation of
the oxygen reduction reaction (ORR):

For SOFCs:

O2(gas) + 4e�(electrode) % 2O2�
(electrolyte) (21)

For PCFCs:

O2(gas) + 4e�(electrode) + 4H+
(electrolyte) % H2O(gas) (22)

This reaction occurs in the case of predominantly electronic
conductors, such as Pt and LSM.416 When materials can also
conduct oxygen-ions, they become mixed ionic-electronic
conductors (MIECs).417–422 MIECs have a distinct advantage
over electronic conductors since the ORR can occur at the
surface of the ceramic electrode together with TPB:
J. Mater. Chem. A, 2021, 9, 154–195 | 177
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For SOFCs :

8<
:

O2ðgasÞ%O2ðadsÞ%2OðadsÞ

OðadsÞ þ 2e�ðelectrodeÞ%O2�
ðadsÞ

O2�
ðadsÞ%O2�

ðelectrodeÞ%O2�
ðelectrolyteÞ

(23)
Table 6 Overall polarisation resistances (Rp) and corresponding activa
electrode|electrolyte|electrode. Visualisation of the data is presented in

Electrode Electrolyte

La2NiO4+d BaCe0.9Y0.1O3�d
La2NiO4+d BaCe0.9Y0.1O3�d
La2NiO4+d La5.5WO11.25�d
La2NiO4+d BaCe0.8Y0.2O3�d
La2NiO4+d BaCe0.5Zr0.3Dy0.2O3

La2Ni0.9Cu0.1O4+d BaCe0.5Zr0.3Dy0.2O3

La2Ni0.8Cu0.2O4+d BaCe0.5Zr0.3Dy0.2O3

La2Ni0.7Cu0.3O4+d BaCe0.5Zr0.3Dy0.2O3

La1.5Pr0.5NiO4+d La5.5WO11.25�d
70%La2NiO4+d –30%LaNi0.6Fe0.4O3�d BaZr0.1Ce0.7Y0.2O3�
50%La2NiO4+d –50%LaNi0.6Fe0.4O3�d BaZr0.1Ce0.7Y0.2O3�
30%La2NiO4+d –70%LaNi0.6Fe0.4O3�d BaZr0.1Ce0.7Y0.2O3�
50%La2NiO4+d –50%LaNi0.6Fe0.4O3�d BaZr0.1Ce0.7Y0.2O3�
La1.95Ba0.05NiO4+d BaCe0.5Zr0.3Dy0.2O3

La1.7Ca0.3NiO4+d BaCe0.89Gd0.1Cu0.01
La1.7Sr0.3NiO4+d BaCe0.89Gd0.1Cu0.01
La1.7Ba0.3NiO4+d BaCe0.89Gd0.1Cu0.01
La1.7Ba0.3NiO4+d –BaCe0.89Gd0.1Cu0.01O3�d BaCe0.7Zr0.1Y0.2O3�
La1.7Ba0.3NiO4+d –BaCe0.89Gd0.1Cu0.01O3�d BaCe0.89Gd0.1Cu0.01
La1.7Ca0.3NiO4+d –BaCe0.89Gd0.1Cu0.01O3�d BaCe0.89Gd0.1Cu0.01
La1.7Sr0.3NiO4+d –BaCe0.89Gd0.1Cu0.01O3�d BaCe0.89Gd0.1Cu0.01
La1.7Ba0.3NiO4+d –BaCe0.89Gd0.1Cu0.01O3�d CaZr0.95Sc0.05O3�d
La1.7Ca0.3NiO4+d –BaCe0.89Gd0.1Cu0.01O3�d CaZr0.95Sc0.05O3�d
La1.7Sr0.3NiO4+d –BaCe0.89Gd0.1Cu0.01O3�d CaZr0.95Sc0.05O3�d
La1.2Sr0.8NiO4+d BaCe0.7Zr0.1Y0.2O3�
BaCe0.68Zr0.1Y0.1Yb0.1Cu0.02O3�d inltrated
with 42.2 wt% La1.2Sr0.8NiO4�d

BaCe0.68Zr0.1Y0.1Yb0

LaSrNiO4+d BaCe0.9Y0.1O3�d
Nd2NiO4+d BaCe0.9Y0.1O3�d
Nd2NiO4+d BaCe0.9Y0.1O3�d
Nd1.95Ba0.05NiO4+d BaCe0.5Zr0.3Dy0.2O3

60%Nd1.95NiO4+d –40% BaZr0.1Ce0.7Y0.1Yb0.1O3�d BaZr0.1Ce0.7Y0.1Yb0.
50%Nd1.95NiO4+d –50% BaZr0.1Ce0.7Y0.1Yb0.1O3�d BaZr0.1Ce0.7Y0.1Yb0.
50%Nd1.95NiO4+d –50% BaZr0.1Ce0.7Y0.1Yb0.1O3�d BaZr0.1Ce0.7Y0.1Yb0.
Nd1.9Ba0.1NiO4+d BaZr0.3Ce0.5Y0.1Yb0.
Nd1.9Ba0.1NiO4+d BaCe0.5Zr0.3Dy0.2O3

Nd1.9Ba0.2NiO4+d BaCe0.5Zr0.3Dy0.2O3

Nd1.9Ba0.1NiO4+dF0.05 BaZr0.3Ce0.5Y0.1Yb0.
Nd1.9Ba0.1NiO4+dF0.1 BaZr0.3Ce0.5Y0.1Yb0.
NdSrNiO4+d BaCe0.9Y0.1O3�d
Pr2NiO4+d BaCe0.9Y0.1O3�d
Pr2NiO4+d BaCe0.9Y0.1O3�d
Pr2NiO4+d BaCe0.9Y0.1O3�d
Pr2NiO4+d BaCe0.9Y0.1O3�d
Pr2NiO4+d BaCe0.9Y0.1O3�d
(Pr0.9La0.1)2(Ni0.74Cu0.21Nb0.05)O4+d BaCe0.7Zr0.1Y0.2O3�
Pr1.9Ca0.1NiO4+d BaCe0.89Gd0.1Cu0.01
Pr1.95Ba0.05NiO4+d BaCe0.5Zr0.3Dy0.2O3

Pr1.9Sr0.1NiO4+d BaCe0.9Y0.1O3�d
Pr1.8Sr0.2NiO4+d BaCe0.9Y0.1O3�d
Pr1.5Sr0.5NiO4+d BaCe0.9Y0.1O3�d
Pr1.2Sr0.8NiO4+d BaCe0.7Zr0.1Y0.2O3�

178 | J. Mater. Chem. A, 2021, 9, 154–195
For PCFCs :

8>>><
>>>:

