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The total conductivity and Seebeck coefficient of La;Nig gFeg104+s with K;NiF4-type structure, studied in
the oxygen partial pressure range from 107> to 0.5 atm at 973-1223 K, were analyzed in combination
with the steady-state oxygen permeability, oxygen non-stoichiometry and Mdssbauer spectroscopy data
in order to examine the electronic and ionic transport mechanisms. Doping of La;NiO4.; with iron was
found to promote hole localization on nickel cations due to the formation of stable Fe3* states, although
the electrical properties dominated by p-type electronic conduction under oxidizing conditions exhibit
trends typical for both itinerant and localized behavior of the electronic sublattice. The segregation of
metallic Ni on reduction, which occurs at oxygen chemical potentials close to the low-p(0O,) stability
boundary of undoped lanthanum nickelate, is responsible for the high catalytic activity towards partial
oxidation of methane by the lattice oxygen of La;NiggFeo;104+5 as revealed by thermogravimetry and
temperature-programmed reduction in dry CHs-He flow at 573-1173K. A model for the oxygen
permeation fluxes through dense La;NiggFeq104+5 ceramics, limited by both bulk ionic conduction and
surface exchange kinetics, was proposed and validated.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

Mixed conductors derived from the rare-earth nickelates with
KyNiF4-type structure, LnpNiOy.s (Ln = La, Pr, Nd), have attracted
much attention as promising materials for solid oxide fuel cell
(SOFC) cathodes and ceramic membranes for oxygen separation
and partial oxidation of light hydrocarbons [1-12]. Important
advantages of Ln,NiO4-based materials include substantially high
oxygen permeability and ionic conductivity, moderate thermal
and chemically induced expansion, and high electrocatalytic
activity. The oxygen permeation through dense nickelate mem-
branes is essentially limited by kinetics of surface redox processes
[1,4,10], which prevents bulk decomposition and enables stable
operation under air/CH4 gradients up to temperatures as high as
1173 K [12].

The crystal structure of La;NiOy.s is built of alternating rock-
salt La;0, and perovskite NiO, layers, and can accommodate a
significant oxygen excess [1-4,6-8,11,13-15]. The extra O~ anions
are charge-compensated by the p-type electronic charge carriers
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and occupy interstitial positions in the LaO bilayers, while the
concentration of oxygen vacancies in the perovskite sheets is very
low. In air, the equilibrium oxygen hyperstoichiometry (4) is close
to 0.14-0.15 at 300K and decreases on heating; the structure is
tetragonal (space group I4/mmm or F4/mmm) [3,6,15,16]. The
orthorhombic Fmmm and Bmab lattices are formed on increasing
and decreasing oxygen content, respectively [13,16]. Doping with
higher-valence cations, such as iron, results in a higher concen-
tration of interstitial anions and may have a favorable effect on the
ionic transport [4,7]. The total conductivity of lanthanum
nickelate and its analogs is predominantly p-type electronic
[3,4,8-11]; the ionic contribution estimated from oxygen permea-
tion data [4,10,12,17,18] is 102-10* times lower than the hole
conduction.

The information available on defect formation and transport
mechanisms relevant to the oxygen permeation and catalytic
behavior of La;NiO4-based phases is, however, scarce and often
contradicting. For example, the catalytic performance of dense
La,NiO4.s membranes was found to be governed by partial
reduction of the ceramic surface exposed to the reducing atmo-
sphere and by the formation of a porous La,Os-supported Ni
catalyst layer which may act to provide high selectivity towards
the partial oxidation of methane [5]. At the same time, the
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steady-state methane conversion over planar La;NipgC00104+s
membranes and the pulse oxidation of dry CH4 over powdered
membrane material both lead to predominant total combustion
[12,18]. The p(0,)-T-6 diagrams of Lay(Ni,M)O4.s (M = Fe, Co, Cu)
can be adequately described by a statistical thermodynamic
approach, accounting for the site-exclusion effects due to the
coulombic repulsion of oxygen interstitials and interaction of
holes localized on the Ni-site cations [11,15]; however, the
variations of the partial electronic conductivity in La,Nigg
Fep104+s reveal a tendency for hole delocalization [11]. The latter
may require use of another approach [19] based on the rigid-band
approximation [20,21] for the description of oxygen intercalation
and permeation processes.

