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cal conductivity and oxygen
transport properties of Ruddlesden–Popper phases
Lnn+1NinO3n+1 (Ln ¼ La, Pr and Nd; n ¼ 1, 2 and 3)†

Jia Song, ‡a De Ning,§b Bernard Boukamp, c Jean-Marc Bassatd

and Henny J. M. Bouwmeester *aef

Layered Ruddlesden–Popper (RP) lanthanide nickelates, Lnn+1NinO3n+1 (Ln ¼ La, Pr and Nd; n ¼ 1, 2 and 3),

are considered potential cathodematerials in solid oxide fuel cells. In this study, the thermal evolution of the

structure, oxygen nonstoichiometry, electrical conductivity and oxygen transport properties of La2NiO4+d,

Nd2NiO4+d, La3Ni2O7�d, La4Ni3O10�d, Pr4Ni3O10�d and Nd4Ni3O10�d are investigated. Phase transitions

involving a disruption of the cooperative tilting of the perovskite layers in the low-temperature structure

thereby transforming it to a more symmetric structure are observed in several of the materials upon

heating in air. Pr4Ni3O10�d and Nd4Ni3O10�d show no phase transition from room temperature up to

1000 �C. High density ceramics (>96%) are obtained after sintering at 1300 �C and (for n ¼ 2 and n ¼ 3

members) post-sintering annealing at reduced temperatures. Data for the electrical conductivity

measurements on these specimens indicate itinerant behaviour of the charge carriers in the RP

nickelates. The increase in p-type conductivity with the order n of the RP phase is interpreted as arising

from the concomitant increase in the formal valence of Ni. The observations can be interpreted in terms

of a simple energy band scheme, showing that electron holes are formed in the sx2�y2[ band upon

increasing the oxidation state of Ni. Electrical conductivity relaxation measurements reveal remarkable

similarities between the surface exchange coefficients (kchem) of the different RP phases despite the

differences in the order parameter n and the nature of the lanthanide ion. Calculation of the oxygen self-

diffusion coefficients (Ds) from the experimental values of the chemical diffusion coefficients (Dchem),

using the corresponding data of oxygen non-stoichiometry from thermogravimetry measurements,

shows that these are strongly determined by the order parameter n. The value of Ds decreases almost

one order of magnitude on going from the n ¼ 1 members La2NiO4+d and Nd2NiO4+d to the n ¼ 2

member La3Ni2O7�d, and again one order of magnitude on going to the n ¼ 3 members La4Ni3O10�d,

Pr4Ni3O10�d and Nd4Ni3O10�d. The results confirm that oxygen-ion transport in the investigated RP

nickelates predominantly occurs via an interstitialcy mechanism within the rock-salt layer of the structures.
1. Introduction

Layered Ruddlesden–Popper (RP) nickelates with the generic
formula (LnNiO3)nLnO (Ln ¼ La, Pr, Nd; n ¼ 1, 2, 3) have
attracted considerable interest for potential application as the
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cathode for intermediate-temperature solid oxide fuel cells (IT-
SOFCs).1–7 Their crystal structures can be viewed as a stack of
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Table 1 Calcination, sintering and post-sintering annealing conditions
(i.e., temperature, duration and atmosphere) for the different RP
nickelates investigated in this study

Calcination Sintering
Post-sintering
annealing

La2NiO4+d 1100 �C 1300 �C —
4 h in air 4 h in air

Nd2NiO4+d 1100 �C 1300 �C —
4 h in air 4 h in air

La3Ni2O7�d 1150 �C 1300 �C 1100 �C
144 h in air 4 h in air 130 h in air

La4Ni3O10�d 1050 �C 1300 �C 1050 �C
132 h in air 4 h in air 230 h in air

Pr4Ni3O10�d 1000 �C 1300 �C 1000 �C
125 h in pure O2 4 h in air 110 h in pure O2

Nd4Ni3O10�d 1000 �C 1300 �C 1000 �C
125 h in pure O2 4 h in air 170 h in pure O2
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The n ¼ 1 members with composition Ln2NiO4+d adopt the
K2NiF4-type structure.8–13 A high concentration of interstitial
oxygen is found in the rock-salt layers, which accounts for the
highly anisotropic and fast diffusion of oxygen.14–17 Themigration
of oxygen in the crystal proceeds via an interstitialcy (or push
pull) mechanism, whereby the oxygen vacancy formed at an
apical site by the movement of apical oxygen to an interstitial site
is lled by a nearby interstitial oxygen.17–19 Excellent thermal
stability is found for La2NiO4+d and Nd2NiO4+d up to 1400 �C in
air.20 SOFCs with cathode materials of La2NiO4+d and Nd2NiO4+d

show no degradation in cell performance aer hundreds of hours
of operation at 750–800 �C.21,22 Pr2NiO4+d, on the other hand,
starts to decompose upon annealing in air above 580 �C to
a mixture consisting of Pr4Ni3O10�d, PrNiO3�d and Pr6O11.23–31

Though apparent oxygen diffusion and surface exchange kinetics
are enhanced aer thermal decomposition,23 a signicant
degradation of cell performance is observed for the SOFC with
Pr2NiO4+d as the cathode aer 1000 h of operation at 750 �C.22

Meanwhile, there is a growing interest in using higher order
RP nickelates as the cathode material. Among the n ¼ 2
members, Ln3Ni3O7�d (Ln ¼ La, Pr, Nd), so far only La3Ni2O7�d

could be prepared in a phase-pure form, while Pr3Ni2O7�d and
Nd3Ni2O7�d have been observed only as disordered intergrowths
in the corresponding n ¼ 3 members.32 Several studies have
investigated the electrode performance of RP-type lanthanum
nickelates with controversial results. Using impedance spectros-
copy on symmetric cells with La0.9Sr0.1Ga0.8Mg0.2O3�d as the
electrolyte, Amow et al.33 found that the area-specic resistance
(ASR) in the temperature range 500–900 �C followed the trend
La4Ni3O10�d < La3Ni2O7�d < La2NiO4+d. This trend is consistent
with that of the cell performance of Lan+1NinO3n+1/SDC/Ni-SDC
cell congurations.13 However, such a trend was not observed
in a comparative study on symmetric cells by Woolley et al.34

