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bstract

he oxygen permeability and stability of dense Pr2NiO4+δ ceramics have been appraised in comparison with K2NiF4-type lanthanum nickelate.
n oxidizing atmospheres, Pr2NiO4+δ exhibit an extensive oxygen uptake and decomposition into the Ruddlesden–Popper-type Pr4Ni3O10 and
raseodymium oxide at temperatures below 900 ◦C. At 900–950 ◦C when the K2NiF4-type praseodymium nickelate is stable in the ceramic
embranes placed under an oxygen partial pressure gradient, the steady-state oxygen permeability of Pr NiO is similar to La NiO . The
2 4+δ 2 4+δ

hase changes on cooling lead to considerably higher oxygen permeability, which becomes comparable to that of perovskite-type cobaltites, and to
oticeable isothermal expansion. The stability of Pr2NiO4+δ in reducing atmospheres, estimated from the p(O2) dependencies of total conductivity
nd Seebeck coefficient, is lower than that of La2NiO4+δ, probably due to a smaller size of the A-site cation.

2007 Elsevier Ltd. All rights reserved.
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. Introduction

Due to relatively fast ionic and electronic transport and
ignificant electrocatalytic activity rare-earth nickelates with
2NiF4-type structure are of substantial interest as a poten-

ial materials for the cathodes of intermediate-temperature
olid oxide fuel cells (IT SOFCs) and oxygen-separation
embranes.1–5 For these systems, the maximum emphasis in

iterature was focused on lanthanum nickelate, La2NiO4+δ, and
ts derivatives. The crystal structure of La2NiO4+δ is built of
lternating rock-salt La2O2 and perovskite NiO2 layers, and can
ccomodate a significant oxygen excess, charge-compensated
y electron holes localized on nickel cations.5 At the same time,
r2NiO4+δ exhibits a larger range of the oxygen nonstoichiom-
try variations (and references therein),4 due to smaller size of
he A-site cations and, possibly, to the presence of a minor frac-
ion of tetravalent Pr4+. However, the effects of A-site cation
adius on the oxygen transport properties are still unclear. In the
ase of isostructural cuprates, Ln2CuO4+δ (Ln = La, Pr, Nd), the

onic conduction was found to decrease with decreasing rare-
arth cation size as La > Pr > Nd.2 On the contrary, Pr2NiO4+δ

as reported to exhibit the highest oxygen tracer diffusion
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oefficients in Ln2NiO4+δ series.3 In particular, these contra-
ictions may result from the metastability of the K2NiF4-type
raseodymium nickelate phase at temperatures below 850 ◦C in
xidizing atmospheres.4 The present work was aimed on the
tudy of thermodynamic stability and oxygen transport proper-
ies of Pr2NiO4+δ in the vicinity of phase boundary; a particular
ttention was given to a comparative analysis of these properties
ith those of La2NiO4+δ in similar conditions.

. Experimental

Powders of Pr2NiO4+δ and La2NiO4+δ were prepared via
lycine–nitrate process; ceramic samples (hereafter called
as-prepared”) with 95–98% density were sintered in air at
320–1400 ◦C for 2–3 h and cooled down with a rate of
–4 ◦C/min. As the processes of equilibration of the phase com-
osition in ceramics are often kinetically stagnated, a series of
r2NiO4+δ samples were annealed in air at 950 ◦C (24 h) or at
00 ◦C (50 h), or in flowing argon at p(O2) ≈ 10−5 atm and at
50 ◦C (43 h) or at 800 ◦C (50 h) with subsequent quenching in
iquid nitrogen followed by X-ray diffraction (XRD) analysis.

The XRD patterns were collected at room temperature using

Rigaku D/MAX-B diffractometer (Cu K�, 2Θ = 10–100◦,

tep 0.02◦, 1 s/step); the structural parameters were refined
mploying the Fullprof program. A basic microstructural char-
cterization was carried out using Hitachi S-4100 scanning

mailto:akavaleuski@cv.ua.pt
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Fig. 1. XRD patterns of Pr2NiO4+δ quenched after annealing in air and argon
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lectron microscope (SEM) with a Rontec UHV Detection
ystem for the energy dispersive spectroscopy (EDS). Ther-
al expansion in air was studied using a vertical alumina
inseis L75V/1250 dilatometer; the measurement procedure

ncluded temperature cycling in the range 650–950 ◦C with
he step of 50 ◦C and equilibration at each temperature dur-
ng 3–7 h. Thermogravimetric analysis (TGA) was performed
sing a Setaram SetSys 16/18 instrument. Similarly to thermal
xpansion measurements, the TGA route included heating up to
50 ◦C in flowing dry air, and temperature cycling in the range
00–1000 ◦C with the step of 50 ◦C and equilibration at each
emperature during 2–10 h.