Continuing our studies of Ln,NiO4-based mixed conductors
[4,10-12,15,18,22], the present work is centered on the analysis of
oxygen permeability, electronic conductivity, Seebeck coefficient
and catalytic behavior of La;NigoFep104+5 selected as a prototype
membrane material. Particular attention is focused on the studies
of ionic and electronic transport properties as a function of the
oxygen partial pressure, and on the assessment of dry CH4
oxidation over La;NiggFep;04+5 by the temperature-programmed
reduction (CH4-TPR) technique. The data on oxygen non-stoichio-
metry, used in this work for the calculations of equilibrium
charge-carrier concentration and for modelling of the oxygen
transport under non-equilibrium conditions, are reported
elsewhere [11]. In order to clarify the electronic conduction
mechanism, an attempt to analyze the p(O,)-T-§ diagrams using a
rigid-band model [19] was undertaken in comparison with the
site-exclusion approach [15]. Also, selected experimental and
theoretical results are compared to the available data on La;NiOg4.s
and La;Nig9C0g104+5 [15,18,23] in order to evaluate effects of iron
doping.

2. Experimental

Submicron powder of La;Nig gFeg 1045 wWas synthesized by the
glycine-nitrate process [24] with subsequent annealing in air at
1073-1373 K for 2-5 h and ball-milling. Gas-tight ceramics having
95% density were sintered in air at 1593-1723 K during 2-10h and
cooled down to room temperature at 1-2Kmin~! to achieve
equilibrium with atmospheric oxygen. The formation of single
K;NiF4-type phase and the overall cation composition were
confirmed by X-ray diffraction (XRD) and inductively coupled
plasma (ICP) spectroscopic analysis, respectively. The unit cell
parameters of as-prepared LaNiggFeg104+5 equilibrated in
air at low temperatures, were determined as a = 5.4884(2)A,
b =5.4809(2)A and c = 12.6737(4)A (S.G. Fmnmm); the oxygen
excess measured by thermogravimetric analysis (TGA) was 0.174
atoms per formula unit. The energy-dispersive spectroscopy (EDS)
demonstrated an absence of compositional differences between
the grains and grain-boundaries in LayNiggFeg;104+5 ceramics,
within the limits of experimental uncertainty; the grain size
evaluated by scanning electron microscopy (SEM), varied in the
range 4-12 pum. Additional series of ceramic samples used for the
analysis of phase composition at elevated temperatures, were
annealed in various atmospheres and then quenched in liquid
nitrogen. The Rietveld refinement results for LasNiggFeq104+s
equilibrated in oxidizing and reducing conditions have been
published previously [11].

The equipment and experimental procedures used for chara-
cterization, including XRD, SEM/EDS, TGA, coulometric titration
(CT), dilatometry, and measurements of the total electrical
conductivity (4-probe DC), Seebeck coefficient and steady-state
oxygen permeation fluxes are described elsewhere [4,10-12,
15,18,22,23,25]. All data on oxygen permeability presented in this

work correspond to the membrane feed-side oxygen partial
pressure (p») maintained at 0.21atm (atmospheric air); the
permeate-side oxygen partial pressure (p;) varied in the range
6 x 107> to 0.20atm. The isothermal measurements of the total
conductivity (¢) and Seebeck coefficient («) as functions of
the oxygen partial pressure were performed at 973-1223K in
the p(0,) range from 0.5 down to 10~ * atm. Reproducibility of the
electrical properties was checked independently for two pairs of
ceramic samples, both studied under p(0,) cycling performed
separately in oxidizing atmospheres and then in the whole p(0;)
range. As illustrated by Fig. 1A, excellent agreement between the
data obtained on redox cycling was observed under oxidizing
conditions, at p(0,)>10"°atm. At lower p(0,) values when
La,NigoFep104+s remains single-phase, but its structure trans-
forms from tetragonal to orthorhombic (S.G. Bmab) [11], sig-
nificant hysteresis phenomena occur. In order to avoid possible
uncertainties caused by stagnated gas diffusion at the oxygen
partial pressures below 10~°atm [26], the results on electrical
properties presented in this work are limited to oxidizing
environments only.

