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Abstract

The oxygen deficiency of iron-substituted nickelates LnyNi, ;Feq3019_5 (Ln = La, Pr) with the orthorhombic Ruddlesden-Popper
structure was studied by thermogravimetric analysis and coulometric titration in the oxygen partial pressure range 6 x 107> to 0.7 atm at
973-1223 K. In air, the non-stoichiometry values vary in the relatively narrow ranges (2.4—4.2) x 1072 for La- and (0.01—2.0) x 1072 for
Pr-containing compositions, increasing with temperature. Due to the smaller size of praseodymium cations, PryNi, ;Fey 30,_s exhibits a
substantially lower thermodynamic stability in comparison with La4Ni, ;Fey3019_s and La4NizOqq_s, although the oxygen content in
PryNi, ;Fey30,9_s lattice is higher. The partial substitution of iron for nickel has no essential effect on the low-p(O,) stability limit
corresponding to the transition of PryNizO;¢_s into K,;NiF4-type Pr,NiO4 5. On the contrary, doping of LayNi;O,9_s with iron
decreases the oxygen vacancy concentration and shifts the phase stability boundary towards lower oxygen chemical potentials, suggesting
a stabilization of the transition metal-oxygen octahedra in lanthanum nickelate lattice. The M&ssbauer spectroscopy showed that the

predominant state of iron cations, statistically distributed between the nickel sites, is trivalent.
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1. Introduction

Mixed conductors derived from K,NiF,-type lanthanum
nickelate, La,NiO4;s, are of great interest for high-
temperature electrochemical applications, such as the
cathodes of solid oxide fuel cells (SOFCs) and the dense
ceramic membranes for oxygen separation and partial
oxidation of light hydrocarbons [1-8]. Important advan-
tages of La,NiOy4-based materials include relatively high
oxygen-ionic and p-type electronic conductivities, moder-
ate thermal and chemical expansion, and high electro-
catalytic activity under oxidizing conditions. La;NiOy 5 is
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the first member of the Ruddlesden-Popper series (LaO)
(LaNiO3),, with n = 1. The intergrowth structure of this
compound consists of perovskite-like NiO; layers alternat-
ing with rock-salt La,O, sheets, which may accommodate a
significant oxygen excess; the incorporation of mobile O*~
interstitials is charge-compensated by the formation of
electron holes localized on nickel cations [2-4,6,9,10]. The
concentration of oxygen vacancies in the perovskite layers
of undoped La,NiOy4;s is very low [9,10]. The lattice
symmetry can vary from tetragonal (space groups I4/mmm
or F4/mmm) to orthorhombic (space groups Fmmm and
Cmeca), depending on oxygen chemical potential and
temperature [10,11]. Compared to other phases existing in
the ternary La—Ni—O system, La,NiO,4.: s has maximum
stability on reducing oxygen partial pressure and on
increasing temperature [12,13]. Doping with higher-valence
cations, such as iron, rises the concentration of interstitial
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anions, whereas thermodynamic stability of substituted
La;NiOy4; s in reducing atmospheres remains essentially
unchanged [7,14].