O2ðgasÞ%O2ðadsÞ%2OðadsÞ

OðadsÞ þ 2e�ðelectrodeÞ%O2�
ðadsÞ

O2�
ðadsÞ%O2�

ðelectrodeÞ

O2�
ðelectrodeÞ þ 2HþðelectrolyteÞ%H2OðgasÞ

(24)
tion energy (Ea) of nickelate-based electrodes for symmetrical cells,
Fig. S4, ESI

Rp, U cm2

Ea, eV Ref.500 �C 600 �C 700 �C

91.8 14.1 — 1.01 429
41.6 3.88 — 1.01 81
— 35 11.5 1.36 265
— 20.8 4.94 1.01 349

�d 4.5 0.64 0.10 1.24 157
�d 4.7 0.92 0.21 0.96 157
�d 13.1 2.06 0.47 1.01 157
�d 42.3 7.90 1.20 1.08 157

— 18.4 2.52 1.39 265
d — 13.4 2.09 1.24 430
d — 15.5 2.34 1.26 430
d — 19.9 2.92 1.27 430
d — 5.42 0.99 1.08 431
�d 37.9 5.56 1.11 1.08 432
O3�d — 10.8 1.88 1.24 433
O3�d — 5.99 0.74 1.47 433
O3�d — 4.38 0.64 1.44 433
d — 1.52 0.21 1.35 433
O3�d — 4.64 0.62 1.35 359
O3�d — 6.14 1.14 1.21 359
O3�d — 9.59 0.82 1.34 359

— 278 45 1.14 434
— 666 128 1.20 434
— 213 30.0 1.24 434

d 1.58 0.29 0.07 0.93 435
.1Cu0.02O3�d 1.34 0.20 0.04 1.15 436

— 2.04 0.32 1.73 81
278 29.9 4.9 1.06 429
81.1 6.75 3.5 1.06 81

�d 24.6 3.42 0.45 1.25 432
1O3�d — 15.4 1.87 1.33 358
1O3�d — 9.55 1.47 1.24 358
1O3�d — 7.06 1.21 1.23 358
1O3�d 136 17.9 2.67 1.30 207
�d 115 15.9 1.8 1.40 437
�d 212 21.4 3.5 1.30 437
1O3�d 63.1 7.82 0.41 1.40 207
1O3�d 259 33.1 5.09 1.34 207

93.2 1.62 0.27 1.54 81
6.71 1.7 0.38 0.87 429
3.7 0.54 0.18 1.02 144
6.75 0.49 0.14 0.86 81
1.83 0.32 0.13 0.97 231
9.17 0.89 0.19 0.96 252

d 5.07 0.77 0.17 1.03 360
O3�d — 3.67 0.51 1.47 433
�d 10.0 0.62 0.19 1.19 434

9.92 1.16 0.21 1.22 144
14.5 1.92 0.39 1.18 144
30.1 2.7 0.45 1.26 144

d 3.47 0.57 0.13 0.98 435

This journal is © The Royal Society of Chemistry 2021
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Therefore, the TPB length is not limited by the contact of
three phases, and this length can be extended due to additional
pathways for oxygen molecules.

Despite having an ionic electrolyte type, the ORR comprises
a combination of two consequent macroscopic processes,
namely oxygen exchange at the surface of the electrodes and
oxygen diffusion within the ceramic phase. On the one hand,
these processes are characterised by kinetic parameters (oxygen
exchange constant, k, and oxygen diffusion coefficient, D); on
the other hand, they determine the polarisation resistance of
the electrodes (Rp), as shown in particular by the ALS (Adler,
Lane, Steele) model.423 Therefore, it is evident that there is
a direct relation between Rp, k, and D. As can be seen from
Fig. 16a, this correlation indeed exists, indicating that the
lowest Rp values can be achieved for materials having the
highest product of kD.

Grimaud et al. evaluated the electrochemical activity of Sr-
doped Pr2NiO4+d electrodes in the system with a BaCe0.9Y0.1O3�d
protonic conductor, and found that the optimal electrode
performance was observed for the undoped Pr2NiO4+d having
a higher 4 + d level.144 In detail, both partial (middle- and low-
frequency) resistances, related with the charge transfer through
the interface and the electrode reactions, respectively, decreased
Table 7 Literature survey on the analysis of impedance spectra performe
is the electrolyte

ET composition ED composition Conditions

BaCe0.9Y0.1O3�d La2NiO4+d Wet air, pH2O ¼
0.03 atm

BaCe0.9Y0.1O3�d Pr2NiO4+d Wet air, pH2O ¼
0.03 atm

BaCe0.9Y0.1O3�d Pr2NiO4+d Wet air, pH2O ¼
0.03–0.3

BaCe0.9Y0.1O3�d Pr2NiO4+d Wet air, pH2O ¼
0.2

BaZr0.7Ce0.2Y0.1O3�d La2NiO4+d Wet air, pH2O ¼
0.03

BaCe0.7Zr0.1Y0.2O3�d
(BCZY)

La2NiO4+d and La2NiO4+d

–LaNi0.6Fe0.4O3�d composites
—

BCZY BCZY–Ndr1.95NiO4+d Wet air, pH2O ¼
0.03

BCZY La2NiO4+d–LaNi0.6Fe0.4O3�d —

BCZY (Pr0.9La0.1)2Ni0.74Cu0.21Nb0.05O4+d —

BaCe0.5Zr0.3Dy0.2O3�d Nd1.95Ba0.05NiO4+d Dry air

BCZY Ln1.2Sr0.8NiO4+d (Ln ¼ La and Pr) Ambient air

BaCe0.6Zr0.2Y0.2O3�d
(BCZY0)

Pr2NiO4+d–BCZY0 Wet air, pH2O ¼
0.6

This journal is © The Royal Society of Chemistry 2021
with 4 + d growth (Fig. 16b). Most probably, the “Rp–(4 + d)”
relation is a special case that overlays with other tendencies. For
example, no direct “Rp–(4 + d)” correlation was revealed in the
work of Tarutin et al.207 Instead, the electrochemical activity of the
Nd2NiO4+d-based electrodes was regulated by the oxygen-ionic
conductivity (Fig. 16c) or oxygen diffusion coefficient, according
to the Nernst–Einstein relationship.

Table 6 summarises the Ln2NiO4+d-based electrodes ob-
tained for symmetrical cells with proton-conducting electro-
lytes. Although the polarisation resistances vary across a wide
range (�3 orders of magnitude), the target values, aer
excluding the extreme examples, can be estimated to be �10, 3
and 0.5 U cm2 at 500, 600 and 700 �C, respectively, with a cor-
responding activation energy of�1 eV. Analysis of the activation
energies shows that they drop in the range of �0.9–1.5 eV,
implying that kinetic parameters (see Table 3) regulate the
overall electrochemical activity of the electrodes.