Sharma et al.3 showed that La3Ni2O7�d would be a better cathode
material than La4Ni3O10�d based on ASR data of symmetric cells
using GCO (Ce0.9Gd0.1O2�d) as the electrolyte. Increasing the
order n of the RP nickelates promotes electrical conductivity and
long-term stability in the range 600–800 �C.4,13,33,35 Apart from
material composition, the microstructure of the cathodes is
found to play a key role in their performance.4,36

In this work, the structure, oxygen nonstoichiometry, elec-
trical conductivity and oxygen transport of Lnn+1NinO3n+1 (Ln ¼
La, Pr and Nd; n ¼ 1, 2 and 3) are studied. Data on oxygen self-
diffusion coefficients and ionic conductivities of La3Ni2O7�d,
La4Ni3O10�d, Pr4Ni3O10�d and Nd4Ni3O10�d are reported for the
rst time. Pr2NiO4+d, Pr3Ni2O7�d and Nd3Ni2O7�d are excluded
from this work as the latter two compositions could not be
prepared in a phase-pure form, while Pr2NiO4+d fully decom-
poses aer annealing in air above 580 �C, as alluded to above.

2. Experimental
2.1 Sample preparation

Powders of Lnn+1NinO3n+1 (Ln ¼ La, Pr, Nd, n ¼ 1, 2, 3) were
prepared via a modied Pechini method as described else-
where.37 Stoichiometric amounts of La(NO3)3$6H2O (Alfa Aesar,
99.9%), Pr(NO3)3$6H2O (Sigma-Aldrich, 99.9%),
This journal is © The Royal Society of Chemistry 2020
Nd(NO3)3$6H2O (Sigma-Aldrich, 99.9%) and Ni(NO3)2$6H2O
(Sigma-Aldrich, 99.0–102.0%) were dissolved in water followed
by the addition of C10H16N2O8 (EDTA, Sigma-Aldrich, >99%)
and C6H8O7 (citric acid, Alfa Aesar, >99.5%) as chelating agents.
The pH of the solution was adjusted to 7 using NH3$H2O
solution (Sigma-Aldrich, 30 w/v%). Aer evaporating the water,
the foam-like gel reached self-ignition at around 350 �C. The
obtained raw powders were ground to ne powders and
calcined under various conditions as shown in Table 1. The
heating and cooling rates were 2 �Cmin�1. The obtained phase-
pure powders were rst ball-milled in ethanol using 2 mm ZrO2

balls for 2 days to enhance their sinterability before they were
pelletized by uniaxial pressing at 25 MPa. Isostatic pressing of
pellets was performed at 400 MPa for 2 min. All pellets were
sintered at 1300 �C for 4 h in air, while a post-sintering
annealing treatment was applied for La3Ni2O7�d, La4Ni3O10�d,
Pr4Ni3O10�d and Nd4Ni3O10�d under the conditions listed in
Table 1. The relative density of the pellets obtained was above
96% of their theoretical value as measured by Archimedes'
method. The results were cross-checked by simple calculations
based on the weight and geometric volume of the pellets.

2.2 Phase analysis and surface morphology

The phase purity and crystal structure of the prepared powders
and annealed dense pellets were studied by X-ray diffraction
(XRD, D2 PHASER, Bruker) with Cu Ka1 radiation (l ¼ 1.54060
Å) in air. The surfaces of the annealed pellets were polished.
Data were collected using the step-scan mode in the 2q range of
20–80� with an increment of 0.01� and a counting time of 5 s.
The thermal evolution of the structures was investigated in situ
using HT-XRD (D8 Advance, Bruker) from 40 �C to 1000 �C with
steps of 50–60 �C below 300 �C and steps of 25 �C at higher
temperatures. The sample was heated to the desired tempera-
ture with a heating rate of 25 �C min�1. Aer a dwell time of
15 min, the HT-XRD patterns were recorded in the 2q range of
20–90� with a step size of 0.015� and a counting time of 1.3 s.
The FullProf soware package was used for Rietveld rene-
ments of the XRD patterns.38 Scanning electron microscopy
(SEM) measurements were performed using a JEOL JSM-6010LA
J. Mater. Chem. A, 2020, 8, 22206–22221 | 22207
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microscope, operated at a 5 keV accelerating voltage. The SEM
images of the polished samples were recorded aer thermal
etching at 1000 �C for 2 h in air.

2.3 Thermogravimetric analysis

Data of oxygen stoichiometry were collected by thermogravi-
metric analysis (TGA) of the powders in the pO2 range of 0.045–
0.90 atm between 700 �C and 900 �C with intervals of 25 �C,
using a Netzsch STA F3 Jupiter. Measurements were conducted
using 2000–3000 mg of powder. Data were collected at 4.5, 10,
21, 42, and 90% O2 in N2, which correspond to values of the pO2

of the gas streams used in the electrical conductivity relaxation
(ECR) experiments. The heating and cooling rates were
5 �Cmin�1 and 3 �Cmin�1, respectively. At the end of each TGA
experiment, the powder was held at 100 �C in synthetic air for
3 h. Approximately 30 mg of the powder was subsequently
transferred to a Mettler Toledo 851e TGA system to determine
the absolute oxygen stoichiometry of the sample by thermal
reduction in hydrogen (16% H2/Ar).

2.4 Electrical conductivity relaxation

Samples for ECR measurements were prepared by grinding and
cutting the obtained dense pellets to planar-sheet-shaped
sample bars with approximate dimensions of 12 � 5 � 0.5
mm3. The sample surfaces were polished down to 0.5 mm using
diamond polishing discs (JZ Primo, Xinhui China). A four-probe
DC method was used to collect data on electrical conductivity.
Two gold wires (Alfa Aesar, 99.999%, B ¼ 0.25 mm) were
wrapped around the ends of the sample bar for current supply.
Two additional gold wires were wrapped 1 mm away from the
current electrodes to act as the voltage probes. To ensure good
contact between the gold wires and the sample, sulfur-free gold
paste (home-made) was applied to the gaps between the sample
surface and the gold wires. Finally, the sample was annealed at
950 �C in air for 1 h to sinter the gold paste and to thermally
cure the polished sample surface.