Increasing the number of perovskite layers in the

Ruddlesden-Popper (RP) nickelates, 7, leads to faster ionic
and electronic transport [2,3,11,15]. These effects are
primarily associated with increasing concentration of
Ni—O—Ni bonds responsible for the electronic conduction,
progressive delocalization of the p-type electronic charge
carriers, and increasing vacancy-migration contribution to
oxygen ion diffusivity. Note that, except for La,NiOy4 5,
all RP nickelates are oxygen-deficient at elevated tempera-
tures [11,13]. As a particular consequence, the electro-
chemical activity of La, +Ni O3, 1_s cathodes becomes
substantially higher when n increases from 1 to 3 [2];
analogous results were also obtained for the praseodymium
nickelate electrodes where PryNizO;o_s phase is formed
due to oxidative decomposition of ProNiO4ys [16]. The
maximum electrode performance might hence be expected
for perovskite-type LnNiO;_s (Ln = La, Pr). However,
these perovskites are unstable at temperatures above
1200-1300K in oxidizing conditions [12,13,15] and may
decompose under cathodic polarization. The thermody-
namic stability of La4Ni;Ojg_s is higher than that of
LaNiO;_s and La3;Ni,O;_s [13]. Also, as Lay4NizOjo_s
lattice (Fig. 1) may contain a significant amount of oxygen
vacancies in the perovskite layers connected along the b-
axis [13], further improvement can be achieved by the
partial substitution of nickel with donor-type cations in
order to stabilize the transition metal-oxygen octahedra.
The information on redox behavior of RP nickelates and,
in particular, on the Ni-site doping effects is however
scarce. Continuing our research on nickelate-based mixed
conductors [6-9,14,16], the present work is focused on the
analysis of oxygen non-stoichiometry and iron oxidation
states in LnyNi, ;Feq3019_s (Ln = La, Pr).

Fig. 1. Crystal structure of orthorhombic LasNi, 7Feq 3010 (space group
Cmca).
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2. Experimental

Submicron powders of LayNi, ;Feq3019_s and PryNi, 5
Feg30;0_s were prepared by the glycine-nitrate process
[17]. The synthesized powders were annealed in air at
1273-1373 K for 2022 h with several intermediate regrind-
ing steps, and then slowly cooled (1-2 K/min) in order to
achieve equilibrium with atmospheric oxygen at low
temperatures. Additional series of samples used for the
analysis of phase composition at elevated temperatures,
were also annealed in various atmospheres and then
quenched in liquid nitrogen. The crystal structure was
studied by X-ray diffraction (XRD) using a Rigaku D/
Max-B instrument (Cuk, radiation, 260 = 10-100°, step
0.02°, 8-10s/step) and selected-area electron diffraction
(SAED) using a Hitachi H-9000 transmission electron
microscope. The total oxygen content at atmospheric
oxygen partial pressure was determined by thermogravi-
metric analysis (TGA, Setaram SetSys 16/18, weight
resolution of 0.4 pg; sample weight of 650-800 mg). The
TGA procedures included both heating with a constant
rate (2 K/min) in flowing dry air, and temperature cycling
in the range 973-1323 K with 50K steps and equilibration
at each temperature during 1-3h. The equilibration
criterion was selected as the weight relaxation rate (Am/
At) lower than 15pg/h, with the second derivative
0°m/my0t*d higher than —2 x 107%/h. After the mea-
surements in air, the apparatus was flushed with argon at
1323 K and the samples were reduced in a flow of dry 10%
H»,-90% N, mixture for 10h, with subsequent heating up
to 1423K in the same flow in order to ensure complete
reduction of nickel and iron. The isothermal reduction
procedure is illustrated by Fig. 2. The oxygen stoichiome-
try variations on changing oxygen partial pressure, p(O»,),
were studied at 1023-1223 K by coulometric titration (CT)
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Fig. 2. Determination of the total oxygen content in LasNi, ;Feq3019_s
and PryNi; ;Feq 30,9_s powders at 1323 K by the TGA technique.
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Fig. 3. Example of the coulometric titration data, showing reproducibility
of the oxygen content variations in LasNi, ;Fe(30,9_s on cycling oxygen
pressure at 1223 K. Arrows indicate the direction of p(O,) changes. The
solid line shows approximate low-p(O,) phase boundary.

technique, as described elsewhere [18]. The CT experiments
were performed in an isothermal regime, varying p(O,)
from 6 x 107> to 0.7 atm; then the titration cycles at 1023
and 1223 K were repeated in a wider range of the oxygen
partial pressure, down to 107 '°atm. The results obtained
on cycling p(O,) showed an excellent reproducibility, as
illustrated in Fig. 3 by the example of LayNi, 7Feq3019_s;
this confirmed zero leakage in the CT cells.