The high noise of the listed Rp results is due to the techno-
logical features of the various materials. As can be seen, the
compositions of the electrodes include basic nickelates and
their doped or co-doped analogues and composites, which can
be prepared by conventional means or utilising attractive
techniques for the improvement of electroactivity (for example,
d for the symmetrical ED|ET|ED cells, where ED is the electrode and ET

Equivalent
circuit Description Ref.

(RQ)MF–(RQ)LF MF: ionic transfer reaction at the ED/ET interface 81
LF: oxygen dissociation and oxygen reduction
reaction

(RQ)MF–(RQ)LF MF: H+ charge transfer at the ED/ET interface 439
LF: oxygen adsorption, oxygen dissociation and
molecular diffusion

(RQ)MF–(RQ)LF MF: H+ charge transfer at the ED/ET interface 144
LF: water formation or water gas diffusion

(RQ)MF–(RQ)LF MF: H+ charge transfer at the ED/ET interface 231
LF: oxygen dissociative adsorption or oxygen
reduction reaction

(RQ)1–(RQ)2–
(RQ)3

1: charge transfer at the ED/ET interface 440
2: oxygen adsorption
3: molecular oxygen diffusion

(RQ)HF–(RQ)LF HF: O2� charge transfer at the ED/ET interface 430
LF: oxygen adsorption, dissociation, charge
transfer and molecular diffusion

(RQ)HF–
(RQ)MF–(RQ)LF

HF: H+ charge transfer at the ED/ET interface 358
MF: oxygen reduction reaction
LF: diffusion process of O� to TPB

(RQ)HF–(RQ)LF HF: O2� charge transfer at the ED/ET interface 431
LF: oxygen adsorption, dissociation, charge
transfer and molecular diffusion

(RQ)HF–(RQ)LF HF: H+ charge transfer 360
LF: oxygen surface exchange

(RQ)HF–
(RQ)MF–(RQ)LF

HF: charge transfer across the electrode/electrolyte
interface

361

MF: oxygen dissociation and surface diffusion
LF: oxygen adsorption and gas-phase diffusion

(RQ)HF–(RQ)LF HF: bulk charge transfer process 435
LF: —

(RQ)HF–(RQ)LF HF: — 232
LF: —

J. Mater. Chem. A, 2021, 9, 154–195 | 179
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inltration). Moreover, depending on the compositions of the
cells and external conditions, the Ln2NiO4+d-based phases are
reported to show proton transportation, thus constituting the
class of triple-conducting materials.424–428,438 Thus, considering
the above-mentioned factors, further elaboration will specify
the important details affecting the electrochemical perfor-
mance of the considered electrode materials.

Analysing the nature of ongoing electrode processes, it is
rational to consider an algorithm for decoding the impedance
spectra collected for symmetrical cells. According to Table 7, the
corresponding spectra are described by two or three RQ-
combinations (R is the partial resistance of Rp, while Q is the
constant phase element). If the rst of these combinations is
mostly due to an ionic charge transfer between the electrolyte
and electrode phases, the second (or third) combination(s) may
be attributed to various processes, starting from the reduction
of oxygen atoms and ending with molecular diffusion of gas
components within a porous electrode. Again, this uncertainty
in physical models occurs due to completely different electro-
chemical systems that have varying functional parameters.

Among the numerous publications, there are a few works in
which the authors tried to distinguish the factors associated
with the inherent properties of nickelate phases and their
microstructural parameters from each other.

For example, Grimaud et al.144 studied the simultaneous
effects of pO2 and pH2O on the Rp of the Pr2NiO4+d electrode at
600 �C. According to their results, Rp comprises the sum of two
Fig. 17 Possible ways of electrochemical reactions in systems with proto
(a) single-phase electronic conductor (EC), (b) single-phase MIEC, (c)
electrolyte, (f) MIEC infiltrated with EC, (g) H+-electrolyte infiltrated with
trode. Here, TPB is the triple phase boundary and DPB is the double pha
arrows correspond to the ceramic phases.

180 | J. Mater. Chem. A, 2021, 9, 154–195
(medium- (MF) and low- (LF) frequency) processes. RMF is not
affected by pH2O, but depends on the variation of pO2 according
to the following relation: RMF � (pO2)

�1/4. On the contrary, the
power function, n, for the RLF � (pO2)

�n relation changes from
0.44 for dry air (pH2O ¼ 0.006 atm) to 0.61 for wet air (pH2O ¼
0.20 atm) due to the involved pH2O-associated processes.

In the next work of Grimaud et al.,441 special attention was
paid to the electrode performance of Pr2NiO4+d depending on
the variation in pH2O and microstructural parameters. For
a porous state of Pr2NiO4+d, the following tendencies were
observed: RMF � (pH2O)

�1/2 and RLF � (pH2O)
�1. Their study

indicated that the H2O-assisted mechanism occurred for the
considered system, namely proton charge transfer in the former
case and water formation in the latter case. When the Pr2NiO4+d

electrode layer was prepared in a dense form, the rst relation
was again observed, conrming the ability of the nickelate to
demonstrate proton transportation. However, no dependence (n
¼ 0) was observed between RLF and pH2O that could be
explained in terms of the limited diffusion of water molecules
inside the electrodes.

Quarez et al.357 considered the effects of several parameters
on the electrochemical activity of the same electrode, i.e. calci-
nation temperature to fabricate the PN|LW|PN symmetrical
cells, the thickness of the PN electrodes, and weight amount of
LW phases in the PN–LW electrode composites (here PN ¼
Pr2NiO4+d and LW ¼ La27.15W4.85O55+d). Temperature- and
thickness-related effects were predictable, where an
n-conducting electrolytes depending on the nature of the electrodes:
MIEC + EC composite, (d) MIEC + O2�-electrolyte, (e) MIEC + H+-
MIEC and (h) ideal single-phase triple-conducting (H+/O2�/e�) elec-

se boundary. Solid arrows correspond to the gas phases, while dashed

This journal is © The Royal Society of Chemistry 2021
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improvement in electrochemical activity occurred for the highly
porous electrodes (prepared at the lowest sintering temperature
of 800 �C) and with the lowest thickness (12 mm against 24 and
36 mm for the other cases), implying that the determining role is
played by molecular diffusion. However, no positive composi-
tion effect was observed upon the addition of the LW phase;
therefore, composite materials do not always provide an incre-
mental improvement in electrode functionality.

Technological effects were also evaluated by Soĺıs et al.265

Here it was found that among three sintering temperatures
(1050 �C, 1100 �C and 1150 �C), the best electrochemical activity
for La1.5Pr0.5Ni0.8Co0.2O4+d electrodes was achieved for the
lowest temperature, conrming the crucial effect of electrode
porosity.