The sample was mounted on a holder and placed in an
alumina sample containment chamber (or reactor). Two gas
streams, each of which had a ow rate of 280 ml min�1, with
a different pO2 were created by mixing dried oxygen and nitrogen
in the desired ratios using Brooks GF040 mass ow controllers. A
pneumatically operated four-way valve was used to instanta-
neously switch between both gas streams so that one of them was
fed through the reactor. Data on the transient electrical conduc-
tivity was collected following oxidation and reduction step changes
in pO2 between 0.10 and 0.21 atm. Measurements were conducted
following stepwise cooling from 900 �C to 650 �C with intervals of
25 �C, heating/cooling rates of 10 �C min�1 and a dwell time of
60 min at each temperature before data acquisition.

The transient conductivity aer each pO2 step change was
normalized according to eqn (1) and tted to eqn (2)–(4) to
obtain the chemical diffusion coefficient Dchem and the surface
exchange coefficient kchem.

gðtÞ ¼ sðtÞ � s0

sN � s0

(1)
22208 | J. Mater. Chem. A, 2020, 8, 22206–22221
gðtÞ ¼ 1�
Y
i¼y;z

XN
m¼1

2Li
2

bm;i
2
�
bm;i

2 þ Li
2 þ Li

�

sm;i

sm;i � sf

�
e
� t
sm;i � sf

sm;i

�
e
� t
sf

��
(2)

sm;i ¼ bi
2

Dchembm;i
2

(3)

Li ¼ bi

Lc

¼ bm;i tan bm;i (4)

In these equations, g(t) is the normalized conductivity, s0
and sN are the conductivities s(t) at time t ¼ 0 and t ¼ N,
respectively, sf is the ush time, and 2bi is the sample dimen-
sion along coordinate i, whilst the values of bm,i are the non-zero
roots of eqn (4). Lc ¼ Dchem/kchem is the critical thickness below
which oxygen surface exchange prevails over bulk oxygen
diffusion in determining the rate of re-equilibration aer a pO2

step change. The ush time sf was calculated from

sf ¼ Vr

qv

TSTP

Tr

(5)

which assumes perfect mixing of the gas in the sample
containment chamber. In eqn (5), Vr is the corresponding
volume, qv is the gas ow rate through the chamber, Tr is the
temperature inside the chamber, and TSTP is the temperature
under standard conditions. The small chamber volume (2.58
cm3) and the high gas ow rate (280 ml min�1) ensured a ush
time between 0.13 s at 900 �C and 0.16 s at 650 �C. Curve tting
of the normalized transient conductivity was performed using
a non-linear least-squares program based on the Levenberg–
Marquardt algorithm. More detailed descriptions of the ECR
technique and the model used for data tting are given
elsewhere.39,40
3. Results and discussion
3.1 Synthesis and consolidation

The calcination, sintering and post-sintering annealing condi-
tions of the different RP nickelates investigated in this work are
compiled in Table 1. The powders obtained were calcined in air
apart from the powders of Pr4Ni3O10�d and Nd4Ni3O10�d, which
could only be prepared in a phase-pure form by calcination at
1000 �C under owing oxygen. The latter is considered consis-
tent with observations by Vibhu et al.4 Using thermogravimetric
analysis, these authors showed decomposition of Pr4Ni3O10�d

into Pr2NiO2+d and NiO upon heating (2 �C min�1) under air
above 1050 �C, but above 1120 �C when these experiments were
conducted under oxygen. Note from Table 1 that long annealing
times (125–144 h) are required for the n ¼ 2 and n ¼ 3 RP
nickelates to obtain phase-pure powders.

A sintering temperature of 1300 �C was found necessary to
sinter pressed powder compacts of the RP nickelates to high
density (>96%). It should be noted that this temperature is well
above the reported decomposition temperatures of the n ¼ 2
This journal is © The Royal Society of Chemistry 2020
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and n ¼ 3 members La3Ni2O7�d, La4Ni3O10�d, Pr4Ni3O10�d and
Nd4Ni3O10�d.4,35,41,42 The cited studies demonstrated that
decomposition into the n ¼ 1 member (and NiO) occurs which,
as expected, has improved sintering behaviour over the n ¼ 2
and n ¼ 3 members. In an attempt to regain the pure phases of
La3Ni2O7�d, La4Ni3O10�d, Pr4Ni3O10�d and Nd4Ni3O10�d, a post-
sintering annealing step was performed at a lower temperature,
as indicated in Table 1. Annealing times between 110 and 230 h
were necessary to obtain almost single-phase materials. The
phase purity of the samples obtained aer post-sintering
annealing was studied by XRD, which is discussed in the next
section.
3.2 Crystal structure and phase transitions

Fig. 1 shows the results of Rietveld renements of the room-
temperature XRD patterns of the prepared powders. All
Fig. 1 Rietveld refinements (black lines) of the room temperature XRD p
(Fmmm), (c) La3Ni2O7�d (Cmmm), (d) La4Ni3O10�d (P21a), (e) Pr4Ni3O10�d

(green vertical bars) and the differences between the calculated and ob

Table 2 Lattice parameters and reliability factors obtained from Rietveld

La2NiO4+d Nd2NiO4+d La3Ni2

Space group Fmmm Fmmm Cmmm
a/Å 5.4608(7) 5.44647(7) 5.3943
b/Å 5.4612(7) 5.377711(7) 5.4500
c/Å 12.67758(8) 12.36233(18) 20.526
b/� 90 90 90
V/Å3 378.098(2) 362.0475(4) 603.45
Rwp/% 13.9 11.8 18.1
Rexp/% 11.7 8.28 8.77
RBragg/% 2.37 2.96 7.39
c2 1.942 2.025 4.259

This journal is © The Royal Society of Chemistry 2020
compositions appear to be single-phase as no diffraction peaks
of impurity phases can be detected. The rened values of the
lattice parameters and reliability factors for the different
compositions are given in Table 2. The cell parameters for all
compositions are in good agreement with those reported
previously in the literature.5,10,41,43–47 The crystallographic
parameters obtained from the Rietveld renements are listed in
Table S1.† The corresponding structures of the RP nickelates
are shown in Fig. 2.