The Mossbauer spectroscopy data were collected in
transmission mode using a conventional constant-accelera-
tion spectrometer and a 25 mCi °’Co source in a Rh matrix.
Considering the relatively low iron content and high-
electronic mass-absorption coefficient for the 14.4keV
radiation, LayNi, 7Fey3019_s powder for the Md&ssbauer
spectroscopy studies was synthesized using metallic iron
enriched with *’Fe isotope (49% °’Fe, Chemgas, France);
the preparation conditions were identical to those
used for the samples with natural iron. The absorbers
containing 0.25mg/cm? of iron enriched with *'Fe were
obtained by pressing into a perspex holder. The
PryNi, 1Fe 301_s absorber was prepared from the powder
containing natural Fe; due to very low STFe content, the
absorber thickness was calculated on the basis of the
electronic mass-absorption coefficient according to Ref.
[19]. The velocity scale was calibrated using o-Fe foil. The
low-temperature Mdssbauer spectra were collected using a
JANIS bath cryostat (model SVT-400). The isomer shifts
(IS, Table 1) are given relative to metallic a-Fe at 295 K.
The spectra were fitted to Lorentzian lines using a non-
linear least-squares method [20]. In the course of refine-
ment procedure, the relative areas and line widths of each
peak in a quadrupole doublet and peaks 1-6, 2-5 and 34
in a magnetic sextet were constrained to remain equal.

Table 1
Parameters estimated from the Mdssbauer spectra of LngNis 7Feq3010+5
equilibrated in air at low temperatures, taken at 295 and 4 K

Composition T(K) IS QS, ¢ By (T) I 1
(mm/s) ~ (mm/s) (mm/s) (%)
La4Ni2'7Feo,3010 +e 295 0.30 0.72 - 0.39 68
0.28 0.26 - 0.22 32
4 0.42 —0.04 420 0.62 69
0.42 —0.26  46.7 0.70 31
Pr4Ni2‘7Feo,3010+ 5 295 0.28 0.64 - 0.44 100

IS, QS, &, By, I' and I are the isomer shift relative to metallic o-Fe at
295K, quadrupole splitting or quadrupole shift, magnetic hyperfine field,
full width at half maximum, and relative area, respectively. Estimated
standard deviations are <3% for I, <0.2T for B, and <0.02mm/s for
the other parameters.
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Flg 4. XRD patterns of La4Ni2.7FeO.3010+5 and Pl‘4Ni2.7FCOA3010+§,
equilibrated with atmospheric oxygen at low temperatures. For the major
reflections, the Akl indices are shown.

3. Results and discussion

The XRD and SAED analyses of as-synthesized
LnyNi, ,Fe( 30, confirmed formation of orthorhombic
RP phases; the space group was identified as Cmca, in
agreement with literature [21]. No extra reflections were
detected in the XRD pattern of LayNi, ;Feq30,, (Fig. 4).
In the case of PryNi,-;Fey30;, very minor peaks corre-
sponding to Pr¢O;; were observed. The separation of a
small amount of prasecodymium oxide, known also for
parent PryNizO;o [11], may be associated with surface
oxidation of Pr cations, which are predominantly trivalent
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Fig. 5. Selected area electron diffraction patterns of LayNi, ;Fe 3010+ s (A) and PryNi, ;Fe 3010+ s (B).

Table 2

Unit cell parameters and oxygen hyperstioichiometry of LnyNi;,
Fep 3010+ (space group Cmica) equilibrated with atmospheric oxygen at
low temperatures