From the provided examples, it is clear that the electro-
chemical activity of nickelates can be quite easily tuned by
technological factors, especially sintering temperature,
ensuring a certain electrode porosity. However, the perfor-
mance of these electrodes can be also regulated by means of
engineering techniques aimed at extending the surface of the
electrochemically active zone.

Fig. 17 shows some of the main strategies associated with
increasing the number of active parts in electrochemical reac-
tions. These strategies aim at introducing an additional charge
carrier together with the electron carrier, i.e. either oxygen-ions,
protons or both.
Table 8 Methods for improving the electrochemical performances o
determined for the symmetrical ED|ET|ED cells at 600 �C

Case (see Fig. 17) Example, EDa|ETb

Performance

Rp, U cm2

Single-phase materials
(b) LN|BCY20 20.8

NBN|BCZD 13.9

Composite materials
(c) LN–LNF|BCZY 13.4

LN–LNF|BCZY 19.9
LN–LNF|BCZY 5.4

(d) LNF–SDC|BCZY 7.2
LBN–SDC|BCGC 7.8

(e) NN–BCZYYb|BCZYYb 7.24
LBN–BCGC|BCGC 4.6
LBN–BCGC|BCGC 4.3

Inltration
(f) LNFinf–LNbb|BCZY 0.31

(g) LNinf–BZCYbb|BZCY 29.3
PLNCNinf–BCZYbb|BCZY 0.76

Single-phase triple-conducting material
(h) PN|BCY 0.89

a Electrode (ED) abbreviations: PSN¼ Pr1.4Sr0.6NiO4+d, LN¼ La2NiO4+d, NB
¼ La1.7Ba0.3NiO4+d, PLNCN ¼ (Pr0.9La0.1)2Ni0.74Cu0.21Nb0.05O4+d, PN ¼ Pr2N
BaCe0.8Y0.2O3�d, BCZD ¼ BaCe0.5Zr0.3Dy0.2O3�d, BCZY ¼ BaCe0.7Zr0.1Y0.2O3
BaCe0.7Zr0.1Y0.2Yb0.1O3�d, BZCY ¼ BaZr0.7Ce0.2Y0.1O3�d, inf is the inltrati

This journal is © The Royal Society of Chemistry 2021
A gradual complication of the provided scheme consists of
substituting a pure electron conductor (Fig. 17a) with a mixed
ionic-electronic conductor (MIEC) with O2�-transportation
(Fig. 17b). Many complex oxides belong to these MIECs,
including cobaltites,442–444 ferrites,434–448 nickelates52,234,379 having
simple and layered structures, and solid solutions based on
these classes.449–452 Utilisation of MIECs deposited on proton-
conducting electrolytes allows the TPB to be extended by an
MIEC phase perimeter limited by the electrolyte surface.

Another strategy for increasing the TPB involves the devel-
opment of composite systems. Considering (O2�/hc)-MIEC as an
example, three different types of composites can be formed
(Fig. 17c–e), consisting of an MIEC combined with an elec-
tronic, oxygen-ionic or protonic conductor. The last combina-
tion seems to represent the most promising variant since it
allows transportation of three different types of charge carriers,
some of which exist within one phase, while others exist within
the second phase.

An increase in the TPB can be realised by means of nano-
scaled sediments formed purposefully on the surface of the
main porous phases (Fig. 17f and g). This method, which is
known as inltration, is widely used to achieve high perfor-
mance electrodes.25,453–455 However, it should be noted that the
number of active parts determining the TPB length may be
lower than that for single-phase MIECs (see the comparison of
Fig. 17b and g). Nevertheless, in most cases, this accelerates the
f Ln2NiO4-based electrodes, where Rp is the polarisation resistance

Ref. Remarks

349
361

430 LN : LNF ¼ 7 : 3 (wt ratio)
430 LN : LNF ¼ 3 : 7 (wt ratio)
431 LN : LNF ¼ 1 : 1 (wt ratio)
431 LNF : SDC ¼ 1 : 1 (wt ratio)
433 LBN : SDC ¼ 1 : 1 (wt ratio) + LNF current collector
358 NN : BCZYYb ¼ 1 : 1 (wt ratio)
359 LBN : BCGC ¼ 1 : 1 (wt ratio)
433 LBN : BCGC ¼ 1 : 1 (wt ratio)

+ LNF current collector

459 31 wt% of inltration
component

440
360 46.1 wt% of inltration component

144 pH2O ¼ 0.03 atm (0.31 U cm2 at pH2O ¼ 0.30 atm)

N¼Nd1.95Ba0.05NiO4+d, LNF¼ LaNi0.6Fe0.4O3�d, NN¼ Nd1.95NiO4+d, LBN
iO4+d.

b Electrolyte (ET) abbreviations: BCY ¼ BaCe0.9Y0.1O3�d, BCY20 ¼
�d, SDC ¼ Ce0.8Sm0.2O2�d, BCGC ¼ BaCe0.89Gd0.1Cu0.01O3�d, BCZYYb ¼
on, and bb is the backbone.
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electrochemical reactions, thus promoting the higher perfor-
mance of electrodes and cells based thereupon.

The last example represents (Fig. 17h) a case when the elec-
trochemically active zone for triple-conducting materials is
dramatically increased, where a double phase boundary (DPB)
replaces the TPB, which is limited by the contact of three phases.
Specically, the entire surface of the single-phase triple-
conducting electrode becomes active towards the oxygen reduc-
tion and water evolution reactions. In this case, there are three
types of charge carriers (as in the case of the composites presented
in Fig. 17e), which simultaneously exist within the same phase.

The ability of these phases to show triple-conducting
behaviour is presently under discussion. For example, there
are reports conrming the hydration of the nickelate pha-
ses;144,441 however, no direct conrmation of the data has been
Table 9 Design and performance of PCFCs and PCECs with nickelate-ba
UOC is the open-circuit voltage value, Ro, Rp, and Rt are the ohmic, polari
thin-film electrolyte. Visualisation of the data is presented in Fig. S5, ESI