The temperature-programmed reduction (TPR) and oxidation
(TPO) experiments were carried out using an automated CATLAB
system (Hiden Analytical, UK) with one microreactor, feeding into
a soft ionization mass spectrometer (QIC-20) via a heated

1.6
La,Niy gFeg ;04,5
1.2 +
0.8 |
o4 L 1 run:
X W decreasing p(O,)
+ inyg]rcasing p(O,)
2% run:
0o b & decreasing p(0,)
_ ¥ increasing p(O,)
E’ L 1 . 1 L 1 n L L
2 0 8 -6 -4 2 0
©
on 1.7
)
= B 2 e
ol &35
o ¢ 5
[m] ’ o) [ 4
o L D e A
o * 5 e A
15 F 0 “e®o0o g ®a g ™
o TS o ® A .
o9 e o & A _ E
'S o LN u
u] L 2 o L A .
* & o) [ ) A [ |
o e . n
13 F [¢] [ ] ]
0] o A
o PY A u
° A ™ 0973 K
° A - @1023K
A - O 1073 K
L1 L - @®1123K
. - A1173K
. W 1223 K
. | . | . 1 . L L
3 4 -3 2 -1 0
log p(O,) (atm)

Fig. 1. Oxygen partial pressure dependencies of the total conductivity of
LayNig oFeq 10445 The data in (A) were obtained on redox cycling during two runs
performed under oxidizing conditions and in the whole p(0O,) range in order to
check reproducibility of the electrical properties. Arrows indicate the directions of
p(0) changes.
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capillary line for continuous online analysis. Spectral interference
was taken into account between species and the mass 28
contributions from any N, leak into the system was minimized
by leaving the system under constant helium flush. In the course
of the CH4-TPR and TPO tests, the powdered sample (weight
50 mg, specific surface area 0.7m?g~') was placed in a quartz
tube of small volume (0.1 cm?) to facilitate fast response and
negligible memory effects. The test sequence employed a heating
step to 573K at 10Kmin~' in helium. This was immediately
followed by the TPR step: heating to 1173 K under 10% CH;,—90%
He (26.9mlmin~!, STP) at 5, 10 or 20K min~". Then the reactor
was flushed with helium for 30 min and cooled either under 20%
0,—80% He flow or under pure He atmosphere; the latter
procedure was followed by the TPO experiments in which the
sample was ramped to 1173 K under 20% 0,—80% He and cooled
in flowing helium. The reduction/oxidation cycles were repeated
more than 10 times in order to validate reproducibility of the
results.

3. Results and discussion

3.1. Hole conduction and Seebeck coefficient in
oxidizing atmospheres

The electrical conductivity behavior of La;NiggFeg104+5 under
oxidizing conditions (Figs. 1B and 2) is similar to that of undoped
La;NiOg4.s and its derivatives [3,4,6,8,15,27]. In air, the conductiv-
ity is thermally activated at temperatures below approximately
680K; the corresponding activation energy, 9.8 +0.2kj mol~, is
characteristic of a small-polaron mechanism [28]. At higher
temperatures when progressive oxygen loss from the lattice
begins, the behavior appears to become pseudometallic, primarily
due to decreasing hole concentration on heating. In this regime,
the substitution of 10% Fe or Co for Ni decreases the total
conductivity, exhibiting an inverse correlation with the oxygen
non-stoichiometry variations [11,15]. This validates the conclusion
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Fig. 2. Temperature dependencies of the total conductivity of La;NiO4-based
materials in air.

on hole trapping by iron and cobalt cations forming stable Fe3*
and Co>" states, which was drawn based on statistical-thermo-
dynamic modelling of the p(0,)-T-6 diagrams [11,15]. Indeed, the
Mossbauer spectroscopy analysis of La;NiggFeg 10445 indicated an
absence of either Fe*" or Fe?" within the limits of experimental
error [11]. Increasing oxygen excess in La,NiggoFeg104+5 above
& = 0.05 should hence be charge-compensated by rising the nickel
oxidation state from 2+ to 3+. As expected, reduction of the
oxygen partial pressure down to 10~>—10*atm leads to lower
conductivity, while the Seebeck coefficient increases and has
positive sign (Figs. 1 and 3), thus indicating that electronic
transport is dominated by p-type charge carriers.