The total conductivity (σ, 4-probe dc) and Seebeck coefficient
α) were measured as functions of the oxygen partial pressure
arying in the range from 10−15 atm to 0.5 atm at 700–950 ◦C;
he experimental technique was described elsewhere.6 The tech-
ique to study oxygen permeation using a solid-electrolyte cell
ith an oxygen pump and sensor was also described in previ-
us work.7 In terms of thermal pre-history of the membranes,
he procedure included heating (3 ◦C/min) up to softening of a
lass sealant (1115 ◦C), dwell for 5 min, and cooling down to
50 ◦C when the isothermal measurements were started. Further
oute included temperature cycling in the range 1023–950 ◦C,
ith steps of 50 ◦C and equilibration at each temperature.
he criterion for a steady-state achievement was formulated
s independence of the sensor emf on time during 10 h, with
n accuracy of 0.5–0.7%. After the determination of oxygen
uxes at 800–950 ◦C, all measurements were repeated two to
our times in order to check reproducibility. The reproducibil-
ty error at temperatures far enough from the phase transition,
uch as 950 ◦C or 800 ◦C, was 5–7%. In the vicinity of phase
ransformation, temperature cycling resulted in a higher error,
0–30%.

. Results and discussion

XRD analysis of the as-prepared materials showed the
ormation of single K2NiF4-type phases: namely, orthorhom-
ic (SG Bmab) for Pr2NiO4+δ and tetragonal (SG I4/mmm)
or La2NiO4+δ, in agreement with literature data.1,3,4,8 Corre-
ponding XRD pattern of as-prepared praseodymium nickelate
eramics is presented in Fig. 1. Basic SEM inspection revealed
igh quality and low porosity of Pr2NiO4+δ ceramics, while no
ssential inhomogeneities and phase impurities were detected
y energy dispersive spectroscopy.

Isothermal dilatometric studies and TGA tests of as prepared
amples in air confirmed the metastability of Pr2NiO4-based
olid solutions at low temperatures, as it was previously estab-
ished in4 and attributed to the phase decomposition at above
00 ◦C:

Pr2NiO4.14
O2−→Pr4Ni3O9 + 2PrO1.71 (1)
nd the backward reaction on further heating. At 900–950 ◦C
he equilibrium sample length was attained during 0.1–0.3 h
fter cooling down to a given temperature, whilst an opposite
ehavior was observed at 700–850 ◦C (Fig. 2A). In particular,

o
9
m
P

see text). The pattern of as-prepared Pr2NiO4+δ is given for comparison. In the
ases when Pr4Ni3O10−δ is major phase, all unmarked peaks correspond to this
hase.

uring testing at 800 ◦C for 6.5 h, the relative change in �L/L0
alue was as high as 0.02%, what is considerably higher than
he experimental error, and tends to further increase with time.
he observed behavior may be explained taking into account

he higher number of perovskite blocks in Ruddlesden–Popper-
ype Pr4Ni3O10−δ compared to Pr2NiO4+δ and the fact that the
hermal expansion of K2NiF4-type oxides is generally lower
han that of perovskite-type oxides having the similar cation
omposition.9 As for sample dimensions, the weight changes
f powdered Pr2NiO4+δ exhibit a good reproducibility and fast
quilibration on cycling at 925–950 ◦C (Fig. 2B). At lower tem-
eratures, prolonged transient processes start at 900 ◦C and
s accompanied with extensive oxygen uptake and noticeable
ncrease in sample weight (Fig. 2C). Thus, within the limits
f experimental uncertainties associated with stagnated kinet-
cs of the phase changes, the temperature of decomposition of
r2NiO4+δ-based phase on cooling corresponds to 850–900 ◦C.

The above conclusions were further validated by XRD anal-
sis. After annealing of as prepared sample at 800 ◦C in air and
uenching, the major phases were identified as praseodymium

xide and Pr4Ni3O10−δ (Fig. 1). After annealing of Pr2NiO4+δ at
50 ◦C in air, the K2NiF4-type phases were formed again: this
aterial became almost single-phase. The presence of minor
r6O11 impurities is associated with kinetically stagnated phase
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Fig. 3. Low-p(O2) stability limits of Pr2NiO4+δ. Data on Ni/NiO phase
boundary13 and La2NiO4+δ

11 are shown for comparison. Inset illustrates oxygen
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ature cycling, at 950 ◦C the oxygen permeation fluxes were
reproducible with an accuracy of 5–7% (Fig. 4). The kinetic
stabilization of K2NiF4-type nickelate might result from the
ig. 2. Relative length (A) and weight changes (B and C) of as-prepared Pr2NiO4

uring isothermal steps in air.

hanges due to slow cation diffusion. Both quenching from
00 ◦C to 950 ◦C after annealing in argon (p(O2) ≈ 10−5 atm)
ead to formation of two K2NiF4-type phases. Although the
ymmetry of orthorombic Pr2NiO4+δ phases is known to depend
n the oxygen content (e.g. Ref. 10), detailed neutron diffrac-
ion studies are necessary to determine exact effects of excess
xygen on the structure of Pr2NiO4-based solid solutions. Nev-
rtheless, whatever the mechanism of structural changes, the
RD results confirm that the Pr2NiO4+δ is stable at moderate
xygen chemical potentials.