The X-ray diffractograms of La2NiO4+d and Nd2NiO4+d can be
tted in the orthorhombic space group Fmmm, which is in good
agreement with previous analyses of data from synchrotron X-
ray powder diffraction (SXRPD) and neutron powder diffrac-
tion (NPD) of both materials.10,44,45 The XRD pattern of La3Ni2-
O7�d can be tted in the orthorhombic space group Cmmm,
consistent with the results from Mössbauer spectroscopy and
XRD by Kiselev et al.46 The XRD patterns of the n ¼ 3 RP
owder patterns (red crosses) for (a) La2NiO4+d (Fmmm), (b) Nd2NiO4+d

(P21a), and (f) Nd4Ni3O10�d (P21a). Also shown are the Bragg positions
served patterns (blue lines).

refinements of the room temperature XRD patterns

O7�d La4Ni3O10�d Pr4Ni3O10�d Nd4Ni3O10�d

P21a P21a P21a
1(5) 5.4160(1) 5.37556(5) 5.36373(5)
2(6) 5.4656(1) 5.46462(6) 5.45221(7)
4(2) 27.9750(6) 27.5463(3) 27.4100(3)

90.179(1) 90.283(1) 90.292(1)
95(3) 828.112(1) 809.1756(5) 801.5767(4)

14.7 12.6 11.0
5.87 7.04 4.48
6.57 5.14 3.19
6.271 3.203 6.338

J. Mater. Chem. A, 2020, 8, 22206–22221 | 22209
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Fig. 2 Unit cells of RP phases Lnn+1NinO3n+1 (Ln ¼ La, Pr, Nd; n ¼ 1, 2, 3) obtained from Rietveld refinements of the room temperature XRD
powder patterns.
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nickelates were tted using the monoclinic space group P21a,
which is in agreement with the results from high-resolution
SXRPD and NPD.5,41,43,47 The lattice parameters of the n ¼ 3
members are found to increase in the order Nd4Ni3O10�d <
Pr4Ni3O10�d < La4Ni3O10�d. The corresponding crystal struc-
tures become more distorted in the reverse order as can be
derived from the value of the monoclinic angle (b) obtained
from the renements. The degree of structural distortion can be
linked to the size of the lanthanide ion.32,48,49

Fig. 3 shows the HT-XRD pattern of Pr4Ni3O10�d recorded in
air from 40 �C to 1000 �C. The patterns for the other composi-
tions investigated in this work are shown in Fig. S1–S5.† All
compositions are found to be phase-pure, i.e., no impurity
peaks are observed up to 1000 �C. Fig. 4 shows the lattice
parameters obtained from renement of the HT-XRD patterns.
The thermal evolution of the structure of the RP nickelates is
discussed below. In several of these, a phase transition is
observed, driven by a disruption of the cooperative tilting of the
NiO6 octahedra in the low-temperature structure transforming
it to a more symmetric structure at elevated temperature.50 It
Fig. 3 In situ HT-XRD patterns of Pr4Ni3O10�d (powder) between 22� a
magnification of the peaks between 31.8–33.5�.

22210 | J. Mater. Chem. A, 2020, 8, 22206–22221
should be noted that the appearance of the phase transition
may be inuenced by the degree of oxygen nonstoichiometry of
the material under the conditions of the experiment.51,52

n ¼ 1 RP nickelates
La2NiO4+d shows a phase transition from orthorhombic

(Fmmm) to tetragonal (F4/mmm) at approximately 175 �C, as can
be derived from the data in Fig. 4a. This result is consistent with
that found by in situ high-temperature NPD measurements.10,53

Due to the relatively small orthorhombic distortion (approxi-
mately 0.1% difference between cell parameters a and b), the
separation between the orthorhombic (2 0 0) and (0 2 0) peaks is
hardly noticeable (see the inset of Fig. S1†).

The Rietveld renements of the HT-XRD patterns of Nd2-
NiO4+d (Fig. 4b) reveal a phase transition from orthorhombic
(Fmmm) to tetragonal (F4/mmm) at around 550 �C. This
temperature is about 50 �C lower than that evaluated for Nd2-
NiO4+d by means of HT-XRD by Toyosumi et al.52

n ¼ 2 RP nickelates
For La3Ni2O7�d, a gradual merging of the peaks at around

33� is observed with increasing temperature from 300 �C to
nd 48� recorded in air from 40 �C to 1000 �C. The inset shows the

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Lattice parameters (a, b, c) of (a) La2NiO4+d, (b) Nd2NiO4+d, (c) La3Ni2O7�d, (d) La4Ni3O10�d, (e) Pr4Ni3O10�d and (f) Nd4Ni3O10�d as
a function of temperature. (d), (e) and (f) also show the temperature dependence of the angle b in the structure.
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450 �C (Fig. S3†), suggesting a phase transition in this
temperature range. The HT-XRD patterns of the high-
temperature phase of La3Ni2O7�d can be well-tted using the
tetragonal space group F4/mmm. The results of the Rietveld
renements of the HT-XRD patterns in Fig. 4c conrm an
orthorhombic (Cmmm) to tetragonal (F4/mmm) phase transition
at around 300 �C. A mixture of Cmmm and F4/mmm phases is
This journal is © The Royal Society of Chemistry 2020
found between 300 �C and 450 �C. The rened weight
percentages of the two phases at different temperatures are
listed in Table 3.

n ¼ 3 RP nickelates
The results of the renements of the HT-XRD patterns of

La4Ni3O10�d reveal a phase transition frommonoclinic (P21a) to
tetragonal (F4/mmm) at around 750 �C, as shown in Fig. 4d. The
J. Mater. Chem. A, 2020, 8, 22206–22221 | 22211
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Table 3 Weight percentages of Cmmm and F4/mmm phases at
different temperatures in La3Ni2O7�d from Rietveld refinements of the
HT-XRD data

Wt% 300 �C 325 �C 350 �C 375 �C 400 �C 425 �C 450 �C

Cmmm 97.75 97.28 97.05 53.77 40.73 19.16 7.64
F4/mmm 2.25 2.72 2.95 46.23 59.27 80.84 92.36
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observed phase transition temperature is found to be in good
agreement with that reported by Nagell et al.43

The HT-XRD patterns of Pr4Ni3O10�d in Fig. 3 show no phase
transition in the experimental temperature region. The (2 0 0)
and (0 2 0) peaks approach each other up to the highest
temperature of the measurements, conrming that the struc-
ture of Pr4Ni3O10�d remains monoclinic (P21a) up to 1000 �C.
The rened monoclinic angle decreases from 99.25� at 40 �C to
90.15� at 1000 �C, as shown in Fig. 4e.

