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temperature properties of
Pr2NiO4+d by simultaneous Pr- and Ni-cation
replacement†

S. Ya. Istomin,*a O. M. Karakulina,a M. G. Rozova,a S. M. Kazakov,a A. A. Gippius,ab

E. V. Antipov,a I. A. Bobrikov,c A. M. Balagurov,c A. A. Tsirlin,de A. Michau,f

J. J. Biendichofgh and G. Svenssonf

Novel Pr2�xSrxNi1�xCoxO4�d (x ¼ 0.25; 0.5; 0.75) oxides with the tetragonal K2NiF4-type structure have been

prepared. Room-temperature neutron powder diffraction (NPD) study of x ¼ 0.25 and 0.75 phases together

with iodometric titration results have shown the formation of hyperstoichiometric oxide for x ¼ 0.25 (d ¼
0.09(2)) and a stoichiometric one for x ¼ 0.75. High-temperature X-ray powder diffraction (HT XRPD)

showed substantial anisotropy of the thermal expansion coefficient (TEC) along the a- and c-axis of the

crystal structure, which increases with increasing the Co content from TEC(c)/TEC(a) ¼ 2.4 (x ¼ 0.25) to

4.3 (x ¼ 0.75). High-temperature NPD (HT NPD) study of the x ¼ 0.75 sample reveals that a very high

expansion of the axial (Ni/Co)–O bonds (75.7 ppm K�1 in comparison with 9.1 ppm K�1 for equatorial ones)

is responsible for such behaviour, and is caused by a temperature-induced transition between low- and

high-spin states of Co3+. This scenario has been confirmed by high-temperature magnetization

measurements on a series of Pr2�xSrxNi1�xCoxO4�d samples. For compositions with high Ni content (x ¼
0.25 and 0.5) we synthesised K2NiF4-type oxides Pr2�x�ySrx+y(Ni1�xCox)O4�d, y ¼ 0.0–0.75 (x ¼ 0.25); y ¼
0.0–0.5 (x ¼ 0.5). The studies of the TEC, high-temperature electrical conductivity in air, chemical stability

of the prepared compounds in oxygen and toward interaction with Ce2�xGdxO2�x/2 (GDC) at high

temperatures reveal optimal behaviour of Pr1.35Sr0.65Ni0.75Co0.25O4+d. This compound shows stability in

oxygen at 900 �C and does not react with GDC at least up to 1200 �C. It features low TEC of 13 ppm K�1

and high-temperature electrical conductivity in air of 280 S cm�1 at 900 �C, thus representing a promising

composition for use as a cathode material in intermediate temperature solid oxide fuel cells (IT-SOFC).
Introduction

Layered nickelates R2NiO4+d (R ¼ La, Pr, Nd) have been consid-
ered as promising cathode materials for intermediate tempera-
ture (750–900 �C) solid oxide fuel cells (IT-SOFC) due to their high
electrical conductivity, fast oxygen diffusion and thermal
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expansion coefficient (TEC) compatible with typical SOFC elec-
trolytes.1 The crystal structure of these nickelates belongs to the
K2NiF4 type and consists of alternate rock-salt and perovskite
slabs (Fig. 1). Due to a size mismatch between metal–oxygen
distances of Ni2+ and rare earth cations, the NiO6 octahedra tilt,
which results in a lowering of the crystal structure symmetry from
tetragonal (ideal K2NiF4-type structure) to orthorhombic.2,3

Incorporation of extra oxygen atoms (d), occupying the tetrahedral
voids in the rock-salt slab (Fig. 1) reduces this mismatch due to
a decrease of the nickel ionic radius caused by partial oxidation of
Ni2+ to Ni3+.4–6 The amount of hyperstoichiometric oxygen
d depends on the rare-earth cation (R). The smaller the radius of
the R cations, the higher the oxygen content (R ¼ La, d ¼ 0.16;7 R
¼ Pr, Nd, d¼ 0.21–0.23 (ref. 5, 6 and 8)) for phases synthesized at
the same conditions. The hyperstoichiometric oxygen atoms can
diffuse by an interstitial mechanism within the rock-salt slab of
the K2NiF4-type structure involving as well apical oxygen atoms.9

