J Mater Sci (2007) 42:1972-1983
DOI 10.1007/s10853-006-0739-7

NONSTOICHIOMETRIC COMPOUNDS

Oxygen transport in La,_,Sr, NiO4,;: membrane permeation

and defect chemical modelling

M. Schroeder - M.-A. Dragan

Received: 24 March 2006/ Accepted: 28 July 2006/ Published online: 3 February 2007

© Springer Science+Business Media, LLC 2007

Abstract We describe a defect and transport model
for acceptor doped La,_,SryNiOy4,s with the layered
K,NiF, structure. The model includes mobile oxygen
interstitials in the rocksalt layers and oxygen vacancies
in the perovskite layers of the crystal structure. Based
on fits of literature data of the deviation from stoichi-
ometry, defect concentrations have been calculated for
La; sSrg5sNiOy4,s as a function of p(O,) for 1,073-
1,223 K. Application of the transport model to oxygen
permeation data obtained in this work clearly indicates
that the oxygen transport in La; sSrysNiO4,s is pri-
marily governed by migration of mobile oxygen inter-
stitials. According to the model calculations, a
significant contribution of vacancy migration to the
oxygen permeation process is to be expected only for
oxygen partial pressures lower than 10~ bar at 1,223 K
and even lower partial pressures at 1,073 and 1,173 K.
As yet, permeation data are not available for such low
partial pressures, which is why oxygen migration via
vacancies could neither be confirmed nor ruled out.

Introduction

Layer-structured oxides La, ,Sr,NiO4,s with the
perovskite-like K,NiF, structure have been widely
studied since the discovery of high-temperature super-
conductivity in the isostructural oxide La, ,Ba,CuO4
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[1]. Whereas investigations were mainly focussed on
magnetic [2-7] and electronic properties [8-11] in the
low temperature regime below 400 K, it became
evident in the past decade that La, ,Sr,NiOy,; is, due
to its mixed ionic electronic conduction, an interesting
candidate for high-temperature applications such as
SOFC electrodes and ceramic membranes for partial
oxidation of hydrocarbons [12-16].

The parent compound La,NiO4, s belongs to the
Ruddlesden-Popper series which has the general com-
position A, 1B,03,,1 (n=1, 2, 3, ..). The crystal
structures of this series show a close proximity to the
perovskite structure as they are obtained by inserting
rocksalt-type AO sheets between blocks consisting of n
ABOj; perovskite-type layers. In the case of the K,;NiF,
structure (n = 1), AO layers and ABOj; layers are
alternately stacked in the crystallographic ¢ direction
(Fig. 1).

A different representation of the K,NiF, structure is
based on an alternate stacking of La,O, double layers
and BO; sheets. By assuming partial charge separation
between these layers ( La,O3"/BO}7), one may
anticipate that defects with negative charge are pref-
erentially accommodated in the La,0O, layers, whereas
defects with positive charge reside in the BO, sheets.
In fact, it was found that La,NiOy,, s can accommodate
considerable amounts of excess oxygen. Neutron dif-
fraction studies revealed that this excess oxygen is
hosted in the form of oxygen interstitial defects in the
LayO, rocksalt layers [17, 18]. The defect site is
coordinated tetrahedrally both by Lanthanum ions
and apical oxygen ions, as indicated in Fig. 1. Values of
o0 as large as +0.25 have been reported [19]. The wide
range of oxygen stoichiometry provides for a rich
phase chemistry at low temperatures [20-23], whereas



J Mater Sci (2007) 42:1972-1983

1973

Fig. 1 High-temperature
tetragonal I4/mmm form of
the K,NiF, structure. Thick
bonds indicate the tetrahedral
lanthanum coordination
around an interstitial lattice
site