Fuel electrode Electrolytea (thickness) Oxygen electrodeb

Electro

UOC, V

Ni–BCY BCY (40 mm) PN 1.15
Ni–BCY BCY (27 mm) NN 1.06
Ni–BCY BCY (50 mm) PN 1.09
Ni–BCZY BCZY (20 mm) LN 1.04
Ni–BCZY BCZY (20 mm) 70%LN–30% LNF 1.04
Ni–BCZY BCZY (20 mm) 50% LN–50% LNF 1.05
Ni–BCZY BCZY (20 mm) 30% LN–70% LNF 1.04
Ni–BCZY BCZY (24 mm) 50% LN–50% LNF 1.04
Ni–BZY BCZY44 (5 mm) PN 1.03
Ni–BCZY BCZY (12 mm) PLNCN 1.01
Ni–BCZD BCZD (15 mm) NBN 0.97
Ni–BCZY BCZY (15 mm) PS0.8N 1.03
Ni–BCZY BCZY (15 mm) LS0.8N 1.03
Ni–BCZY15 BCZY15 (5 mm) PN 1.02
Ni–BCZY BCZY (20 mm) LN 1.03
Ni–BCZY BCZY (20 mm) LN–13 wt% LNF 1.03
Ni–BCZY BCZY (20 mm) LN–23 wt% LNF 1.01
Ni–BCZY BCZY (20 mm) LN–31 wt% LNF 0.99
Ni–BCZY BCZY (20 mm) LN–37 wt% LNF 0.99
Ni–BCZY62 BCZY62 (20 mm) PN 0.98
Ni–BCGC BCGC (25 mm) PCN–BCGC|LNF c 1.08
Ni–BCZY BCZY (15 mm) LSNF 1.06
Ni–BCZD
|PB10N–BCZDd

BCZD (25 mm) PB10N–BCZD 1.08

Ni–BCZYYb BCZYYb (15 mm) PN 0.99
Ni–BCZYYb LC|BCZYYb (20 mm) PN 0.95
Ni–BCZYYb BCZYYb (35 mm) LNC 1.05
Ni–BCZD BCZD (25 mm) PB5N|LNF 1.02
Ni–BCZYYC BCZYYC (13 mm) LS0.8N–BCZYYC 1.01
Ni–BCZY53 BCZY53 (—) LCN 1.02
Ni–BCZD BCZD (30 mm) PB10N–BCZD 1.03

a Electrolyte abbreviations: BCY ¼ BaCe0.9Y0.1O3�d, BCZY ¼ BaCe0.7Zr0.1Y0
¼ BaCe0.5Zr0.3Y0.2O3�d, BCZD ¼ BaCe0.5Zr0.3Dy0.2O3�d, BCZY15 ¼
BaCe0.89Gd0.1Cu0.01O3�d, BCZYYb ¼ BaCe0.7Zr0.1Y0.2Yb0.1O3�d, LC ¼ La
abbreviations: PN ¼ Pr2NiO4+d, NN ¼ Nd2NiO4+d, LN ¼ La2NiO4
(Pr0.9La0.1)2Ni0.74Cu0.21Nb0.05O4+d, NBN ¼ Nd1.95Ba0.05NiO4+d, PS0.8N ¼ Pr
¼ La1.2Sr0.8Ni0.6Fe0.4O4+d, PB10N ¼ Pr1.9Ba0.1NiO4+d, LNC ¼ La2Ni0.8
c Functional electrode (PCN–BCGC) is used together with the LNF colle
together with the supported fuel electrode layer (Ni–BCZD).

182 | J. Mater. Chem. A, 2021, 9, 154–195
presented. Moreover, the term “triple-conducting” should mean
that all three partial (electronic, oxygen-ionic and protonic)
conductivities are comparable. This has not been achieved for
any state-of-the-art electrode system at 600–800 �C, where only
temperatures as low as 200–400 �C allow the promotion of
sufficient mobility/concentration of protons.456–458

To move from theoretical to experimental aspects, the
research data corresponding to the above-mentioned examples
of electrode systems is presented in Table 8. According to these
observations, strategies related to inltration and the design of
triple-conducting materials are identied as the most reliable,
resulting in the achievement of a polarisation resistance of less
than 1 U cm2 at 600 �C. It is important to note that Section 5.4
reports data obtained for symmetrical cells, when the opposite
electrode sides operate under the same conditions. In the real
sed oxygen (steam) electrodes under OCV conditions at 600 �C, where
sation and total resistance, respectively, and s is the conductivity of the

chemical characteristics

Year Ref.RO, U cm2 Rp, U cm2 Rt, U cm2 s, mS cm�1

1.84 2.76 4.60 2.2 2010 252
— — 4.8 — 2013 460
0.81 0.8 1.61 6.2 2014 461
0.64 0.96 1.60 3.1 2014 430
0.44 0.49 0.93 4.5 2014 430
0.50 0.51 1.01 4.0 2014 430
0.53 0.57 1.10 3.8 2014 430
0.54 0.59 1.13 4.4 2015 431
0.77 1.00 1.77 0.6 2015 462
0.33 0.32 0.65 3.6 2017 360
0.89 0.44 1.33 1.7 2018 361
0.40 2.17 2.57 3.7 2018 435
0.34 1.48 1.82 4.4 2018 435
0.08 0.28 0.36 6.2 2018 362
0.36 0.88 1.24 5.5 2018 459
0.37 0.36 0.73 5.4 2018 459
0.37 0.34 0.71 5.4 2018 459
0.29 0.31 0.60 6.8 2018 459
0.41 0.54 0.95 4.9 2018 459
0.22 0.71 0.93 9.0 2018 232
— — 1.86 — 2018 463
0.29 0.41 0.70 5.1 2019 363
0.52 0.39 0.91 4.8 2019 364

0.28 0.58 0.86 5.3 2019 365
0.49 1.11 1.60 4.0 2019 365
0.72 0.70 1.42 4.8 2019 157
0.37 0.25 0.62 6.7 2020 464
0.19 0.36 0.55 6.8 2020 436
0.18 0.28 0.46 — 220 465
0.43 0.18 0.61 8.3 2020 466

.2O3�d, BZY ¼ BaZr0.85Y0.15O3�d, BCZY44 ¼ BaCe0.4Zr0.4Y0.2O3�d, BCZY53
BaCe0.55Zr0.3Y0.15O3�d, BCZY62 ¼ BaCe0.6Zr0.2Y0.2O3�d, BCGC ¼

2Ce2O7, and BCZYYC ¼ BaCe0.68Zr0.1Y0.1Yb0.1Cu0.02O3�d.
b Electrode

+d, LCN ¼ La1.9Ca0.1NiO4+d, LNF ¼ LaNi0.6Fe0.4O3�d, PLNCN ¼
1.2Sr0.8NiO4+d, LS0.8N ¼ La1.2Sr0.8NiO4+d, PCN ¼ Pr1.7Ca0.3NiO4+d, LSNF
Cu0.2O4+d, LCN ¼ La1.9Ca0.1NiO4+d, and PB5N ¼ Pr1.85Ba0.05NiO4+d.
ctor layer. d Functional fuel electrode (reduced PB10N–BCZD) is used

This journal is © The Royal Society of Chemistry 2021
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regimes of PCFCs or PCECs, only one electrode side operates
under oxidising conditions, while the other is fed by reducing
gases. Therefore, the performance of Ln2NiO4+d-based elec-
trodes also needs to be considered under real conditions.