This results in higher oxygen diffusion in rare-earth nickelates
R2NiO4+d (R¼ La, Pr, Nd) in comparison with traditional IT-SOFC
cathode material like (La,Sr)(Co,Fe)O3�d (LSFC), with the perov-
skite structure. The highest oxygen diffusion (D* ¼ 2.5 � 10�8
RSC Adv., 2016, 6, 33951–33958 | 33951
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Fig. 1 The crystal structure of (Pr,Sr)2(Ni,Co)O4+d (K2NiF4-type).
Hyperstoichiometric oxygen atoms (d) are located in the tetrahedral
vacancies.
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cm2 s�1) and surface exchange (k ¼ 5 � 10�7 cm s�1) coefficients
at 600 �C have been observed in Pr2NiO4+d.1 Other advantages of
Pr2NiO4+d are the highest electrical conductivity among other rare-
earth nickelates and low TEC. However, it is unstable in oxygen in
comparison with La2NiO4+d and Nd2NiO4+d and decomposes with
the formation of Pr4Ni3O10 and Pr6O11 at 850 �C.10

Both crystal structure and high-temperature properties of
R2NiO4 oxides can be modied by cation substitution in the A-
and B-sublattices. Partial replacement of rare-earth cations by
larger Sr2+ according to the chemical formula R2�xSrxNiO4+d

resulted in the formation of solid solutions with tetragonal
K2NiF4 structure. A solid solution with tetragonal symmetry is
observed for x ¼ 0.2–1.0 for R ¼ La,11 Pr,7 Nd,12 and from 0.8 to
1.0 for Sm.7 The increase of Sr content is accompanied by
a decrease of the hyperstoichiometric oxygen content giving rise
to oxygen-decient phases. The range of x in which d is negative
is not well dened and varies depending upon the synthesis
conditions.8,13,14 The TEC drastically increases with increasing
of Sr-content up to 16 ppm K�1 for LaSrNiO4+d.15 Meanwhile,
high-temperature electrical conductivity increases reaching 273
S cm�1 at 600 �C for x ¼ 0.75. A similar trend is observed for
Pr2�xSrxNiO4+d, where the conductivity is higher than 100 S
cm�1 for the substituted phases (x $ 0.5).16,17 The oxygen
diffusion coefficient D* is the highest for unsubstituted La2-
NiO4+d and decreases with increasing the Sr-content.18,19

However, recently an increase of D* has been observed for
compositions with high amount of Sr (x ¼ 0.8).19

With the aim to improve the chemical stability in oxygen,
high-temperature electrical conductivity and electrocatalytic
activity of R2NiO4+d for oxygen reduction in the present work we
introduced Co3+ cations in Pr2NiO4+d. This was performed by
the simultaneous replacement of the equal amounts of Pr and
Ni cations by Sr and Co, respectively, according to the chemical
formula Pr2�xSrxNi1�xCoxO4�d (x ¼ 0.25; 0.5; 0.75; 1.0). For
compositions with high Ni-content (x ¼ 0.25 and 0.5) we
33952 | RSC Adv., 2016, 6, 33951–33958
synthesised Pr2�x�ySrx+y(Ni1�xCox)O4�d, y ¼ 0.0–0.75 (x ¼ 0.25);
y ¼ 0.0–0.5 (x ¼ 0.5) where the oxidation state of Ni has been
varied by partial replacement of Pr3+ by Sr2+. Effects of cations
substitutions on the crystal structure, high-temperature elec-
trical conductivity in air and thermal expansion behaviour of
the novel compounds were investigated.

Experimental

Pr2�xSrxNi1�xCoxO4�d (x ¼ 0.25; 0.5; 0.75; 1.0) and Pr2�x�ySrx+y-
(Ni1�xCox)O4�d, y ¼ 0.0–0.75 (x ¼ 0.25); y ¼ 0.0–0.5 (x ¼ 0.5)
samples were prepared by conventional solid-state route in air at
1300–1350 �C, 20–24 h with preliminary annealing and regrind-
ing at 950 �C, 24 h. Pr6O11, SrCO3, NiO and Co3O4 (all analytical
grade) were used as initial reagents. The densities of the ceramic
samples were measured by pycnometry.

Phase purity of the compounds was checked by X-ray powder
diffraction (XRPD) recorded on Huber G670 Guinier diffractom-
eter (CuKa1 radiation, image foil detector). High-temperature X-
ray powder diffraction (HT XRPD) data in air were collected by
Bruker D8-Advance diffractometer (CuKa1 radiation, LynxEye
PSD) in reection mode equipped with high-temperature camera
XRK-900 (Anton Paar). Unit cell parameters were rened by
Rietveld method using TOPAS-3 program package. Oxygen
content of the single-phase samples was determined by iodo-
metric titration.

The thermal expansion behaviour of the samples was moni-
tored by Netzsch 402C dilatometer in air at 25–900 �C with the
heating rate of 10 K min�1. TG studies were performed in arti-
cial air (20% O2(g), 80% Ar(g)) from 25 to 900 �C with a heating
rate of 10 K min�1 by Netzsch STA 449C thermoanalyser.