Similar to Pr4Ni3O10�d, the crystal structure of Nd4Ni3O10�d

appears to be monoclinic (P21a) in the temperature range 40–
1000 �C. The corresponding results of the renements of the
HT-XRD patterns are shown in Fig. 4f.
Fig. 5 Rietveld refinements (green crosses) of the room temperature
X-ray diffractograms (black lines) of polished dense pellets of (a) La3-
Ni2O7�d, (b) La4Ni3O10�d, (c) Pr4Ni3O10�d, and (d) Nd4Ni3O10�d after
post-sintering annealing (cf. Table 1). Minor impurities are found in the
pellets and their refined weight percentages are indicated in brackets.
Bragg positions of the main phases and impurities are indicated as
vertical bars.

22212 | J. Mater. Chem. A, 2020, 8, 22206–22221
The phase purity of the sintered samples was analyzed by
XRD. No impurities were found in samples La2NiO4+d and
Nd2NiO4+d. The XRD patterns of consolidated samples La3Ni2-
O7�d, La4Ni3O10�d, Pr4Ni3O10�d and Nd4Ni3O10�d obtained aer
post-sintering annealing are shown in Fig. 5. Rietveld rene-
ments conrm the presence of minor impurities in these
samples. The corresponding results are listed in Table S2.† As
discussed above, the presence of impurities in these samples is
assigned to (partial) thermal decomposition at the applied
sintering temperatures (cf. Table 1). Over 96 wt% of the main
phase is obtained aer post-sintering annealing. More speci-
cally, 2.2 wt% of the n¼ 1 RP phase is found to be an impurity in
the sintered pellet of La3Ni2O7�d, 1.9 wt% in that of La4Ni3O10�d

and 3.6 wt% in that of Nd4Ni3O10�d. 4.0 wt% of the Pr6O11

impurity is found in the Pr4Ni3O10�d pellet. No evidence of NiO
is found in the diffractograms, despite the stoichiometric ratio
for the n ¼ 2 and n ¼ 3 RP nickelates suggesting the formation
of NiO as the by-product of the decomposition reaction into the
n ¼ 1 member during sintering at 1300 �C. The absence of NiO
in the samples aer subsequent post-sintering annealing to
reform the higher-order RP phase may be due either to volatility
of NiO54–56 or its weaker contribution to scattering compared
with rare-earth oxides. In none of the sintered samples was
evidence found for a preferred orientation (i.e., crystallographic
texture), suggesting that grains in the sintered materials are
randomly oriented. Furthermore, to the best of our knowledge,
this is the rst report of sintered bodies of the above-mentioned
n ¼ 2 and n ¼ 3 RP nickelates with such a high purity (>96 wt%)
and high density (>96%).

3.3 Oxygen nonstoichiometry

Fig. 6 shows the data of TGA measurements of Nd2NiO4+d under
a reducing atmosphere. Similar data were obtained for La2-
NiO4+d, La4Ni3O10�d, Pr4Ni3O10-d and Nd4Ni3O10�d and are pre-
sented in Fig. S6–S9.† In agreement with the literature reports,
a two-step reduction process is found for all composi-
tions.4,32,57–59 The nal decomposition products are assumed to
Fig. 6 TGA weight loss curve recorded for Nd2NiO4+d in 16% H2/Ar.
The oxygen nonstoichiometries as indicated were calculated using the
oxide reduced to Nd2O3 and Ni as the reference state.

This journal is © The Royal Society of Chemistry 2020
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Table 4 Oxygen nonstoichiometry (d) of RP nickelates obtained after cooling in air to room temperature and comparison with the literature data

La2NiO4+d Nd2NiO4+d La3Ni2O7�d La4Ni3O10�d Pr4Ni3O10�d Nd4Ni3O10�d

This study 0.16 � 0.01 0.21 � 0.02 — 0.15 � 0.04 0.21 � 0.03 0.22 � 0.03
0.15 � 0.01 0.20 � 0.01 0.08 0.13 0.15 � 0.03* 0.15 � 0.03*

Ref. 8 and 51 62 63 32 41
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be Ln2O3 and Ni. The decomposition reaction can thus be
represented as

Lnnþ1NinO3nþ1�d/
nþ 1

2
Ln2O3 þ nNiþ 3n� 1� 2d

4
O2 (6)

The initial (i.e., room temperature) oxygen non-
stoichiometries calculated using the oxide reduced in 16% H2/
Ar as the reference state are listed in Table 4. It should be noted
that, in general, the oxygen stoichiometry may be inuenced by
the thermal history of the powder. Note further from Table 4
that oxygen hyper-stoichiometry is found for La2NiO4+d and
Nd2NiO4+d, while oxygen hypo-stoichiometry is found for all
other investigated compositions.

Good agreement is obtained between the value of d for La4-
Ni3O10�d and that evaluated from the data of near-edge X-ray
absorption spectroscopy (XANES).60 Somewhat larger values of
d are found for Pr4Ni3O10�d and Nd4Ni3O10�d in this study when
compared to the corresponding values reported for oxygen-
cooled samples.32,41

The pO2 dependence of the oxygen nonstoichiometry was
investigated in the range of 0.045–0.900 atm at temperatures of
700–900 �C. The corresponding data are shown in Fig. 7. The
corresponding weight loss curves are presented in Fig. S10–
S14.† Excellent agreement with the literature data is found for
La2NiO4+d and Nd2NiO4+d,61,62 as demonstrated in Fig. S15.†
3.4 Electrical conductivity

Arrhenius plots of the electrical conductivity (sel) of the inves-
tigated RP Lnn+1NinO3n+1 nickelates, measured in air in the
range 650–900 �C, are shown in Fig. 8a. As illustrated in this
gure, excellent agreement is obtained with the published data
for La2NiO4+d and Nd2NiO4+d.12,63 For La3Ni2O7�d, La4Ni3O10�d,
Pr4Ni3O10�d and Nd4Ni3O10�d, however, noticeably higher
values of sel are found compared with those reported in the
literature.4,33,64,65 A comparison of the data from this study with
the corresponding data from the literature, at 750 �C in air, is
shown in Table S3.† The observed discrepancies can be
ascribed, in part, to small differences in composition (e.g.
impurities), but more likely to the much higher densities
(>96%) of the samples used in the present study when
compared with those used in the cited studies (cf. Table S3†).
Fig. 8b shows the pO2 dependence of sel, at 900 �C, in the range
of 0.01–1 atm. For all the investigated compositions, sel is found
to decrease with decreasing pO2, which on the log scale is the
most pronounced for the n ¼ 1 RP phases La2NiO4+d and Nd2-
NiO4+d, exhibiting the lowest conductivities. Note further from
This journal is © The Royal Society of Chemistry 2020
Fig. 8a and b that within the range of temperature and oxygen
partial pressure, sel of Lnn+1NinO3n+1 increases with the order n.