Ln Lattice parameters (A) Unit cell 0
volume
a b ¢ (AY
La 5.4267(3) 28.013(2) 5.4805(3) 833.13(9) 0.063
Pr 5.3908(3) 27.603(2) 5.4737(3) 814.52(9) 0.070

in the RP nickelate lattice. Whatever the segregation
mechanism, the corresponding error in the measured ¢
values of PryNiy;Fey30;94+s was estimated to be lower
than 0.004, comparable to experimental uncertainty of
TGA and CT techniques. The SAED patterns were all
indexed taking into account the extinction rules for Cmca
symmetry. As an example, Fig. 5 shows two SAED
patterns where the reflections correspond to atomic layers
sequence along the b-axis. Notice that, while neither diffuse
scattering nor intergrowth phenomena were detected in
these preliminary electron microscopy studies, detailed
structural investigations are now in progress. The unit cell
parameters and volume of as-synthesized LnyNi, 7Fey301q
(Table 2) are larger than those of parent LnyNizO;q [11,21], in
accordance with the cation radii of high-spin Fe* " and Ni**
[22]. For comparison, the lattice parameters of undoped
lanthanum nickelate were reported as a= 5.415(1),&,
b =15.465(1)A, ¢ =27.959(9) A for LagNi30; (space group
Fmmm [11]), and a=541327(11)A, b= 5.46233(11)A,
c= 27.9605(7)A for LayNiz0qq3 (space group Bmab [21]).
Notice that the ¢ parameter calculated for Frmmm and Bmab
space groups corresponds to b for the Cmca symmetry. In
case of PryNi3Oq g5 (space group Frmmm), the lattice constants
were a = 5.370(1) A, b = 5.462(1) A and ¢ = 27.528(7) A [11].
Analogously, the unit cell parameters and volume of
PryNi, sFe( 3019 are substantially smaller compared to
LayNi, ;Feq30;o (Table 2) due to the smaller size of
praseodymium cations with respect to La’" [22]. In
comparison with the parent nickelates [11], the difference

in lattice parameters of LnyNi, ;Fe;30;o phases containing
different rare-earth cations is considerably higher. The
latter tendency might suggest that for PryNi, ;Feq 301, the
average oxidation state of nickel is higher than in
LayNi, ;Feq 3010 and/or a small fraction of Pr*" may be
present in the lattice. This assumption fits well to the
oxygen stoichiometry data discussed below.

The room temperature Mdssbauer spectrum of LayNij 5
Fe 301 consists of two absorption peaks with different
areas (Fig. 6A). This spectrum may only be analyzed
considering, at least, two quadrupole doublets. Conse-
quently, the LayNi, ;Fey3019_s spectrum collected at 4 K
(Fig. 6B), when the magnetic hyperfine interactions are
observed, may only be described with at least two magnetic
sextets. The parameters estimated from the Mdssbauer
spectra are summarized in Table 1. The isomer shifts are
typical for Fe** ions in oxide compounds; no traces of
Fe** or Fe’" can be detected. The presence of two
contributions with relative areas ratio close to 2:1 indicates
an essentially random distribution of Fe* between the two
non-equivalent crystallographic sites occupied by the
transition metal cations in LayNi, ;Fey 30,0 lattice, Nil
and Ni2 (Fig. 1). The Ni2 site, where Fe®* concentration is
approximately twice higher, has also larger quadrupole
splitting (QS, Table 1). The latter phenomenon results from
the fact that the nickel-oxygen polyhedra involving Ni2
positions are significantly distorted, whereas distortion of
the coordination octahedra near Nil sites is almost
negligible [21,23]. In the case of PryNis-Fey3010,
the resolution of room-temperature Mdossbauer spectrum
(Fig. 6C) is insufficient to evaluate Fe’" distribution
between the nickel sites, but the estimated average
parameters are similar to LayNi, ;Feq301.

TGA showed that LnyNi,;Fey30;0+s exhibit a minor
oxygen hyperstoichiometry at low temperatures and
become oxygen-deficient on heating (Table 2 and Fig. 7).
The deviations from stoichiometric oxygen content in
LnyNi, 7Feq30,9_s at atmospheric oxygen partial pressure
remain relatively low (Fig. 7A). Furthermore, the tempera-
ture dependencies of equilibrium oxygen deficiency in the
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Fig. 6. Mossbauer spectra of LayNi, ;Fe)3019+5 at 295K (A) and 4K
(B), and of PryNi,;Fe(3010+s5 at 295K (C). The curves plotted on the
experimental points are a quadrupole doublet (C), the sum of two
magnetic sextets (B) and the sum of two quadrupole doublets (A), the
latter shown slightly shifted for clarity.