High-temperature electrical conductivity of ceramic samples
was measured in air by a standard 4-probe method in the
temperature range of 25–900 �C. The samples had the shape of
a disk with �16–18 mm diameter and 1–2 mm thickness. The
contacts were made from platinum wire (d � 0.2 mm) placed in
alumina tube and were pressed independently to the surface of
the sample by the separate individual springs situated at the top
of the quartz sample holder kept at room temperature. The
contacts were arranged in a line with 5–6 mm spacing between
them. The inuence of undesirable thermoelectric power was
omitted by subtracting two successive voltage values on the
potential contacts (the inner pair) measured at opposite current
directions. The resulting resistivity value was recalculated into
specic resistance using the approach developed in ref. 20.

Neutron powder diffraction data were collected using the
POLARIS diffractometer at the ISIS pulsed spallation neutron
source, Rutherford Appleton Laboratory, UK. Approximately 3 g
of sample were loaded into a thin-walled cylindrical vanadium
can and mounted in an automatic sample changer. Prior to
analysis, the data were normalized using an incoherent scat-
tering pattern from a vanadium sample. Structural models were
tested by renement of the neutron diffraction data using GSAS
program package.21

High-temperature neutron diffraction (HT NPD) data were
collected using high-resolution Fourier powder diffractometer
(HRFD)22 at IBR-2 pulsed reactor in Dubna (Russia). Rietveld
This journal is © The Royal Society of Chemistry 2016
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analysis of the data was performed using MRIA program
package.23 Data were collected at room temperature and at 100–
500 �C in air with a step 100 �C.

High-temperature magnetic susceptibility measurements
were performed on pressed pellets of Pr2�xSrxNi1�xCoxO4�d (x¼
0.0, 0.25; 0.5; 0.75) in the temperature range 10–800 K in applied
magnetic elds up to 8 T using Quantum Design PPMS equip-
ped with a vibrating sample magnetometer (VSM) option and
oven setup. The measurements above 400 K were performed in
high vacuum under constant gas pressure of 10�5 Torr. The
samples were stable under these conditions, as conrmed by
the excellent reproducibility of the data obtained during heat-
ing and cooling sweeps.

Results and discussion
Pr2�xSrxNi1�xCoxO4�d (x ¼ 0.25; 0.5; 0.75; 1.0)

Crystal structure. XRPD patterns of Pr2�xSrxNi1�xCoxO4�d

(x ¼ 0.25; 0.5; 0.75; 1.0) samples were fully indexed in tetragonal
unit cells (Table 1) showing the formation of oxides with
K2NiF4-type structure. This is not surprising since orthorhombic
Pr2NiO4+d is known to transform to tetragonal phase for x > 0.2 in
Pr2�xSrxNiO4�d.7 Despite the larger ionic radius of Sr2+ in
comparison with that of Pr3+ (rSr2+ ¼ 1.31 �A, rPr3+ ¼ 1.179 �A,
CN ¼ 9 (ref. 24)), both unit cell parameters decreased upon
increasing the cobalt content due to the signicantly smaller
ionic radius of Co3+ in comparison with that of Ni2+ (rCoLS

3+ ¼
0.545�A and rCoHS

3+¼ 0.61�A, rNi2+¼ 0.69�A). Iodometric titration
revealed a decrease in the amount of hyperstoichiometric oxygen
(d) with increasing of cobalt content (Table 1) and for the x ¼ 0.5
composition only a slight excess of oxygen is observed. This
corresponds to the literature data for Pr2�xSrxNiO4�d,8 where the
composition with d z 0.0 is observed at x ¼ 0.5. The average
oxidation state of (Co/Ni) cations calculated from iodometric
titration data expectedly increases with increasing x. Taking into
account known from the literature stability of the oxidation state
+3 for Co and Ni cations in perovskites, one can propose that Co
cations are in oxidation state +3 only, while Ni cations are in
mixed oxidation state between +2 and +3. It is notably that the
Ni2+-content also increases with increasing x due to the decrease
of the hyperstoichiometric oxygen content. As it is known from
literature, the oxygen content of undoped praseodymium nick-
elate corresponds to the chemical formula Pr2NiO4.22,8 i.e. it
contains 56% of Ni2+. Assuming that all cobalt cations in
Pr2�xSrxNi1�xCoxO4�d are in the oxidation state +3, the calculated
Table 1 Unit cell parameters and oxygen content derived from
iodometric titration results for Pr2�xSrxNi1�xCoxO4�d (x ¼ 0.25; 0.5;
0.75; 1.0)

x a (�A) c (�A)
Oxygen content
(4 � d)

B-Cation
oxidation state

0.25 3.8171(2) 12.3838(8) 4.11(1) +2.47(2)
0.50 3.8049(1) 12.3201(6) 4.05(3) +2.60(6)
0.75 3.7947(1) 12.3171(5) 3.99(2) +2.73(4)
1.0 3.7787(2) 12.3415(7) 3.97(2) +2.94(4)

This journal is © The Royal Society of Chemistry 2016
fraction of Ni2+ is�70% in the x ¼ 0.25 phase and �100% in the
x ¼ 0.75 one.