La2NiO4+d and Nd2NiO4+d are typical p-type conductors as
conrmed by their positive Seebeck coefficients in a wide range
of temperature.12,66 Their electrical conductivities display
a broad maximum in the range 400–450 �C without discontin-
uous changes in the Seebeck coefficients, which is frequently
interpreted in terms of a metal–semiconductor transition.12,66

This interpretation has been contested by several authors as the
loss in oxygen occurring at elevated temperature brings about
a concomitant decrease in the charge carrier density.67,68

The strongly correlated charge carriers in the RP nickelates
and related transition metal oxides may be viewed as interme-
diate between localized and delocalized. Goodenough et al.69,70

proposed the coexistence of localized and itinerant electrons in
La2NiO4+d. The bonding orbitals with 3g (dx2�y2,dz2) symmetry are
assumed to be split by the tetragonal distortion into a localized
sz2 orbital and a more delocalized sx2�y2 band. Electron–electron
correlation leads to further splitting of these into low and high
spin states, which is more profound for the narrow sz2 orbitals
and less for the sx2�y2 and the lower energy pt2g (derived from
dxy,dxz,dyz) bands, as schematically shown in Fig. 9. Nakamura
et al.12,66 used this band scheme to account for the electrical
transport properties of La2�xSrxNiO4+d (x ¼ 0, 0.2, 0.4) and
Nd2�xSrxNiO4+d (x ¼ 0, 0.2 0.4). The electrical conductivity is
found to increase signicantly upon partial substitution of La
with Sr. Semi-quantitative analysis of the data of oxygen non-
stoichiometry, electrical conductivity and Seebeck coefficients
supports the itinerant behavior of the electrons at high
temperature in both series. A similar band scheme has been
proposed to interpret the data of electrical conductivity and
magnetic susceptibility of La3Ni2O7�d (ref. 71) and Ln4Ni3O10�d

(Ln ¼ La, Pr, Nd).32 Below, we show that the band scheme in
Fig. 9 can also be used to interpret the data of the electrical
conductivity of phases Lnn+1NinO3n+1, ignoring possible
hybridization of the nickel 3d and oxygen 2p orbitals when
increasing the formal valence of Ni and the 3D character of the
structure of Lnn+1NinO3n+1 (i.e., with increasing n), as was sug-
gested by Zhang and Greenblatt.32

In accord with the band scheme shown in Fig. 9, the
conduction in the RP phases Lnn+1NinO3n+1 is metal-like. The
sx2�y2[ band is completely lled with electrons when the formal
valence of Ni is +2 (corresponding to a d8 conguration). The
higher the formal valence of Ni, the lower the Fermi level (EF),
increasing the density of states (DOS) near EF. Noting that only
those electrons in a small energy range near EF contribute to
electrical transport, the electrical conductivity thus increases
with an increase in the formal valence of Ni.
J. Mater. Chem. A, 2020, 8, 22206–22221 | 22213

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ta06731h


Fig. 7 Oxygen pressure dependence of the oxygen stoichiometry for (a) La2NiO4+d, (b) Nd2NiO4+d, (c) La3Ni2O7�d, (d) La4Ni3O10�d, (e) Pr4-
Ni3O10�d, and (f) Nd4Ni3O10�d at different temperatures. Dotted lines are a guide for the eye.
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As an example, under air and in the temperature range 700–
900 �C covered by our TGA experiments, the Ni formal valence
in phases Lan+1NinO3n+1 ranges from 2.217 to 2.168 for n ¼ 1,
22214 | J. Mater. Chem. A, 2020, 8, 22206–22221
from 2.413 to 2.409 for n ¼ 2, and from 2.564 to 2.559 for n ¼ 3.
These results indicate that under the given conditions, the
conductivity remains p-type. In accordance with the proposed
This journal is © The Royal Society of Chemistry 2020
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Fig. 8 (a) Inverse temperature dependence, in air, and (b) pO2 dependence, at 900 �C, of the electrical conductivity (sel) of Lnn+1NinO3n+1 (Ln ¼
La, Pr, Nd; n ¼ 1, 2, 3).* Data for La2NiO4+d and Nd2NiO4+d from the literature are shown for comparison in (a). * Due to instrumental issues,
measurements on Pr4Ni3O10�d were performed over a limited range in pO2.
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band scheme, p-type conductivity persists if there is less than
one hole per Ni. Only when the Ni formal valence becomes
higher than 3 does the conductivity become n-type (provided
that the sx2�y2[ does not become fully hybridized with the O-2p
band). There are, however, many inuences, such as inter-
atomic distances, the presence of lattice defects (e.g. oxygen
vacancies), disorder (i.e., the range of atomic orbital energies)
and inter-electron repulsion, which can cause the electron
states to become more localized than the band scheme in Fig. 9
suggests.72 A more detailed analysis of the electrical conduc-
tivity of the RP Lnn+1NinO3n+1 nickelates requires data from high
temperature Seebeck and Hall coefficient measurements.
Fig. 9 (a) Crystal field splitting of the bonding Ni 3d orbitals in Lnn+1Nin
energy diagram. Due to tetragonal distortion of the NiO6 octahedra, th
correlation leads to further splitting into low and high spin states, while b
with the increase of the formal valence of Ni (see the main text).

This journal is © The Royal Society of Chemistry 2020
3.5 Electrical conductivity relaxation

ECR experiments were conducted for evaluation of the oxygen
transport properties of the RP nickelates. Fig. 10 shows the
typical normalized conductivity relaxation curves recorded, at
900 �C, aer a pO2 step change from 0.10 atm to 0.21 atm, along
with the tted curves. Note from this gure that slower re-
equilibration aer the pO2 step change occurs for the higher
order members.