Fig. 4 compares the partial ionic (o) and p-type electronic (o)
conductivities, which were separated by analyzing the oxygen
permeation data as discussed below. The ionic contribution to
total conductivity increases with temperature, but oxygen ion
transference numbers (tp) do not exceed 0.02 at 1223 K. The
electron-hole mobility (uy, Fig. 4B) was calculated from the oy,
values and p-type charge carrier concentration estimated from the
p(03)-T-6 diagram of LasNiggFeg104+s5. The mobility is almost
p(0,)-independent due to an essentially constant occupancy of
the oxygen sites in the perovskite-type (Ni,Fe)O, layers [13-16]
and to very low chemical expansion of the lanthanum nickelate
lattice [11]. The tendency to a slight decrease on heating might
indicate a substantial delocalization of p-type charge carriers.
Notice that in the case of polaronic conduction, the mobility at
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Fig. 3. Oxygen partial pressure dependencies of the relative concentrations of
holes (A) and Fe3* cations (B) calculated from the oxygen non-stoichiometry data,
and Seebeck coefficient (C) of La;NiggFeg104+s. Solid lines correspond to the fitting
results using Eq. (1).
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Fig. 4. Oxygen partial pressure dependencies of the partial p-type electronic
conductivity (A), hole mobility (B), oxygen ionic conductivity and ion transference
numbers (C) of La;NiggFep104+5 as calculated from the oxygen non-stoichiometry,
total conductivity and oxygen permeability data (see text).

elevated temperatures is expected to be thermally activated and
follow an Arrhenius model, with an activation energy of about
5-25k] mol~' [28].

The Seebeck coefficient of La,NiggFeg104+s is relatively high
and temperature-dependent (Fig. 3C), which apparently contra-
dicts to the broadband conduction mechanism [19]. On the other
hand, the thermopower variations can be described by a
simplified model neglecting transported heat of the holes [19,29]

a=(1 —t@%(ln%) +to<—£lnp(02)+ocg> 1)

where N is the number of states, «3 is a temperature-dependent
constant, and the hole concentration [h] related to one formula
unit is determined from the oxygen non-stoichiometry data. The
fitting results are shown in Fig. 3C as solid lines; Table 1 lists the
regression parameters. One should mention that this model can
be applied both for a broadband mechanism of the hole transport
if the density of states is p(O,)-independent, and for polaron
hopping if the charge-carrier concentration is relatively low
compared to the number of available sites. In the latter case, the
values of N close to 1/3 per formula unit (Table 1) would imply
significant site-exclusion effects near Ni** and/or Fe®*, in agree-
ment with the p(0,)-T-5 diagram modelling results [11]. No
unambiguous conclusion on the conduction mechanism may
hence be drawn on the basis of thermopower data.

Moreover, the hole mobility in LayNiggFeg104+s is close to the
characteristic threshold of 0.1 cm?V~'s~!, considered to separate
small-polaron and broadband conduction (Fig. 4B). Transitions
from itinerant to localized electronic behavior are often observed

Table 1
Fitting parameters of the p(0,)-dependencies of Seebeck coefficient of La,Nigg.
Feg104+s at p(0) = 5 x 107°—0.45 atm using Eq. (1) as regression model

T (K) N —23 (mVK™)
1073 0.350+0.007 53+2

1123 0.326+0.005 16.6+0.6
1173 0.312+0.005 3.1+0.1
1223 0.316+0.008 2.3+0.2

in perovskite-like (La,Sr)MOs_; (M = Fe, Co, Ni) phases [30,31] and
may be caused by numerous factors, particularly doping and
changes in the oxygen chemical potential. For (La,Sr)CoOs_;
perovskites, the oxygen deficiency variations under oxidizing
conditions can be described using the electron-gas rigid-band
model [19]; the non-stoichiometry and electrical properties of
(La,Sr)FeOs_; exhibit tendencies typical for both itinerant and
localized behavior [25]. In order to clarify the defect-formation
and transport mechanisms in lanthanum nickelate-based phases,
validity of the rigid-band model was examined by re-analyzing
the p(0,)-T-6 diagrams of LasNiggFeg104+5 and LayNiO4+s.

3.2. Oxygen intercalation

The statistical-thermodynamic models describing oxygen non-
stoichiometry in La;NiO4-based phases, which take into account
the point-defect interaction and site-exclusion effects, were
reported in previous works [11,15]. Briefly, these models are based
on the discrete Fermi-Dirac distribution and the general equation
for the defect chemical potential (p):

u(Dfy) = u®(Df%) + RT In a(DfY)

[Dfy]
N(Dfy) - [Df]
where [Df7] is the concentration of defects Df% in the X sublattice,
z is their charge, N(Dfy) is the number of states, and a is the
activity. The discrete density of states can be assessed statis-
tically by analyzing the probability (P) of different defect
configurations for a fixed overall composition via the binomial
distribution:

Nyx [th m [th] nyx—m

PNy m = (") (B (1 B 3
( ) m [Ymax] [Ymax] 3)
where Nhy is a lattice element introduced in the same or other

sublattice (Y) and affecting u(Df%), nyx is the number of Y sites
neighboring the given X position, w is the charge of Nhy species,

= 1%(Df) + RTIn (2)

m is their number in the X neighborhood, (nr:'lx) is the binomial

coefficient, and [Ymax] is the number of Y sites per formula unit.
The total number of states at a kth level may be calculated as the
product of partial probabilities multiplied by the total concentra-
tion of sites where the given defects can be located. The general
equation used to analyze the relationships between concentra-
tions and activities of mobile defects, namely holes and oxygen
interstitials 07, is thus written as

i N(Df%, k)

Dfy] = ’

[Dfx] gexp[Ek/RT—lnﬂ(Df§)1+1
ut N(Df%, k)

= a(Df%
050 D o piE /RT) + aDF)

(4)

where 1y is the total number of energy levels and Ej is the energy
of kth level given with respect to the ground level. Due to strong
coulombic repulsion between the oxygen interstitial anions, their
location in nearest-neighboring positions is excluded, resulting in
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m =0 and
N(077) = [OimaxJP(07~, 07, ng,0,, 0) (5)

where [Ojvax] = 4 is the number of interstitial sites per formula
unit. Similar limitations exist also in the case of p-type electronic
charge carriers, when the activity depends on the presence of
other defects in the second coordination sphere and the total
concentration is determined by the crystal electroneutrality
condition [11,15].

The rigid-band approximation is based on a general assump-
tion that the bandgap variations induced by guest atom
incorporation occur without essential alterations in the energy
dependence of the density of states, g(E), in the conduction and
valence bands [20,21]. This means, in particular, that the bands
remain perfectly rigid on doping. In framework of the electron-gas
rigid-band model simplified according to Ref. [19], the total
number of conduction electrons per formula unit, [e], may be
evaluated by integrating the product of Fermi-Dirac distribution
function, f{E), and density of states over the whole bandwidth and
neglecting the electron entropy:

-Eq ~Ep
el = [ s®FEAES [ gErdE (6)

where Ef is the Fermi level, and E;, and E; are the energies at the
band bottom and top, correspondingly. Using the first-order
Taylor expansion of Eq. (6) in accordance with Ref. [19], the hole
chemical potential can be expressed as

[h] — [h°]
g(w)

where g(p) is the electronic density of states at the Fermi
level, and [h°] is the hole concentration in the state when the
average oxidation state of nickel cations is +2. This formalism
implies that increasing hole population due to any increase
of the oxygen excess shifts only the Fermi level and has no
effect on other energetic parameters of the electronic sublattice,
which may influence oxygen intercalation. Another necessary
comment is that the rigid-band approach discards specific
interactions, such as screening, electron-correlation or
exchange phenomena [19]; this may lead to serious limitations
for the description of complex oxides electronic structure [21].
Whatever the model limitations, the chemical potential of
oxygen interstitials can still be expressed by Egs. (2)-(5), because
the formation processes of oxygen interstitial anions and holes
occur in the different layers of K;NiFs-type lattice and the
interaction of ionic and electronic charge carriers may thus be
neglected.

Fig. 5 and Table 2 compare the fitting results for La;NiO4.s and
La;NigoFep104+s. Although both models provide an adequate
description of the oxygen non-stoichiometry variations with
temperature and oxygen partial pressure, the site-exclusion
approach seems more appropriate for the iron-substituted
nickelate. The reverse situation is observed for undoped
La;NiO4.s. Therefore, as for numerous perovskite-like systems
(e.g.[19,30,31] and references therein), doping with iron promotes
hole localization in the K;NiF4-type lanthanum nickelate.
Most likely, this effect is primarily associated with the forma-
tion of stable Fe>* states as confirmed by the Méssbauer spectro-
scopy [11].