The phase stability limits of Pr2NiO4+δ estimated from data
n the total conductivity and Seebeck coefficient are presented in
ig. 3. The conductivity of Pr2NiO4+δ decreases with decreas-

ng of oxygen partial pressure, while Seebeck coefficient has
ositive sign and increases (inset in Fig. 3), indicating a p-type
lectronic conduction within the phase stability domain. The
ecomposition of Pr2NiO4+δ occurs at oxygen chemical poten-
ials higher than the stability limit of La2NiO4+δ.11 This trend
ell corresponds to literature data on other K2NiF4-type phases

e.g. Ref. 12 and references therein). In particular, thermody-
amic stability of rare-earth cuprates with K2NiF4 structure also
ecreases with decreasing A-site cation radius.12 At 900–950 ◦C

he low-p(O2) stability limit of Pr2NiO4+δ is close to the Ni/NiO
oundary,13 but shifts towards higher oxygen partial pressures
hen temperature decreases (Fig. 3). This suggests a change

F
t
L

artial pressure dependencies of the total conductivity and Seebeck coefficient
t 950 ◦C; bold arrows shows approximate limits of the K2NiF4-type phase
xistence domains.

n the decomposition mechanism and explains the observed
eviations from the linear van’t Hoff dependence, log p(O2) ver-
us 1/T. Apparently, at high temperatures the decomposition of
r2NiO4+δ occurs via formation of praseodymium oxide and
etallic nickel, whilst below 877 ◦C the reduction should result

n the binary oxides mixture, thus indicating a decrease in the
hermodynamic stability of Pr2NiO4+δ compared to other phases
f ternary Pr–Ni–O system.

Temperature dependence of steady-state oxygen permeation
uxes through Pr2NiO4+δ and La2NiO4+δ under a fixed oxygen
hemical potential gradient is shown in Fig. 4. At temperatures
igher or close to the phase transition, the levels of ionic trans-
ort in Pr2NiO4+δ and La2NiO4+δ are similar, as observed by the
uthors.3 Although Pr2NiO4+δ is already metastable at 900 ◦C
n air (Fig. 2C), XRD inspection of the membranes after testing
t 900–950 ◦C did not reveal secondary phases. After temper-
ig. 4. Temperature dependence of steady-state oxygen permeation fluxes
hrough Pr2NiO4+δ (open symbol corresponds to the reproducibility check) and
a2NiO4+δ under a fixed oxygen chemical potential gradient.
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resence of oxygen chemical potential gradient in the course
f measurements, when the permeate-side oxygen pressure is
ower than atmospheric.

Decreasing temperature down to 800–850 ◦C resulted in a
low increase in the oxygen permeability. The time necessary
or stabilization was as long as 200–300 h. These processes
an be undoubtedly ascribed to the partial decomposition
n Pr4Ni3O10−δ and PrOx, confirmed by XRD. Although no
ystematic information on the ionic transport properties of
he Ruddlesden–Popper-type Prn+1NinO3n+1 series is found in
iterature, the data on isostructural (La,Sr)n+1(Fe,Co)nO3n+1
ystem14 suggest that increasing the number of perovskite
locks (n) should increase oxygen diffusivity; Pr4Ni3O10−δ

s thus expected to possess a higher ionic conductivity com-
ared to Pr2NiO4+δ. A significant level of mixed ionic-electronic
onductivity is also known for praseodymium oxide. Indeed,
teady-state oxygen permeation fluxes through Pr2NiO4+δ

eramic membranes at 800–850 ◦C are four to five times
igher than that of La2NiO4+δ. In general, these results show,
hat the fast tracer diffusion and oxygen surface exchange
f Pr2NiO4+δ ceramics at temperatures below 827 ◦C3 may
e partially contributed by Pr4Ni3O10−δ and PrOx, formed
n partial decomposition of the K2NiF4-type praseodymium
ickelate. The apparent activation energy (Ea) remains essen-
ially unchanged, 98 kJ/mol for single-phase La2NiO4+δ and
7 kJ/mol for multiphase Pr2NiO4+δ ceramics, suggesting that
he ionic transport mechanisms are still similar. However, the
xygen fluxes through praseodymium nickelate membranes are
till lower than those through most permeable materials such as
r(Co,Fe)O3−δ perovskites.7
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