Curve tting allows simultaneous determination of Dchem

and kchem, provided that tting is sensitive to both parameters.
As a rule of thumb, though, depending on the accuracy of the
O3n+1 and (b) the corresponding schematic density of states (DOS) vs.
e 3g (dx2�y2,dz2) orbitals are no longer degenerate. Electron–electron
and formation leads to broadening. Note that the Fermi level EF lowers

J. Mater. Chem. A, 2020, 8, 22206–22221 | 22215
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Fig. 10 Typical conductivity relaxation profiles of (a) La2NiO4+d, Nd2NiO4+d, and La3Ni2O7�d and (b) La4Ni3O10�d, Pr4Ni3O10�d, and Nd4Ni3O10�d,
at 900 �C, after a pO2 step change from 0.10 atm to 0.21 atm. Full lines represent the corresponding curve fits to eqn (2)–(4).
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collected data, both parameters can be reliably assessed if the
Biot number (Bi), dened as

Bi ¼ lz

Dchem=kchem
(7)

where lz is the half-thickness of the sample, lies between 0.03
and 30. Below and above this range, equilibration is predomi-
nantly controlled by either surface exchange or diffusion and,
hence, tting becomes rather insensitive to the value of Dchem

and kchem, respectively.40

Fig. 11 shows the temperature dependence of the Biot
numbers calculated from the values of Dchem and kchem ob-
tained from tting of the conductivity relaxation curves
measured for the different RP nickelates. As seen from this
gure, the Biot numbers obtained for the n ¼ 1 and n ¼ 2
members in the series are in the mixed-controlled region.
However, those of the n ¼ 3 members are signicantly higher
than 30, decreasing the accuracy of assessing the values for
kchem. The Biot numbers for Pr4Ni3O10�d could not be calculated
as an accurate value of kchem could not be obtained from tting.
Fig. 11 Temperature dependence of the Biot number (Bi) of materials inv
not be calculated for Pr4Ni3O10�d.

22216 | J. Mater. Chem. A, 2020, 8, 22206–22221
Fig. 12 shows the Arrhenius plots of Dchem and kchem of the
RP nickelates investigated in this work. In general, fair to good
agreement is noted between the values extracted from oxidation
and reduction step changes in pO2. Values for Dchem of La2-
NiO4+d are found to be in good agreement with those reported in
the literature.73 Somewhat surprising at rst glance is that the
RP nickelates exhibit similar kchem values (Fig. 12c and d),
despite the presence of different lanthanide ions, differences in
the structural ordering, and, as discussed below, different
magnitudes of the oxygen self-diffusion coefficient, and asso-
ciated ionic conductivity, displayed by the RP phases. Moreover,
we examined the SEM images of the samples aer completion
of the series of ECR experiments (carried out at different
temperatures and oxygen partial pressures) and detected
signicant morphological changes in the surface relative to that
of polished samples. As examples, the corresponding SEM
images for La2NiO4+d, La3Ni2O7�d and La4Ni3O10�d are shown in
Fig. S16.† The nature and cause of the morphological changes
and their possible inuence on the apparent surface exchange
estigated in this work. As explained in themain text, Biot numbers could

This journal is © The Royal Society of Chemistry 2020
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Fig. 12 Arrhenius plots of the (a and b) chemical diffusion coefficient (Dchem) and (c and d) surface exchange coefficient (kchem) for La2NiO4+d,
Nd2NiO4+d, La3Ni2O7�d, La4Ni3O10�d, Pr4Ni3O10�d, and Nd4Ni3O10�d. For clarity reasons, data derived from normalized conductivity relaxation
curves recorded after oxidation (Ox) and reduction (Red) step changes in pO2 (between 0.1 and 0.21 atm) are given in separate plots. Error bars
are within the symbols. The dashed lines are from linear fitting of the data.
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rates of the RP nickelates are currently under investigation in
our laboratory.
3.6 Self-diffusion coefficient and ionic conductivity

Apparent oxygen self-diffusion coefficients (Ds) were calculated
from the measured values of Dchem, using the relationship39

Dchem ¼ gODs (8)

where gO is the thermodynamic factor. The latter can be
calculated from the data of oxygen stoichiometry, using

gO ¼ 1

2

v lnðpO2Þ
v lnðcOÞ ¼ 3nþ 1� d

2

v lnðpO2Þ
vð3nþ 1� dÞ (9)

where n is the order of the RP structure and cO is the oxygen
concentration. The inverse temperature dependence of gO for
This journal is © The Royal Society of Chemistry 2020
each of the RP nickelates investigated in this work as calculated
from the data in Fig. 7 is shown in Fig. 13.

The Arrhenius plots of Ds obtained for the different RP
nickelates are given in Fig. 14a. Activation energies obtained
from least squares tting of the plots are listed in Table 5. As
seen from Fig. 14a, similar values of Ds are found for La2NiO4+d

and Nd2NiO4+d. Fig. 14b compares these with those derived
from the data of tracer diffusion experiments. Ignoring possible
correlation factors, good agreement is noted.9,11 Note further
from Fig. 14b that the Ds values obtained for La2NiO4+d and
Nd2NiO4+d exceed those measured for La0.6Sr0.4Co0.2Fe0.8O3�d

(LSCF)9,74 and PrBaCo2O5+d,75 but are almost one order of
magnitude below those reported for La0.3Sr0.7CoO3�d.76 Ionic
conductivities of the RP nickelates calculated from the apparent
values of Ds (Fig. 14a) using the Nernst–Einstein equation are
shown in Fig. 15.
J. Mater. Chem. A, 2020, 8, 22206–22221 | 22217
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Fig. 13 Reciprocal temperature dependence of the thermodynamic
factor of oxygen (gO), at pO2 ¼ 0.1468 atm, for different RP nickelates.
The cited pO2 value corresponds to the logarithmic average of the
initial and final pO2 used in ECR measurements.

Table 5 Activation energies (Ea) of Ds for different RP nickelates and
the corresponding correlations of determination (R2) from linear
regression analysis. The values of Ds were taken from Fig. 14a

Materials Ea (eV) R2 (—)

La2NiO4+d 0.65 � 0.05 0.95
Nd2NiO4+d 0.88 � 0.04 0.98
La3Ni2O7�d 0.80 � 0.03 0.98
La4Ni3O10�d 1.44 � 0.07 0.98
Pr4Ni3O10�d 0.91 � 0.08 0.95
Nd4Ni3O10�d 1.51 � 0.07 0.98
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Most notable from Fig. 14a is the sequence of the magnitude
of Ds observed for the n ¼ 1, n¼ 2 and n ¼ 3 members of the RP
nickelates, differing by almost one order of magnitude from
each other. The highest values are found for Lnn+1NinO3n+1 with
Ln ¼ La, Nd and n ¼ 1 and the lowest are found for Ln ¼ La, Pr,
Nd and n ¼ 3. To account for this observation, it is recalled that
Fig. 14 (a) Arrhenius plots of the oxygen self-diffusion coefficient (Ds)
measured for La2NiO4+d and Nd2NiO4+d with the tracer diffusion coeffi
clarity reasons, only values of Ds (this work) derived from normalized cond
(from 0.1 atm to 0.21 atm) are shown.