6. Applied peculiarities of Ln2NiO4+d-
based electrodes in proton-conducting
electrochemical cells

This section highlights the features of applying Ln2NiO4-based
electrodes in PCFCs or PCECs. Firstly, open-circuit voltage
(OCV) conditions will be considered, and then the performance
of the electrodes will be evaluated under electrochemical cell
operating conditions.

6.1. OCV conditions

The OCV conditions of any electrochemical cell represent
important information since they allow conclusions to be
formulated regarding cell integrity and electrolyte electron
conductivity. Although OCV measurements (UOC¼�1 V) are far
from the conditions corresponding to the maximum power
density (�0.5 V) or thermoneutral voltage (�1.3 V), the
Table 10 Design and performance of PCFCs with nickelate-based catho

Fabrication details Anode Electr

Co-pressing/screen-printing Ni–BCY BCY (
Tape-casting/screen-printing Ni–BCY BCY (
Co-pressing/screen-printing Ni–BCY BCY (
Co-pressing/painting Ni–BCZY BCZY
Co-pressing/painting Ni–BCZY BCZY
Co-pressing/painting Ni–BCZY BCZY
Co-pressing/painting Ni–BCZY BCZY
Co-pressing/painting Ni–BCZY BCZY
Co-pressing/spin coating Ni–BZY BCZY
Tape-calendering/painting Ni–BCZD BCZD
Co-pressing/screen-printing Ni–BCZY BCZY
Co-pressing/screen-printing Ni–BCZY BCZY
Co-pressing/screen-printing Ni–BCZY BCZY
Co-pressing/screen-printing Ni–BCZY15 BCZY
Co-pressing/painting Ni–BCZY BCZY
Co-pressing/painting Ni–BCZY BCZY
Co-pressing/painting Ni–BCZY BCZY
Co-pressing/painting Ni–BCZY BCZY
Co-pressing/painting Ni–BCZY BCZY
Dry-pressing/dip-coating/screen-printing Ni–BCZY BCZY
Dry-pressing/dip-coating/screen-printing Ni–BCZYYC BCZY
Tape-calendering/painting Ni–BCGC BCGC
Co-pressing/painting Ni–BCZY BCZY
Tape-calendering Ni–BCZD|PB10N –BCZDd BCZD
Tape-calendaring/spraying Ni–BCZYYb BCZY
Co-pressing/screen-printing Ni–BCZYYC BCZY

a Electrolyte abbreviations: BCY ¼ BaCe0.9Y0.1O3�d, BCZY ¼ BaCe0.7Zr0.1Y0
BaCe0.5Zr0.3Dy0.2O3�d, BCZY15 ¼ BaCe0.55Zr0.3Y0.15O3�d, BCZY62 ¼
BaCe0.7Zr0.1Y0.2Yb0.1O3�d, LC ¼ La2Ce2O7, and BCZYYC ¼ BaCe0.68Zr0.1
Nd2NiO4+d, LN ¼ La2NiO4+d, LNF ¼ LaNi0.6Fe0.4O3�d, PLNCN ¼ (Pr
Pr1.2Sr0.8NiO4+d, LS0.8N ¼ La1.2Sr0.8NiO4+d, PCN ¼ Pr1.7Ca0.3NiO4+d,
La2Ni0.8Cu0.2O4+d, and PB5N ¼ Pr1.85Ba0.05NiO4+d.

c Functional cathode (P
anode (reduced PB10N–BCZD) is used together with the supported anode

This journal is © The Royal Society of Chemistry 2021
electrochemical characterisation of PCFCs/PCECs is almost
always performed at OCV. In detail, the impedance spectra are
measured at OCV applying a low acceleration voltage (20–50
mV). The spectra obtained in this way provide the correspond-
ing information on ohmic resistance (RO) and polarisation
resistance of the electrodes (Rp).

Considering RO, the quality of the electrolytes used (in terms
of composition and fabrication technique) can be estimated as
follows:

s ¼ h

RO

(25)

where h is the thickness of the electrolyte. It is clear that lower
ohmic loss can be achieved by developing thin electrolytes.
However, the conductivity of the Ba(Ce,Zr)O3-based electrolytes
is not higher than 10 mS cm�1 at 600 �C (Table 9). Therefore,
performance improvement is also limited in terms of devel-
oping new compositions fabricated at an optimal thickness (10–
30 mm).

Considering Rp, the main strategies for improving the elec-
trode performance were described in Section 5.4. As shown in
Table 9, the polarisation resistances of Ln2NiO4-based elec-
trodes are quite low, mostly reaching values below 1 U cm2 at
des. Visualisation of the data is presented in Fig. S5, ESI

olyte a (thickness) Cathodeb

Pmax, mW cm�2

Year Ref.500 �C 600 �C 700 �C

40 mm) PN — 96 — 2010 252
27 mm) NN — 60 — 2013 460
50 mm) PN — 184 — 2014 461
(20 mm) LN — 196 398 2014 430
(20 mm) 70% LN–30% LNF — 298 590 2014 430
(20 mm) 50% LN–50% LNF — 273 532 2014 430
(20 mm) 30% LN–70% LNF — 264 486 2014 430
(24 mm) 50% LN–50% LNF — 266 490 2015 431
44 (5 mm) PN — 102 234 2015 462
(30 mm) LN — 130 215 2016 467
(12 mm) PLNCN — 420 770 2017 360
(15 mm) PS0.8N — 127 352 2018 435
(15 mm) LS0.8N — 223 461 2018 435
15 (5 mm) PN 240 560 — 2018 362
(20 mm) LN — 210 461 2018 459
(20 mm) LN–13 wt% LNF — 361 623 2018 459
(20 mm) LN–23 wt% LNF — 369 877 2018 459
(20 mm) LN–31 wt% LNF — 369 969 2018 459
(20 mm) LN–37 wt% LNF — 302 802 2018 459
(16 mm) LS0.8N — 220 460 2018 468
YC (13 mm) LS0.8N — 250 680 2018 469
(25 mm) PCN–BCGC|LNFc — 61 132 2018 463
(15 mm) LSNF 139 421 782 2019 363
(25 mm) PB10N–BCZD — 305 395 2019 364
Yb (35 mm) LNC — 200 340 2019 157
YC (13 mm) LS0.8N–BCZYYC — 540 1220 2020 436

.2O3�d, BZY ¼ BaZr0.85Y0.15O3�d, BCZY44 ¼ BaCe0.4Zr0.4Y0.2O3�d, BCZD ¼
BaCe0.6Zr0.2Y0.2O3�d, BCGC ¼ BaCe0.89Gd0.1Cu0.01O3�d, BCZYYb ¼
Y0.1Yb0.1Cu0.02O3�d.