La- and Pr-containing compositions are very similar; the
changes in ¢ values at 973-1223K in air are 0.019 and
0.020, respectively. The total oxygen content is, however,
higher for PryNi, 7Feq3019_s, confirming the presence of a
small amount of Pr** or moderately higher oxidation state
of nickel cations. The latter seems more likely and may
appear due to compensation of the lattice stress induced by
decreasing rare-earth cation radius. Another necessary
comment is that the difference in the J values of
La4Ni2.7Feo_3010_5 and Pr4Ni2.7Feo.3010_5, 0.023-0.024 at
973-1223 K and atmospheric p(O,), is significantly higher
than the experimental error estimated as 0.002.

When compared to undoped LasNi;Oq9_s [13], the
oxygen content in LayNi,sFey3019_s is much closer to
the stoichiometric value (Fig. 7A). This originates from the
higher oxidation state of iron cations, predominantly
trivalent, with respect to Ni’*/?". The presence of
statistically distributed Fe®" O4 octahedra is expected to
increase average coordination of nickel ions and, thus, to
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Fig. 7. Temperature dependencies of the equilibrium oxygen non-
stoichiometry of La4Ni2A7Fe0A3010,¢; and Pr4Ni2‘7Fe0‘3010,5 at atmo-
spheric oxygen partial pressure in comparison with literature data [13] on
parent LayNizO9_s (A), and relative weight changes measured in the
continuous heating regime in air (B). The arrow in (B) shows approximate
phase stability boundary.

stabilize the RP lattice; analogous phenomena are well
known for oxygen-deficient perovskites [15]. Indeed, as
shown below, the decomposition of LasNi,;Feq3019_s
into La,Ni(Fe)O44+s and NiO occurs at lower oxygen
pressures if compared to LayNizO;o_s. The average Ni
oxidation state in LayNi,;Fe;30.9_5, 2.59-2.61 at
973-1323K in air, is also slightly higher than that in the
parent nickelate [13].

In spite of the high oxygen content, an opposite situation
is however observed for PryNi,,Feq30;9_s due to the
smaller radius of praseodymium cations, which is another
key factor determining thermodynamic stability of the RP
phases. Heating of PryNi, ;Fe30;0_s above 1310-1330 K
in air leads to drastic weight changes caused by the phase
transition into PryNi(Fe)Oy 4 5 solid solution with K,NiF -
type structure (Figs. 7B and 8). The decomposition
temperature of PryNi,sFey3019_s is, again, in a good
agreement with literature data on Pr,NiO4-based phases
[16,24], and is significantly lower than those of
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Fig. 8. XRD patterns of LnyNi,;Fey30,0_s samples, quenched after
annealing at 1373 K in air and at 1223K in flowing argon for 75h. The
symbols show major peaks of the secondary phases formed on
decomposition of PryNi,;Fe30;9_s, namely the Pr,NiOy-based solid
solution and binary nickel and praseodymium oxides. No decomposition
was observed for LagNi, 7Feq30;0_s annealed at 1373 K in air.

LayNi, ;Feq30;0_s and even LayNizO;¢_s. Note that the
stability of most perovskite-related compounds, including
the RP nickelates and cuprates, becomes lower when the A-
site cation radius and tolerance factor decrease (see, for
instance, [11,15,25] and references therein). Most likely, the
same mechanism is responsible for the surface segregation
of praseodymium oxide in as-prepared PryNi, ;Feq3019_s;
possible formation of Pr** cations should also have a
strong lattice-destabilizing effect. The dissolution of
praseodymium oxide in PryNi,;Feq30;9_s lattice occurs
on heating up to 940-970K and is accompanied with
weight losses visible in the TGA curves (Fig. 7B).