Crystal structures of the x ¼ 0.25 and 0.75 phases were
rened using neutron powder diffraction data collected at room
temperature. No reection splitting was observed in both
diffraction patterns, thus conrming the tetragonal crystal
structure with S.G. I4/mmm. Reections from admixtures of
CoO and NiO were observed in NPD patterns of both
compounds. However, their rened content was too small to
have signicant inuence on the structure renement. The
rened weight fractions of NiO and CoO in the x ¼ 0.25 sample
were 0.0090(2) and 0.0035(5), and for x ¼ 0.75–0.0029(2) and
0.0033(6), respectively. Observed, calculated, and difference
NPD patterns for the x ¼ 0.25 sample are given on Fig. S1.†

Crystal structure renement for the x¼ 0.25 phase shows the
presence of additional oxygen atoms positioned in the tetra-
hedral voids within the rock-salt slab (site O3 at 4d (0, 1/2, 1/4),
Fig. 1). The oxygen content of the x¼ 0.25 phase calculated from
the rened occupancy of this oxygen position (Table S1†)
corresponds to Pr1.75Sr0.25Ni0.75Co0.25O4.09�0.02 in excellent
agreement with the results from the iodometric titration. No
additional oxygen atoms were found at the 4d site in the crystal
structure of x ¼ 0.75 phase, in accordance with chemical titra-
tion results (Table 1). Selected interatomic distances in the
crystal structures of x ¼ 0.25 and 0.75 phases are given in Table
S2.† Anisotropic atomic displacement parameters (ADP) for all
atoms, except for O3, were used for the renement of the crystal
structures. Atomic displacement ellipsoids in the crystal struc-
ture of the x ¼ 0.25 phase are shown in Fig. S2.† Substantial
anisotropy of the oxygen atoms ADPs was observed in the crystal
structure of the x ¼ 0.25 phase. U33 for the equatorial oxygen
atom O1 and U11 for the axial oxygen atom O2 are several times
higher in comparison with those in the x ¼ 0.75 phase (Table
S1†). The most plausible explanation for such behaviour is the
inuence of the additional oxygen atom in the O3 position of
the crystal structure for x ¼ 0.25.

High-temperature thermal expansion behaviour. The high-
temperature thermal expansion behaviour of the prepared
phases was studied by both dilatometry and HT XRPD. Dilato-
metric curves for the x¼ 0.25, 0.5, 0.75 and 1.0 ceramic samples
in air are shown in Fig. 2. All samples expand non-linearly with
an accelerated expansion above �550 �C. It should be
mentioned that the corresponding TG-curves showed very little
or no weight loss. Therefore, the observed non-linearity cannot
be driven by the variation of the oxygen content with tempera-
ture (chemical expansion).

Large discrepancy between the values of TEC calculated from
dilatometry data and from HT XRPD is observed for studied
compounds (Table 2). This is especially the case for composi-
tions with x $ 0.5 containing large amounts of Co. The differ-
ence between the TEC values determined by dilatometry and HT
HRPD approaches�60% for the x¼ 0.75 sample. Such situation
is very similar to what was observed and discussed in ref. 25,
where the discrepancy was attributed to the large anisotropy of
the thermal expansion along the a- and c-axes of the crystal
structure. In this case large thermal stress of the ceramic
sample is relaxed by the presence of internal micro cracks.
RSC Adv., 2016, 6, 33951–33958 | 33953
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Fig. 2 Thermal expansion curves for Pr2�xSrxNi1�xCoxO4�d (x ¼ 0.25,
0.50, 0.75, 1.0) measured in air.

Table 2 TEC (ppm K�1) at 25–850 �C calculated from HT XRPD and
dilatometry (TECdil) for Pr2�xSrxNi1�xCoxO4�d (x ¼ 0.25, 0.50, 0.75, 1.0)

x TEC(a) TEC(c) TEC(c)/TEC(a) TEC (V1/3) TECdil

0.25 11.3 27.3 2.4 16.5 14.1
0.50 9.7 40.1 4.1 19.3 13.1
0.75 10.9 46.4 4.3 22.1 13.7
1.0 14.1 44.9 3.2 24.2 13.3