= p(h® + (7)

3.3. Surface-limited oxygen transport

Fig. 6 displays the steady-state oxygen permeation fluxes (j)
through dense LajNipgFeg104+s membranes of different
thickness, and the specific oxygen permeability J(O,) calculated

LayNig gFey 10445
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log p(O,) (atm)

Fig. 5. The p(0,)-T-6 diagrams of La;Nip gFep 10445 (A) and La;NiO4.s (B). Solid and
dashed lines correspond to the fitting results using site-exclusion and rigid-band
models, respectively.

as [4,18]

1
J(02) = jLam (m p—Z) (8)
P1

where L, is the membrane thickness and p, is the permeate-side
oxygen pressure. Increasing L, leads to lower oxygen fluxes,
whereas the specific permeability proportional to j x L, increases
with membrane thickness due to a decreasing role of the surface
exchange processes. This indicates that both bulk ionic conduction
and surface exchange kinetics have non-negligible effects on the
overall oxygen transport.

In light of this, the experimental data of oxygen permea-
tion fluxes were modelled splitting the overall oxygen
chemical potential gradient across LasNiggFeg104+s membranes
into three parts, which correspond to the membrane bulk
(ApP%),  the permeate-side (AxS') and feed-side (Aus™™)
surfaces. The bulk contribution is determined by the partial
ionic and electronic conductivities according to the Wagner
equation:

surf

j _ 1 /”2 000h
 16FLiy Just 00 + 0

RT Inp3 6o
_ K 1 -9 dInp© 9
‘lGFZLm/lnpg o0 (1~ "7)dinp(02) (9)

du(0z)

where p§ and p3 are the p(O,) values at the permeate- and
feed-side surfaces, respectively. The ionic conductivity is defined
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Table 2

Parameters of the regression models for p(O,)-T-6 diagrams of La;NiO4-based phases

V.V. Kharton et al. / Journal of Solid State Chemistry 181 (2008) 1425-1433

Fitting parameters Site-exclusion model

Rigid band model

La;NigoFep104+5 LayNiO44s La;Nig gFeq 10445 LazNiO4+s
(AHex — 1/2H,) (K mol~") 103+1 94+1 139+1 155+2
(ASex — 1/283,) (Jmol~'K~) —3+1 —12+1 —20+1 ~20+1
AEp ., (Kfmol™") 13.0+0.2 112403 = -
AHion (kJm()lq) 47 +2 = _ _
glu(h®)] x 108 (J-" mol) - - 4.34+0.03 4.67+0.04
Adjusted correlation coefficient 0.999 0.998 0.999 0.999
Relative error (%) 1.0 13 11 1.0

Notes: (AHex — 1/2H002) and (ASex — 1/2582) are the enthalpy and entropy for oxygen de-intercalation, corrected for the standard thermodynamic functions of gaseous

molecular oxygen (see Ref. [15]).

AE;_, and AH,, are the hole interaction energy and enthalpy of the reaction Fe>*+Ni%* — Fe?*+Ni* [11].
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Fig. 6. Dependence of the oxygen permeation fluxes (A) and specific oxygen
permeability (B) of dense La,NipgoFep;104+; membranes on the oxygen partial
pressure gradient.

as [32]:

o0 = 2euo[0? Vs /Vuc (10)

where [O,-Z‘] is the concentration of oxygen interstitials per unit
formula, Zg, is the number of formula units per unit cell, V. is the
unit cell volume calculated from XRD results, and ug is the anion
mobility independent of the oxygen non-stoichiometry. The latter
assumption was based on the structural and thermodynamic data

Table 3
Parameters of the regression models for oxygen permeation through dense
La;Nig oFeg104+5; membranes?

T (K) J° (nmols~'cm—2) Uo x 10% (cmV-1s™1) n® Ragi
1223 260+10 13+1 1 0.999
1173 160+ 10 1243 0.993
1123 130+20 1.8+0.1 0.996
1073 31+1 0.77+0.03 0.999
1223 190+ 10 9+2 2 0.992
1173 123+9 7+2 0.98
1123 90+10 1.7+0.1 0.996
1073 22+1 0.674+0.05 0.997
1223 159+8 6.8+0.9 4 0.98
1173 108+5 51+0.9 0.95
1123 65+6 1.57 +£0.09 0.994
1073 18+1 0.56+0.03 0.99

 Lyn = 1.0-2.0mm.
P Data for fixed n values are given.
€ Raqj is the adjusted correlation coefficient.