Fig. 9 presents the p(O,)-T-0 diagrams of
LnyNi, 7Feq30;0_s under oxidizing conditions, within the
domains where the orthorhombic RP phases exist. Both
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Fig. 9. The p(O,)-T-6 diagrams of LayNi,;Fey30,0_5 and

Pr4Ni2‘7Fe0,3010_5 at 1023-1223 K.

title materials display qualitatively similar trends, which
are, however, far from those predicted by the ideal-solution
model [26]. The observed behavior is also different from
that of the K,NiF4-type nickelates, where the & vs.
log p(O>) dependencies are almost linear [9,14]. In the case
of LnyNi,;Feq30;0_s, these dependencies show a sub-
stantial non-linearity; their slope increases remarkably on
increasing temperature and on reducing p(O,), probably
due to close proximity of the phase boundary. Reduction
leads to phase decomposition accompanied with stepwise
changes in the oxygen content (Figs. 3, 7B and 10). The
decomposition processes were found reversible, except for
standard hysteresis phenomena (Fig. 10). XRD analysis of
reduced LnyNi, - Feq30,9_s showed that in all cases,
Ln,NiOy-based solid solutions are formed, although the
decomposition of PryNi, ;Feq30;9_s involves praseody-
mium oxide separation (Fig. 8) and has hence a more
complex mechanism than suggested for lanthanum nick-
elate [13]. One should also mention that, if compared to the
La-containing composition, PryNi, 7Fej3019_s exhibits a
considerably narrower range of the oxygen non-stoichio-
metry variations where the RP phase exists. This type of
behavior can be easily predicted considering the lower
thermodynamic stability of PrsNi, 7Fey3019_s (Fig. 7B).
Fig. 11 compares the low-p(O,) phase boundaries of
La4Ni2'7Feov3010,(5 and Pr4Ni2,7Fe0,3010,5, estimated from
the CT and TGA results as illustrated in Figs. 3 and 7B.
These results are compared to the data on LasNizOg_s
[12], La;NiOy- 5 [12], LasNigoFe. 10445 [14], ProNiOgy 5
[16], Pr,NigoFeq 104+ s [16] and NiO [27]. The equilibrium
oxygen pressure corresponding to the Pr,NiO4<> Pry
Ni30;¢+ PrO, transition, is also shown. The latter value
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La4Niz.7Feo,3010,o-, Pr4Ni2.7Feo_3O]0,(5 and Pr4Ni3010,5 phases, deter-
mined by the coulometric titration and thermogravimetry (see text). Data
on other Ni-containing oxide compounds [12,14,16,27] are shown for
comparison.

was obtained by CT of the decomposition products of
PryNiO4 45, which transforms into the mixture of
Pr4NizOq9_s and prasecodymium oxide on oxidation below
1200K [16,24]; the transition at 1223 K is completely
reversible (Fig. 12), making it possible to precisely
determine phase boundary. The obtained p(O,) value is
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Fig. 12. Oxygen content variations in a multiphase oxide mixture with the
Pr:Ni cation ratio of 2.0, where the PryNiOy4. 5, PryNizO¢_s and PrO,
phases are formed on cycling of oxygen partial pressure.

in excellent agreement with the stability limit of
PryNi, ;Feq3019_s (Fig. 11). These results confirm that
the thermodynamic stability of PryNizOq_s is lower than
that of LayNizOqo_s, and is essentially unaffected by iron
doping. On the contrary, the incorporation of Fe® " cations
in LayNizO;g_s clearly shifts the decomposition boundary
towards lower oxygen pressures, although the apparent
stability limit at 1023 K may be lower than the true value
due to a slow phase-transformation kinetics limited by
cation diffusion. It should also be mentioned that the
partial substitution of iron for nickel has no influence on
the low-p(O,) stability boundary of La,NiO4.s but
decreases stability of PryNiOy 5.