Fig. 4 Temperature dependence of the (Ni/Co)–O2 (a) and (Pr/Sr)–
O2 (b) interatomic distances.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
M

ar
ch

 2
01

6.
 D

ow
nl

oa
de

d 
on

 1
0/

18
/2

02
5 

7:
12

:4
3 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
High-temperature crystal structure and magnetic properties.
In order to obtain accurate values of the A– and B–O interatomic
distances at various temperatures, HT NPD data were collected
using the HRFD diffractometer for the x ¼ 0.75 phase.
Temperature dependence of the normalized unit cell parame-
ters derived from HT NPD data is presented in Fig. 3. Linear
temperature dependence of the a-parameter is observed in the
Fig. 3 Temperature dependence of the unit cell parameters for x ¼
0.75 phase derived from HT NPD data collected using HRFD diffrac-
tometer. Unit cell parameters were normalized by the unit cell
parameter values at 295 K. Dashed line shows a linear fit of the c-
parameter.

33954 | RSC Adv., 2016, 6, 33951–33958
whole studied temperature range, while the c-parameter shows
non-linear dependence with much higher expansion rate.

The expansion of (Ni/Co)–O2 and (Pr/Sr)–O2 bonds gives the
highest contribution to the thermal expansion along the c-axis
(Fig. 1). The temperature dependence of the (Ni/Co)–O2 inter-
atomic distances is shown in Fig. 4a. TEC calculated for the
expansion of axial (Ni/Co)–O2 bonds in studied temperature
range is 75.7 ppm K�1, while it is 9.1 ppm K�1 for the equatorial
(Ni/Co)–O1 one. Therefore, a major contribution to the large
expansion along the c-axis in the x ¼ 0.75 phase is given by the
expansion of the axial (Ni/Co)–O2 bond, whereas nearly no
change of the (Pr/Sr)–O2 bond with temperature is observed
(Fig. 4b). This situation is very similar to previous reports for
La2�xSrxCoO4 (ref. 26) and Pr1.25Sr0.75Cu0.25Co0.75O3.95(2).25 It
was proposed that a temperature-induced transition between
low- and high-spin states of Co3+ is responsible for such
behaviour.

We were able to conrm this scenario by high-temperature
magnetization measurements on a series of Pr2�xSrxNi1�x-
CoxO4�d samples (Fig. 5). All of the samples revealed
paramagnetic-like behaviour with no appreciable eld depen-
dence. The linear part of the inverse susceptibility was tted by
the Curie–Weiss law c ¼ C/(T + q), where C ¼ NAmeff

2/3kB is the
Curie constant yielding the paramagnetic effective moment meff,
and q is the Curie–Weiss temperature. The tted parameters are
listed in Table 3 along with expected spin-only values, where we
assumed Pr3+ (3.58 mB), Ni

2+ (2.83 mB), and high-spin Ni3+ (3.87 mB)
with the Ni2+/Ni3+ ratio xed by the oxygen stoichiometry. For Co-
doped samples, both low-spin (0 mB) and high-spin (4.90 mB)
regimes of Co3+ were considered.

The x¼ 0 sample revealed an effective moment of 6.24 mB per
f.u. that can be understood as a combination of two Pr3+ ions
and a mixture of Ni2+/Ni3+ yielding meff ¼ 6.06 mB. The much
lower effective moment of the x¼ 0.25 sample (meff¼ 5.23 mB per
f.u.) reects the substitution of Pr3+ by non-magnetic Sr2+ and of
Ni2+/Ni3+ by non-magnetic low-spin Co3+.

The high-temperature behaviour of the x ¼ 0.5 and 0.75
samples is more complex. Here, one can identify two linear
regions. Below 300–350 K, 1/c reveals effective moments, which
are even lower than in the x ¼ 0.25 sample and can be
accounted by assuming that only Pr3+ and the residual Ni2+ are
magnetic. Above 500 K, another linear region is observed, where
the effective moment is around 6 mB and the Curie–Weiss
temperature is much higher than at low temperatures. Both
This journal is © The Royal Society of Chemistry 2016
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Fig. 5 Inverse magnetic susceptibility (1/c) of the samples with x ¼
0.0, 0.25, 0.50, and 0.75 measured in the applied field of 0.5 T. Lines
are Curie–Weiss fits to the data yielding the parameters listed in
Table 5.