([13-16] and references cited), which reveal that the number of
interstitial positions in La;NiO4.s is substantially larger with
respect to oxygen hyperstoichiometry under ambient conditions.
The oxygen transfer through membrane/gas interfaces was
expressed using a classical non-equilibrium thermodynamic
expression [33]:

Aysurf
;10 _ Hi

where J° corresponds to the equilibrium exchange rate, and n is
the stoichiometric coefficient showing the ratio between the
fluxes of molecular O, and species involved in the rate-determin-
ing step. This formula represents a simplified solution of the
model [34] proposed for oxygen exchange between a mixed
conductor and the gas phase, and is qualitatively similar to the
equation for solid-electrolyte cells where increasing electrode
polarization leads to limiting currents [35]. In the latter case, the
physical meaning of J° relates to the limiting flux of electro-
chemically active species, which may be governed by diffusion,
adsorption or chemical reaction steps [35]. In the course of fitting
the oxygen permeation data, Egs. (9-11) were solved numerically;
the relationships between [O,—Z‘] and oxygen chemical potential
were described using the equilibrium p(0,)-T-6 diagram (Fig. 5A).

The results of regression analysis are summarized in Table 3;
Fig. 7 shows one example of the simulated oxygen fluxes at
1223 K. As expected, decreasing membrane thickness leads to a

(11)
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Fig. 7. One example of the fitting results of oxygen permeation fluxes through
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Fig. 8. Temperature dependence of the oxygen permeation flux through
La,Nig oFeq 10445 ceramics under fixed p(O,) gradient, compared to the data on
La;NiOa4.s [23] and LayNig9Cog1044s [27].

greater influence of the surface exchange kinetics (inset in Fig. 7).
The best fitting quality was obtained by fixing the n value equal to
1 or 2; introducing n as a regression parameter caused statistical
degeneration of the model. At the same time, applying this model
to undoped La;NiOg4.;s resulted in n =2 [23]. As LayNiO4.s and
La,;Nig oFep104+s membranes exhibit quite similar behavior and
comparable oxygen fluxes (Fig. 8), analogous permeation mechan-
isms are expected for both these materials. The authors [34]
suggested that for oxygen-deficient mixed conductors, the situa-
tion with n = 1 corresponds to rate-limiting oxygen adsorption or
dissociation, while n =2 indicates slow incorporation of the
surface oxygen vacancies into the lattice bulk. In the case of the
K;NiF4-type compounds, the oxygen vacancies formed in the
perovskite-like layers due to intrinsic Frenkel disordering may

also act as the active surface sites for oxygen adsorption. One may
assume, therefore, that the rate-determining step of oxygen
surface exchange may involve species related to one oxygen
atom, anion or site participating in the reaction. The tendency to
limiting fluxes may appear due to stagnated surface migration of
such species, or to a slow vacancy formation and/or diffusion
from/into the membrane bulk. The discharge processes should be
fast since the electronic conductivity of La;NiO4-based phases is
much higher than ionic (Fig. 4). Since the content of hyperstoi-
chiometric oxygen is low with respect to the concentration of
interstitial positions, the latter factor cannot be critical as well.

Irrespective of the microscopic mechanisms, the surface
exchange limitations increase with increasing oxygen partial
pressure gradient (Fig. 7). When the p,/p; ratio becomes higher
than 100, the calculated oxygen fluxes tend to approach J°.
This type of behavior is responsible for the stable operation of
La;NiO4-based membranes under high oxygen chemical poten-
tials gradients, such as air/CH4 [5,12]. The apparent activation
energy (E,) for oxygen permeation through La,;NiggFeg104+5
decreases on heating, but is substantially higher than that for
the oxygen ionic conductivity and mobility. For comparison, in the
case of one La;NiggFep;04+s membrane with L, = 1.0mm at
temperatures above 1123 K, the oxygen permeability activation
energy is 124kjmol~!; the E, values for the calculated ion
mobility and conductivity are 69-70 k] mol .

3.4. Catalytic behavior

The CH4-TPR tests demonstrated that at temperatures below
970K the rate of dry methane oxidation by the lattice oxygen of
La,NiggFep104+s is very low (Figs. 9 and 10). On heating up to
1030-1070K, a drastic increase in the CH, conversion rate is
observed. Initially this process is characterized by significant CO,
yields indicative of total combustion. Further heating leads to a
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Fig. 9. Typical examples of the CH4-TPR (top) and TPO (bottom) data, illustrating
catalytic behavior of LayNiggFep104+5. = (C-products) denotes the sum of all C-
containing components.
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Fig. 10. H,, CO and CO, concentrations in the effluent gas mixture during CH4-TPR

tests performed with different heating rates, and the CO selectivity calculated for
the heating rate of 10K min~".

dominant role of the partial oxidation of methane (POM), yielding
CO and Hy; the selectivity to carbon monoxide formation achieves
90-95%. This behavior exhibits an excellent reproducibility
irrespective of the heating rate, which only shifts the temperature
corresponding to maximum CH4 conversion. Furthermore, no
substantial degradation in the catalytic activity was revealed in
the course of redox cycling. Such properties may be advantageous
for the ceramic membrane reactors.