Finally, Fig. 13 shows the partial molar enthalpy (A/)
for oxygen incorporation into the lattices of
La4Ni2_7FCO.3010,5 and PI‘4Ni2.7Feo_3010,5. This quantity,
related to one mole of oxygen atoms, was calculated from
the temperature dependencies of equilibrium oxygen
partial pressure at fixed oxygen non-stoichiometry:

_ R[0Inp(0y)
Al ‘5{ 301/7) } M

For Ln4Ni,;Feq30,9_s, these estimations are rather
rough due the narrow phase existence domains and non-
ideal behavior of the oxygen sublattices; the partial molar
enthalpy is thus given for the limited temperature ranges
where the curvature of In p(O,) vs. 1/T dependencies can be
neglected. Nevertheless, the estimated Ahy values are
consistent with the oxygen-incorporation enthalpy in
K,NiF4-type LasNigoFey 10445 [14]. When total oxygen
content in the nickelate-based lattices increases, further
intercalation becomes less energetically favorable due to
increasing coulombic repulsion between O~ anions.
Similar mechanism is relevant to the relationship between
Ahg values of oxygen-deficient LnyNi,;Feq30;10_s and
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Fig. 13. Partial molar enthalpy for oxygen incorporation into the lattice
of LayNi, ;Feq3019_s and PryNi, ;Fe30,0_s, calculated using Eq. (1), as
function of the oxygen non-stoichiometry. Solid lines are for visual
guidance only.

oxygen-hyperstoichiometric La,NigoFey04+5. The oxy-
gen thermodynamics of the latter compound is heavily
affected by strong anion—anion repulsion [9], which
impedes incorporation of extra oxygen and is reflected by
the relatively low absolute values of the partial molar
enthalpy. In the case of PryNi,;Feq30;0_s, abnormally
large variations of Ah, are associated with the close
proximity of the phase transition induced by a small
increment in the oxygen content.

4. Conclusions

The iron-substituted layered nickelates LnyNiy 7Feq3010_s
(Ln = La, Pr) with orthorhombic Ruddlesden-Popper type
structure (space group Cmca) were synthesized via glycine-
nitrate process and studied by the CT and thermogravi-
metric analysis at 973-1223 K. In air, both compounds
exhibit minor oxygen excess at low temperatures and
become oxygen-deficient on heating above 700-950 K.
Increasing temperature above 1300K leads to phase
decomposition. The oxygen deficiency at 973-1223 K and
atmospheric oxygen partial pressure varies in the narrow
ranges (2.4-4.2) x 1072 and (0.01-2.0) x 10™% atoms per
formula unit for the La- and Pr-containing compositions,
respectively. Doping of LasNizO9_s with iron decreases
oxygen non-stoichiometry, shifting the low-p(O,) stability
boundary towards more reducing conditions due to
stabilization of the transition metal-oxygen octahedra.
The Méssbauer spectroscopy studies confirmed that iron
cations are predominantly trivalent and are distributed
statistically between the non-equivalent nickel sites. In the
case of PryNi, 7Fey3010_s, decreasing A-site cation radius
leads to considerably lower stability compared to
LayNi, ;Feq30;0_s and LayNi;O4¢_s, although the oxygen

content in PryNi, 7Fey 30,0_5 is closer to the stoichiometric
value. The partial substitution of iron for nickel has no
essential effect on the low-p(O,) decomposition limit of
Pr4NizO,(_s, indicating that the thermodynamic stability is
primarily determined by crystallographic factors, namely
the cation size matching in RP nickelate structure. The
partial molar enthalpies for oxygen incorporation into
LnyNi, ;Feq30;0_s lattices lie in the range from —210 to
—125kJ/mol at 1123-1223K, decreasing when oxygen
deficiency increases. The results show that, for the use of
Lny(Ni,Fe);0g-based phases as cathode materials of
intermediate-temperature SOFCs, the sintering tempera-
ture of porous electrode layers should be limited to
1250-1300 K. The oxygen activity variations under catho-
dic conditions should be tolerated by LmnyNi,;Feq3019_s
lattices if the SOFC operation temperature is lower than
1100 K.
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