22218 | J. Mater. Chem. A, 2020, 8, 22206–22221
oxygen migration in the RP structures is believed to occur in the
rock salt layers via a cooperative interstitialcy mecha-
nism.14,17–19,77–81 The apparent value of Ds reects an ensemble
property, being averaged over all oxygen ions (interstitial, apical
and equatorial) in the lattice. As alluded to before, oxygen
hyper-stoichiometry (d > 0) is found for the n ¼ 1 RP nickelates,
which is accommodated by oxygen interstitials in the rock salt
layers. Higher concentrations of oxygen interstitials will lead to
higher values for Ds and the associated ionic conductivity (sion).
The n ¼ 2 and n ¼ 3 RP nickelates, on the other hand, exhibit
oxygen hypo-stoichiometries (d < 0). The intrinsic disorder in
the RP nickelates is known to be of the anti-Frenkel type, with
oxygen vacancies preferably residing on equatorial sites.14,82–84

Due to the oxygen hypo-stoichiometry, the concentration of
oxygen interstitials in the n ¼ 2 RP nickelates is expected to be
small. Compared to these, the n ¼ 3 members exhibit even
higher oxygen hypo-stoichiometries, further reducing the
concentration of oxygen interstitials in the rock-salt layers and,
of RP nickelates investigated in this work and (b) comparison of Ds

cient (D*) of selected perovskite oxides reported in the literature. For
uctivity relaxation curves recorded after oxidation step changes in pO2

This journal is © The Royal Society of Chemistry 2020
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Fig. 15 Arrhenius plots of the ionic conductivity (sion) of RP nickelates
investigated in this work. Ionic conductivities were calculated from the
values of Ds (Fig. 14a) using the Nernst–Einstein equation.
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hence, the values for Ds and sion. It should be noted that the
above analysis ignores that (impurities near) grain boundaries
and differences in the spatial distributions of grain orientation
and grain size in the polycrystalline samples may exert an
inuence on the apparent values of Ds and sion.

In a molecular dynamics study of oxygen migration in the
acceptor-doped system La2�xSrxCoO4�d (x > 0.8), Tealdi et al.80

conrmed that oxygen transport in hyper-stoichiometric La0.8-
Sr1.2CoO4.1 is via an interstitialcy mechanism in the rock salt
layer, but that in hypo-stoichiometric La0.8Sr1.2CoO3.9 mainly
occurs through the migration of oxygen vacancies within the
perovskite layer of the structure. Manthiram et al.85 suggested
that oxygen vacancies dominate oxygen transport in the higher
order RP phases La0.3Sr2.7CoFeO7�d (n ¼ 2) and LaSr3Co1.5-
Fe1.5O10�d (n ¼ 3), showing about one order of magnitude
higher oxygen permeation uxes than the n ¼ 1 members
La0.8Sr1.2CoO4+d and La0.8Sr1.2FeO4+d. The results of this study
give rm evidence that oxygen migrates predominantly via an
interstitialcy mechanism in the undoped RP nickelates Lnn+1-
NinO3n+1 (Ln ¼ La, Pr and Nd; n ¼ 1, 2 and 3), hence implicitly
suggesting a negligible role of oxygen vacancies in determining
oxygen transport in the n ¼ 2 and n ¼ 3 members despite their
oxygen hypo-stoichiometries (cf. Fig. 7). Finally, it is difficult to
account for the lower activation energy of oxygen migration in
Pr4Ni3O10�d compared with the corresponding values found for
La4Ni3O10�d and Nd4Ni3O10�d (cf. Table 5). It is hypothesized to
arise from concomitant Pr valence and, hence, size changes
(due to signicant Pr 4f and O 2p orbital hybridization) upon
oxygen migration in Pr4Ni3O10�d.86 First-principles density
functional theory calculations are required to support this
hypothesis.
This journal is © The Royal Society of Chemistry 2020
4. Conclusions

In this work, the thermal evolution of the structure, oxygen
nonstoichiometry, electrical conductivity and oxygen transport
properties of Ruddlesden–Popper (RP) lanthanide nickelates
Lnn+1NinO3n+1 (Ln ¼ La, Pr and Nd; n ¼ 1, 2 and 3) have been
investigated. The compositions Pr2NiO4+d, Pr3Ni2O7�d and
Nd3Ni2O7�d have been excluded from this work because the
material either cannot be prepared in a phase pure form (Pr3-
Ni2O7�d and Nd3Ni2O7�d) or fully decomposes at moderate
temperatures (Pr2NiO4+d). Upon heating in air phase transi-
tions, involving changes in the tilting of the NiO6 octahedra, are
observed in several of the materials. Pr4Ni3O10�d and Nd4Ni3-
O10�d remainmonoclinic from room temperature up to 1000 �C,
showing no observable phase transition.

High density ceramic samples were obtained by sintering at
1300 �C and, for the n ¼ 2 and n ¼ 3 members, post-sintering
annealing at reduced temperatures. The results of electrical
conductivity measurements on these samples support the itin-
erant behaviour of the charge carriers in the RP nickelates. The
increase in the p-type conductivity of the RP phases with the
order parameter n can be interpreted in terms of a simple
energy band scheme, showing that electron holes are formed in
the sx2�y2[ band upon increasing the oxidation state of Ni.

The RP nickelates display remarkable similarity in their
values for the surface exchange coefficient (kchem) despite the
differences in the structure and the type of lanthanide ion. The
oxygen self-diffusion coefficients (Ds) calculated from the cor-
responding values of the chemical diffusion coefficient (Dchem),
using the data of oxygen non-stoichiometry, are found to
decrease profoundly with the order parameter n. While oxygen
hyper-stoichiometry (d > 0) is found in the n ¼ 1 compositions,
oxygen hypo-stoichiometry (d < 0) is found in the n¼ 2 and n¼ 3
compositions. The results of this study underpin that oxygen
transport in the undoped RP nickelates mainly occurs via an
interstitialcy mechanism within the rock-salt layer of the
structures.
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