Table 3 Paramagnetic effective moments meff (per f.u.) and Curie–
Weiss temperatures q from linear fits of the inverse magnetic
susceptibility. The calculated values of the effective moments are
obtained assuming Pr3+ (3.58 mB), Ni

2+ (2.83 mB), and high-spin Ni3+

(3.87 mB). For the x ¼ 0.5 and 0.75 samples, the two values refer to the
low-temperature (<500 K) and high-temperature (>500 K) regions,
where non-magnetic (low-spin, 0 mB) and magnetic (high-spin, 4.90
mB) states of Co

3+ are assumed, respectively

x meff (experiment), mB meff (calculated), mB q, K

0.00 6.24 6.06 111
0.25 5.23 5.47 29
0.50 5.08/6.21 4.89/5.99 26/253
0.75 4.76/6.21 4.25/6.00 37/382

Fig. 6 Unit cell parameters a (left) and c (right) versus Sr content
Pr2�x�ySrx+y(Ni1�xCox)O4�d, y ¼ 0.0–0.75 (x ¼ 0.25); y ¼ 0.0–0.5 (x ¼
0.5). The error values of the unit cell parameters are smaller that the
symbols of the data points.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
M

ar
ch

 2
01

6.
 D

ow
nl

oa
de

d 
on

 1
0/

18
/2

02
5 

7:
12

:4
3 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
observations suggest that at high temperatures Co3+ becomes
magnetic, thus triggering strong interactions within the octa-
hedral layers, while at low temperatures magnetic interactions
measured by the Curie–Weiss temperature q are on the order of
40–50 K and characteristic of the weak 4f magnetism.

These results show that the anomalously high expansion of
the (Ni,Co)–O2 axial bond can be explained by a temperature-
induced transition between low- and high-spin states of Co3+

which occurs at T > 500 K for the x ¼ 0.5 and 0.75 phases. High-
temperature NPD study shows that the calculated linear TEC of
the (Ni,Co)–O2 axial bond for the x ¼ 0.75 phase is 55 ppm K�1

in the temperature range 295–473 K and 87 ppm K�1 at 473–
773 K.
This journal is © The Royal Society of Chemistry 2016
Altogether we can conclude that high anisotropy of the
thermal expansion of Pr2�xSrxNi1�xCoxO4�d oxides with high
Co-content (x $ 0.5) hampers their use in high-temperature
electrochemical devices since accumulation of the thermal
stresses may results in their crumbling upon thermal cycling.
For the phase with low Co-content (x ¼ 0.25) another drawback
was revealed. As mentioned above, one of the disadvantages of
undoped Pr2NiO4+d is its instability in oxygen at T > 850 �C,
where it decomposes into Pr4Ni3O10 and Pr6O11.10,27,28 The
treatment of the x¼ 0.25 phase in oxygen ow at 900 �C for 24 h
revealed the partial oxidation into Pr6O11 and PrNiO3. In order
to improve properties of Pr2�xSrxNi1�xCoxO4�d oxides with low
Co-content we prepared solid solutions Pr2�x�ySrx+y(Ni1�xCox)
O4�d, y ¼ 0.0–0.75 (x ¼ 0.25); y ¼ 0.0–0.5 (x ¼ 0.5) where we
further increased the average oxidation state of Ni toward +3.
Pr2�x�ySrx+y(Ni1�xCox)O4�d, y ¼ 0.0–0.75 (x ¼ 0.25); y ¼ 0.0–
0.5 (x ¼ 0.5)

Crystal structure. Variation of the unit cell parameters of
Pr2�x�ySrx+y(Ni1�xCox)O4�d, y ¼ 0.0–0.75 (x ¼ 0.25); y ¼ 0.0–0.5
(x ¼ 0.5) versus Sr content is shown on Fig. 6. It is worth noting
that the a-parameter for compositions with the same amount of
Sr is smaller for the x¼ 0.25 series than for the x¼ 0.5 series for
all Sr dopings, except for PrSrNi1�xCoxO4�d. For the c-param-
eter, a different trend takes place, where, again with the
exception of PrSrNi1�xCoxO4�d, the c-parameter is higher for the
x¼ 0.25 series than for the x¼ 0.5 series. One can consider spin
and oxidation states of Co and Ni cations in these compounds.
For example, for Pr1.5Sr0.5Ni0.75Co0.25O4�d and Pr1.5Sr0.5Ni0.5-
Co0.5O4�d, considering their very similar, close to stoichiometric
oxygen content (d¼ 0.0), the nominal oxidation state of B-cation
is +2.5. It means that in Pr1.5Sr0.5Ni0.5Co0.5O4 all cobalt and
nickel cations are in the +3 and +2 oxidation states, respectively.
Taking into account that cobalt is most likely in the oxidation
state of +3, the chemical formula of Pr1.5Sr0.5Ni0.75Co0.25O4�d

can be re-written as Pr1.5Sr0.5Ni0.5
2+Co0.25

3+Ni0.25
3+O4�d. Since

the ionic radii of Co3+ (rLS ¼ 0.545 �A, rHS ¼ 0.61 �A) and Ni3+

(rLS ¼ 0.56 �A, rHS ¼ 0.60 �A) are very similar for the LS and HS
states, one can speculate that Ni3+ is in the LS state in
Pr1.5Sr0.5Ni0.75Co0.25O4�d and at least part of Co3+ is in the HS
state in Pr1.5Sr0.5Ni0.5Co0.5O4�d. This is because only such
a combination results in the decrease of the ionic radius of the
RSC Adv., 2016, 6, 33951–33958 | 33955
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B-cation (and a-parameter) with increasing nickel content. It
should be noted that LS Ni3+ (t62ge