b Electrode abbreviations: PN ¼ Pr2NiO4+d, NN ¼
0.9La0.1)2Ni0.74Cu0.21Nb0.05O4+d, NBN ¼ Nd1.95Ba0.05NiO4+d, PS0.8N ¼
LSNF ¼ La1.2Sr0.8Ni0.6Fe0.4O4+d, PB10N ¼ Pr1.9Ba0.1NiO4+d, LNC ¼
CN–BCGC) is used together with the LNF collector layer. d Functional
layer (Ni–BCZD).
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Table 11 Design and performance of PCECs with nickelate-based anodes

Anodea Electrolyteb (thickness) Cathode

UOC, V i@1.3 V, mA cm�2

Year Ref.600 �C 700 �C 600 �C 700 �C

LN BCZD (30 mm) Ni–BCZD 1.06 1.00 180 300 2016 467
NBN BCZD (15 mm) Ni–BCZD 0.97 0.94 155 400 2018 361
PS0.8N BCZY (15 mm) Ni–BCZY 1.03 0.97 350 1120 2018 435
LS0.8N BCZY (15 mm) Ni–BCZY 1.01 0.98 420 1410 2018 435 and 468
NBN–BCZD35 BCZD35 (50 mm) Ni–BCZD35 — 0.9 — 542 2018 470
PN BCZY62 (20 mm) Ni–BCZY62 0.98 0.93 345 950 2018 232
LS0.8N BCZYYC (13 mm) Ni–BCZYYC — 1.01 590 1960 2018 469
PB10N–BCZD BCZD (25 mm) Ni–BCZD| PB10N–BCZDc 1.08 1.01 295 535 2019 364
PN BCZYYb (15 mm) Ni–BCZYYb 0.99 0.95 620 1643 2019 365
PN LC|BCZYYb (20 mm) Ni–BCZYYb 0.95 0.90 330 975 2019 365
PB5N|LNFd BCZD (25 mm) Ni–BCZD 1.02 0.94 610 855 2020 464
NBNF BCZYYb53 (25 mm) BCZYYb53 0.99 0.93 360 1370 2020 207
LS0.8N–BCZYYC BCZYYC (13 mm) Ni–BCZYYC 1.01 0.99 1040 3020 2020 436

a Anode abbreviations: LN ¼ La2NiO4+d, NBN ¼ Nd1.95Ba0.05NiO4+d, PS0.8N ¼ Pr1.2Sr0.8NiO4+d, LS0.8N ¼ La1.2Sr0.8NiO4+d, PN ¼ Pr2NiO4+d, PB10N ¼
Pr1.9Ba0.1NiO4+d, PB5N ¼ Pr1.85Ba0.05NiO4+d, LNF ¼ LaNi0.6Fe0.4O3�d, and NBNF ¼ Nd1.9Ba0.1NiO4+dF0.05.

b Electrolyte abbreviations: BCZD ¼
BaCe0.5Zr0.3Dy0.2O3�d, BCZY ¼ BaCe0.7Zr0.1Y0.2O3�d, BCZD35 ¼ BaCe0.3Zr0.5Dy0.2O3�d, BCZY62 ¼ BaCe0.6Zr0.2Y0.2O3�d, BCZYYC ¼
BaCe0.68Zr0.1Y0.1Yb0.1Cu0.02O3�d, BCZYYb ¼ BaCe0.7Zr0.1Y0.2Yb0.1O3�d, LC ¼ La2Ce2O7, and BCZYYb53 ¼ BaZr0.3Ce0.5Y0.1Yb0.1O3�d.

c Functional
cathode (reduced PB10N–BCZD) is used together with the supported cathode layer (Ni–BCZD). d Functional anode (PCN–BCGC) is used together
with the LNF collector layer.
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600 �C. The best results were achieved by An et al.362 utilising an
undoped Pr2NiO4+d electrode and Sun et al.436 utilising an
inltrated La1.2Sr0.8NiO4�d–BaCe0.68Zr0.1Y0.1Yb0.1Cu0.02O3�d
electrode. Looking ahead, it can be noted that these cells also
exhibit the highest performance in fuel cell (Table 10) and
electrolysis cell (Table 11) operation modes. However, these
correlations are not always observed since the electrode
response may be considerably (and differently) altered with
a variation in the bias. A vivid example of this conclusion was
shown in the work by Danilov et al.,471 where the impedance
data for a protonic ceramic electrochemical cell with a Pr1.95-
Ba0.05NiO4+d (PBN) electrode was collected not only for OCV, but
for the fuel cell (FC) and electrolysis cell (EC) regimes. As can be
seen, the overall polarisation resistance of the electrodes
monotonously decreased with an increase in bias at low
measured temperatures, having a maximum OCV at higher
temperatures. This peculiarity indicates that the impedance
spectroscopy measurements should be performed under real
voltage regimes instead of OCV.
6.2. Fuel cell and electrolysis cell operation modes

Tables 10 and 11 list the evolution of existing results on the
application of Ln2NiO4-based electrodes with proton-
conducting electrolytes. According to the data, it can be seen
that the intensive activity initiated in 2017 formed the basis for
the work published in the following year. Although some
research groups have demonstrated superior results for both
PCFCs and PCECs, a signicant number of works showed that
the maximum power densities range between 200 and 400 mW
cm�2 (fuel cell mode) at 600 �C, while the current densities
range between 200 and 600 mA cm�2 (electrolysis mode) at 1.3 V
and the same temperature.
184 | J. Mater. Chem. A, 2021, 9, 154–195
Principally, the literature data reports more promising
performances, which can be associated with the utilisation of
highly conductive electrode materials, such as simple and
double cobaltites and their derivatives.472–476 Considering the
current distribution, this indeed promotes the efficient supply
or removal of electrons from the TPB regions to an external
electrical circuit. However, as was mentioned in Section 5.2,
even if excellent results are achieved for the rst time, Co-based
oxide-based electrodes suffer from thermo-mechanical incom-
patibility. Consequently, thermo-cycling and the long-term
operation of cells featuring these electrodes may be
unsuccessful.

The problem of the low conductivity of nickelates (below
100 S cm�1 for a gas-tight body) can be solved using additional
current collector layers (for example, (La,Sr)MnO3, La(Ni,Fe)O3,
Pt), which improve the current distribution characteristics by
covering the surface of the origin electrode.