In order to identify key factors relevant to the high catalytic
activity, a series of TGA experiments were performed under non-
equilibrium conditions similar to the CH4-TPR tests, in a 10%
H,-90% N, flow (Fig. 11). Comparison of the non-equilibrium TGA
and CH4-TPR data and the equilibrium coulometric titration
results unambiguously showed that, under conditions where the
catalytic activity starts to increase, the total oxygen content
becomes lower than minimum (4+¢) values in the K,;NiF4-type
phase. For instance, reversible decrease of the oxygen partial
pressure in the coulometric titration cell down to approximately
5 x 10713 atm at 1223 K results in La,Nig gFeg104+5 decomposition,
reflected by a stepwise decrease in the oxygen content and
confirmed by XRD. The minimum oxygen content in K,NiF4-type
phase at 1223K was determined as 4.011-4.012 atoms per
formula unit, suggesting that a significant part of iron cations
remains trivalent on decomposition; the low-p(0,) stability
boundary of La;NiggFeq104+5 (Table 4) is close to that of parent
La;NiO4+s [16,36]. XRD analysis demonstrated that the decom-
position occurs via the separation of metallic nickel and
lanthanum oxide, as for undoped lanthanum nickelate [36]. Since

42 o 10%H,-N,
4.0
3.8 |
w
I 36
34
[ La,NiggFey 04,5
32
Heating rate:
2 K/min
—————— 5 K/min
3.0 o 10 K/min
1 . 1 . 1 . 1 . 1 . 1
373 573 773 973 1173 1373

T,K

Fig. 11. Non-equilibrium oxygen content in La,NiggFeg;04.s measured by TGA on
heating in flowing 90% H,—90% N, gas mixture.

Table 4
Approximate low-p(0,) stability limits of La,NiO4-based phases at 1223 K

Composition p(0,) (atm) Method Reference
LayNig.oFeq 10445 5x 10713 Coulometric This work
titration
LayNiggCup204+5 2x10°13 Conductivity and [27]
thermopower
measurements Vvs.
p(02)
La,NiO.4.s 6x 10~ XRD after [16]
annealing at
various p(0-)
6x10713 Electromotive [36]

force
measurements of
solid-electrolyte
cells

the maximum CO and H, yields are observed in conditions
when the total oxygen content in La;Nig gFeg104+5 becomes lower
than 4 atoms per unit formula (Figs. 9-11), the high activity
towards POM can be undoubtedly attributed to the segregation of
metallic nickel. This explains the predominant role of the total
combustion mechanism in the case of dry CH, oxidation over
planar Lap;NiO4-based membranes where no decomposition
occurs due to surface-limited oxygen transport [12,18].

4. Conclusions

The combined analysis of oxygen non-stoichiometry, total
conductivity, Seebeck coefficient, oxygen permeability and cata-
lytic behavior of La;NiggFeg104+5 has made it possible to clarify
several mechanisms relevant to potential applications of lantha-
num nickelate-based materials in high-temperature electroche-
mical devices. Under oxidizing conditions, the dominating
electronic conduction in La,Ni(Fe)O4+;s is governed by the p-type
charge carriers, which are essentially localized on nickel cations.
While the electrical properties exhibit trends typical for both
itinerant and polaron hopping behavior, the incorporation of iron
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cations promotes hole localization and decreases conductivity. In
contrast, the hole chemical potential variations in undoped
La;NiOg4.s can be described by the electron-gas rigid-band model.
Reducing oxygen chemical potential leads to decomposition of
La;Nig oFep104+s5, which occurs close to the low-p(0;) stability
boundary of undoped lanthanum nickelate; the resultant
segregation of metallic Ni is responsible for high catalytic activity
towards the partial oxidation of methane at temperatures above
1000-1050K. The surface-limited oxygen permeation through
dense LasNiggFeq104+s membranes is adequately described with-
in the framework of non-equilibrium thermodynamics, assuming
that the bulk ionic conductivity is proportional to the oxygen
interstitials concentration.
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