1
g) is a Jahn–Teller cation for

which an axial elongation of the octahedron is expected. This
explains the larger c-parameter for the x ¼ 0.25 series in
comparison with the x ¼ 0.5 one. The presence of LS Ni3+ is
observed in other nickelates like RNiO3.29

A bell-like dependence of the c-parameter over Sr-content
with the maximum at y ¼ 0.4 (Pr1.35Sr0.65Ni0.75Co0.25O4+d) is
clearly observed for the x ¼ 0.25 series, while it is less
pronounced for the x ¼ 0.5 series with a maximum at y ¼ 0.3
(Pr1.2Sr0.8Ni0.5Co0.5O4�d) (Fig. 6). At the same time, the
a-parameter shows minimum for these compositions. Such
a behaviour was also reported in the literature for the hole-
doped nickelates R2�xSrxNiO4�d, R ¼ La, Pr and Nd and can
be explained by the transformation from t62g(z

2)1 to t62g(x
2 � y2)1

electron conguration of Ni3+.30

For further studies we selected Pr1.75�ySr0.25+yNi0.75Co0.25-
O4�d compositions since Ni-rich oxide (y ¼ 0.0) shows lowest
TEC value (Table 2). Iodometric titration of the composition
with the maximum c-axis (Pr1.35Sr0.65Ni0.75Co0.25O4�d) showed
the formation of a nearly oxygen stoichiometric phase with the
oxygen content (4 + d) ¼ 4.01(2).

Thermal expansion behaviour and chemical stability of
Pr1.75�ySr0.25+y(Ni0.75Co0.25)O4�d. Thermal expansion behaviour
of Pr1.75�ySr0.25+y(Ni0.75Co0.25)O4�d, y ¼ 0.25, 0.4, 0.55 and 0.75
was studied by both dilatometry and HT XRPD. The results are
summarized in Table 4. Similar to the Pr2�xSrxNi1�xCoxO4�d

samples (Table 2), a rather large anisotropy of the thermal
expansion along the a- and c-axes accompanied by the
discrepancy between the TEC values calculated from HT XRPD
data and dilatometry data is observed. The TEC values for the
ceramic samples are rather low and comparable with those for
typical electrolytes in IT-SOFC like 20GDC (12.8 ppm K�1)31 or
LSGM2020 (12.8 ppm K�1).32

For Pr1.35Sr0.65Ni0.75Co0.25O4�d (y ¼ 0.40) both chemical
stability in oxygen atmosphere and toward chemical interaction
with standard electrolyte materials for SOFC like GDC and YSZ
were studied. In comparison with Pr1.75Sr0.25Ni0.75Co0.25O4�d

phase (y ¼ 0.0), no decomposition was observed aer heat
treatment in oxygen gas ow at 900 �C for 24 h. It should be
noted that both unit cell parameters and oxygen content
remained unchanged during such treatment. The higher
stability of the y¼ 0.40 sample in oxygen is most likely related to
the higher oxidation state of nickel cations (+2.56 assuming
Table 4 TEC (ppm K�1) at 25–850 �C calculated from HT XRPD and
dilatometry (TECdil) for Pr1.75�ySr0.25+y(Ni0.75Co0.25)O4�d

y TEC(a) TEC(c) TEC(c)/TEC(a) TEC (V1/3) TECdil

0.25 — — — — 13.0
0.4 11.2a 27.9 2.4 16.8 13.0
0.55 — — — — 12.1
0.75 10.0 28.2 2.8 16.1 —

a Average TEC value at 25–850 �C. Two temperature ranges for the
expansion along a-axis with TEC ¼ 9.5 ppm K�1 (25–400 �C) and TEC
¼ 12.9 ppm K�1 are observed.

33956 | RSC Adv., 2016, 6, 33951–33958
Co3+ and Pr3+) in comparison with +2.29 in the y ¼ 0.0 sample,
which prevents further oxidation of nickel.

For the stability test towards chemical interaction with GDC
and YSZ, powder of Pr1.35Sr0.65Ni0.75Co0.25O4�d was mixed with
electrolytes in 1 : 1 mass ratios and annealed at 800–1100 �C
with a step of 100 �C during 50 h. An XRPD study revealed
vigorous reactivity with YSZ, which started already at 900 �C
with the formation of Pr2Zr2O7 and SrZrO3 (see Fig. S3a†).
However, no admixture phases were observed aer heating
Pr1.35Sr0.65Ni0.75Co0.25O4�d/GDC mixture up to 1200 �C (see
Fig. S3b†). Therefore, Pr1.35Sr0.65Ni0.75Co0.25O4�d oxide may be
used as cathode either with GDC electrolyte directly or with the
YSZ electrolyte separated by the protective layer of GDC.