Generally, the achieved average levels are quite promising for
the development of intermediate-temperature PCFCs and
PCECs in terms of their up-scaling and durability.460,461 For
example, Dailly and Marrony460 showed that a 3.5 � 3.5 cm2

PCFC with an Nd2NiO4+d cathode exhibits no visible degrada-
tion at 600 �C for over 950 h.
7. Conclusion and future perspectives

The materials of the Ln2NiO4+d-related class represent a prom-
ising alternative to the conventional ABO3 electrodes in terms of
their application in solid oxide electrochemical cells, including
protonic ceramic fuel cells (PCFCs) and protonic ceramic elec-
trolysis cells (PCECs). Exhibiting high structural exibility
towards different types of doping, these layered nickelates
enable purposeful tailoring of functional properties important
This journal is © The Royal Society of Chemistry 2021
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for prospective application, including high phase stability,
chemical and mechanical compatibility, and good mixed ionic-
electronic conductivity and electrochemical performance.

Numerous experimental results published over the last ve
years have shown that lanthanide nickelate-based electrodes
demonstrate quite good performances, with polarisation resis-
tance values as low as 0.3–1U cm2 at 600 �C (open circuit voltage
regime of PCFCs and PCFCs), which can remain stable over long
term operation. These results constitute a possible basis for the
scalable fabrication of durable PCFCs/PCECs.

However, although this review describes many advantages of
layered nickelates in comparison with other possible oxygen
electrodes, a number of pending issues still need to be solved/
claried:

(1) Degree of hydration/protonation of Ln2NiO4+d-based
materials. Revealing the effect of type and concentration of
dopant(s) on the concentration of protons. Identication of
mechanisms of proton transport in the layered phases. This
information is needed for the design of triple-conducting
materials having a high active electrode zone towards occur-
ring (oxygen- and hydrogen-involved) electrochemical reactions.
In addition, the mechanism studies for proton migration in
layered nickelates are interesting and potentially important for
proton transportation in oxides. Since oxygen vacancies are
usually regarded as the prerequisite for hydration/protonation,
the interstitial oxygens in layered nickelates may play a different
role in the proton migration procedure in comparison with that
in oxygen vacancy-containing oxides. This difference not only
leads to a different strategy for designing materials, but also
may inspire scientists to have a better understanding of the
mechanism for proton migration since the whole landscape has
not been revealed to date.

(2) Rational design of microstructural parameters. The
provided analysis was carried out considering macroscopic
parameters such as polarisation resistance. On the one hand,
these parameters depend on internal solid phase properties; on
the other hand, the performance is also affected by the electrode
structure. Currently, no general information regarding the
morphological properties of Ln2NiO4+d-based electrodes exists
in the literature. Although nano-structuring of electrodes is
a widely employed approach for improving the electrode
performance, the high calcination temperatures for achieving
the desired Ln2NiO4+d can be detrimental for the formation and/
or maintenance of the nanostructure of the electrode. Thus, the
use of advanced preparation techniques to lower the phase
formation temperatures and shorten the dwell time can be
benecial for the formation of nanostructured electrodes with
improved TPBs. Moreover, advanced electrode development
techniques (three-dimensional ordered pore, nger-like, and
nanowires-based structures),477–480 which deserve further
studies, have not been used for Ln2NiO4+d.

(3) New fabrication approaches to improve the electro-
chemical activity of Ln2NiO4+d-based electrodes, in particular,
adaptation of the plasma spraying technique, pulsed laser
deposition, and exsolution, or optimisation of the impregnation
method.481–484
This journal is © The Royal Society of Chemistry 2021
(4) Further tailoring the functionality of Ln2NiO4+d-based
materials by introducing new dopants or their combination in
appropriate concentrations at the Ln-, Ni- or O-sublattices (see,
for example, the latest works485–489). The (co)doping strategy has
great potential due to the previously-mentioned exibility of the
RP structures. The design of suitable composite materials also
belongs to this direction.315,490,491

(5) Long-term features of Ln2NiO4+d-based electrodes. To
fabricate low-cost and performance-competitive PCFCs and
PCECs, special attention should be devoted to the kinetic-
related processes taking place over longer than 1000 h,
including particle coarsening, porosity changes and chemical
reactivity with CO2, high concentrations of H2O (in the case of
electrolysis cells), and electrolyte components. All these factors
affect the TPB length and its corresponding catalytic activity.

In summary, layered Ln2NiO4+d oxides show potential suit-
ability for application in protonic ceramic electrochemical cells
as electrode materials due to their unique features. However,
the application of layered Ln2NiO4+d oxides has only emerged in
recent years and many issues are still not clear, leaving great
room for further exploration. The investigation of layered Ln2-
NiO4+d oxides not only provides a solution for achieving high
cell performance, which is the primary goal for practical
applications, but also leads to an in-depth understanding of the
scientic issues for the community, possibly opening a new
door for the development of protonic ceramic electrochemical
cells.
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A. Ahmad-Khanlou, Solid State Ionics, 2000, 138, 79–90.

402 L. P. Putilov, N. A. Shevyrev, A. M. Mineev, A. S. Farlenkov,
D. A. Medvedev and V. I. Tsidilkovski, Acta Mater., 2020, 190,
70–80.

403 K. D. Kreuer, Annu. Rev. Mater. Res., 2003, 33, 333–359.
404 E. Fabbri, Daniele Pergolesi and Enrico Traversa, Chem.

Soc. Rev., 2010, 39, 4355–4369.
405 N. Tarasova, A. Galisheva and I. Animitsa, Ionics, 2020, 26,

5075–5088.
406 N. Tarasova, I. Animitsa and A. Galisheva, J. Solid State

Electrochem., 2020, 24, 1497–1508.
407 N. A. Tarasova, A. O. Galisheva, I. E. Animitsa and

D. V. Korona, Russ. J. Phys. Chem. A, 2020, 94, 818–821.
408 N. Tarasova, I. Animitsa, A. Galisheva and V. Pryakhina,

Solid State Sci., 2020, 101, 106121.
409 M. Chen, Y. Xuan, F. Zhang, L. He, X. Wang, H. Pan, J. Ren

and Z. Lin, Int. J. Hydrogen Energy, 2020, 45, 14964–14971.
410 W. Tan, D. Huan, W. Yang, N. Shi, W. Wang, R. Peng, X. Wu

and Y. Lu, RSC Adv., 2018, 8, 26448–26460.
411 G. Rinaldi, A. Nakajo, P. Burdet, M. Cantoni, W. K. S. Chiu

and J. Van herle, Acta Mater., 2019, 178, 194–206.
412 H. Moussaoui, R. K. Sharma, J. Debayle, Y. Gavet, G. Delette

and J. Laurencin, J. Power Sources, 2019, 412, 736–748.
413 W. Kong, M. Zhang, Z. Han and Q. Zhang, Appl. Sci., 2019,

9, 493.
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