High-temperature electrical conductivity of Pr1.75�ySr0.25+y-
(Ni0.75Co0.25)O4�d, y ¼ 0.0, y ¼ 0.15 and 0.40. High-temperature
electrical conductivity measurements were performed in air at
25–1000 �C (Fig. 7). The data were satisfactorily tted by
Arrhenius-like law modied for small polarons hopping:

sðTÞ ¼ A

T
exp

�
� Ea

kT

�
; (1)

where T is the absolute temperature, k – Boltzmann's constant,
A – a pre-exponential factor, Ea – the activation energy. Values of
Ea are given in Table 5 together with electrical conductivity
values at 700 �C and 900 �C.

Owing to the substantially different porosity of the samples
(Table 5), we recalculated electrical conductivity values taking
the porosity into account using the formula from ref. 33:

scor ¼ sexp

1þ p=2

ð1� pÞ2=3
; (2)

where p is the porosity and sexp and scor are the electrical
conductivities measured experimentally and corrected for
porosity, respectively. An increase in the electrical conductivity
with Sr-doping is observed for the samples with a highest
conductivity at around 300 S cm�1 at 700 �C for the y ¼ 0.4
Fig. 7 Temperature dependence of electrical conductivity for
Pr1.75�ySr0.25+y(Ni0.75Co0.25)O4�d, y ¼ 0.0, y ¼ 0.15 and 0.40. Red lines
show fit of the experimental data according to eqn (1), while black
symbols are experimental points.

This journal is © The Royal Society of Chemistry 2016
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Table 5 Experimental high-temperature electrical conductivity values
(sexp, S cm�1) and those corrected for porosity (scor, S cm�1) at 700 �C
and 900 �C for Pr1.75�ySr0.25+y(Ni0.75Co0.25)O4�d, y ¼ 0.0, y ¼ 0.15 and
0.40 ceramic samples

y
sexp,
700 �C

sexp,
900 �C

scor,
700 �C

scor,
900 �C

Ea,
eV

Density,
%

0.0 43 56 61 80 0.18 72
0.15 28 30 50 54 0.13 56
0.40 260 280 293 315 0.15 90
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sample. An increase in the electrical conductivity with Sr-
content was also observed for Pr2�xSrxNiO4�d,33,34 although the
values of the electrical conductivity are signicantly lower, with
the reported maximum of 138.5 S cm�1 at 600 �C for x¼ 0.8.34 It
should be mentioned that, in comparison with the Pr1.75�y-
Sr0.25+y(Ni0.75Co0.25)O4�d samples, Pr2�xSrxNiO4�d demonstrate
a decrease in the electrical conductivity with temperature, i.e.,
a metallic-like behaviour.33,34
Conclusions

By simultaneous replacement of Ni for Co and Pr for Sr in Pr2-
NiO4+d we have successfully prepared Pr2�xSrxNi1�xCoxO4�d (x ¼
0.25; 0.5; 0.75) oxides with the tetragonal K2NiF4-type structure.
Similar to other Co-containing oxides with the K2NiF4-type struc-
ture, Pr2�xSrxNi1�xCoxO4�d (x ¼ 0.25; 0.5; 0.75) show substantial
anisotropy of the thermal expansion along the a- and c-axes of the
crystal structure, and this anisotropy increases upon Co substi-
tution. This results in a rather large difference between the TEC
values calculated from dilatometry and HT XRPD data. Using
a combination of HT NPD and HT magnetization measurements,
we showed for the rst time that such anisotropy of thermal
expansion is most likely associated with the temperature-induced
transition between low- and high-spin states of Co3+ cations.

In order to further vary the oxidation state of Ni in
Pr2�xSrxNi1�xCoxO4�d, x ¼ 0.25 and 0.5 oxides, we replaced Pr3+

by Sr2+. This allowed to prepare Pr1.35Sr0.65Ni0.75Co0.25O4�d

composition with very promising properties as cathode material
in IT-SOFC. This material shows the TEC of 13.0 ppm K�1

comparable with that of GDC electrolyte, as well as the chemical
stability in oxygen at 900 �C as well as towards interaction with
GDC up to 1250 �C. This composition exhibits high values of
high-temperature electrical conductivity in air approaching 300 S
cm�1 at 900 �C and is considered as promising cathode material
in IT-SOFC.
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