Rocksalt layer

at T > 770 K a tetragonal structure with I4/mmm
symmetry is found over the entire range of stoichiom-
etry. La,NiOy4,5 is a p-type semiconductor at lower
temperatures and undergoes a semiconductor to metal
transition with increasing temperature [24]. Charge
compensation of the excess oxygen occurs predomi-
nantly by formation of electron holes. According to
static lattice simulations [25] carried out for La;NiOy, s,
the preferred extrinsic disorder mechanism is the
formation of doubly charged oxygen interstitial ions
O; (subscript i denotes the interstitial sublattice) and
electron holes localized on nickel ions in the NiO,
sheets. The most favourable intrinsic disorder process
is reported to be the formation of Frenkel pairs of
oxygen interstitials and oxygen vacancies, the latter
being accommodated in equatorial sites of the perov-
skite structured layers [25, 26]. If these vacancies were
mobile, they might contribute to oxygen migration
inside the perovskite layers, and oxygen transfer across
the layers should be observed. This is in fact supported
by a recent study on the orientation dependence of
oxygen tracer diffusion in single-crystalline La;NiOy,s
[27] at temperatures between 723 K and 1,173 K.
Oxygen diffusion was observed not only along the
(a,b) planes of the structure but also parallel to the c
direction, although perpendicular to the layers the
diffusion was found to be 1-2 orders of magnitude
slower than parallel to the layers.

Acceptor doping of La;NiO4,s; with earth-alkali
elements increases the electrical conductivity and
decreases the oxygen excess. A thermogravimetric
investigation of La, ,Sr,NiO,,s with various dopant

Perovskite layer
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contents [15] indicates that these compounds are
always oxygen excessive under oxidizing conditions.
However, under reducing conditions, a transition from
oxygen excess to oxygen deficiency is found for heavily
doped La; 5SrgsNiOy,s at a temperature of 1,223 K|
which hints on formation of a significant amount of
oxygen vacancies.

In this paper we report about a study of the oxygen
transport in La; 5SrpsNiOy, s subjected to an oxygen
potential gradient. Experimental data were obtained
by a membrane permeation technique. The results are
discussed by means of a model of the defect chemistry
and the oxygen transport in acceptor doped La,,
Sr,NiOy,s. The model includes both oxygen intersti-
tials in the La,O, layers and oxygen vacancies in the
perovskite layers as structural defects. The significance
of oxygen vacancies for the oxygen transport process is
discussed.

Experimental details

Samples of La; 551y sNiOy4, s were synthesized by a sol-
gel method starting from aqueous solutions of nitrates
of lanthanum, strontium and nickel in the appropriate
molar ratios, which were mixed with citric acid and
polyethylene glycol to promote chelate formation and
polyesterification. The resulting gel was dried and
calcined at 1,273 K in air for 24 h, followed by a second
calcination step at 1,473 K for 24 h. The powders were
then ground, pelletized, heated for 50 h at 1,523 K, and
furnace-cooled. The sintered pellets had a diameter of
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20 mm and were 1.3 mm thick. Both pellet faces were
ground and polished to a surface roughness of
< 1.5 pm.

Fractions of the synthesized oxide powders were
characterized by X-ray diffraction using a STADI P
diffractometer (STOE) with monochromated CoKo
radiation and a position sensitive detector. Intensity
data were collected for 1 second at each 0.01° step
width over a 20 range from 10° to 90°. The composition
of the pellets was determined by energy dispersive
X-ray analysis using an INCA energy EDX system
(Oxford) mounted on a LEO electron microscope.

The pellets were then used as membranes for
measurements of the permeation flux of oxygen in a
gradient of oxygen chemical potential. Each membrane
was mounted between two alumina tubes. Between the
membrane and the tubes, ring-shaped glass gaskets
were placed to prevent leakage from one gas compart-
ment to the other. To enhance the sealing, the outer
circumference of the membrane was painted with a
glass-powder slurry. The membrane and part of the
alumina tubes were heated by an electrically powered
tube furnace. The experimental set-up is shown in
Fig. 2.

By flowing gases with different oxygen partial
pressures along either membrane surface, a gradient
of oxygen chemical potential across the membrane was
established. Air was used as feed gas, and argon served
as sweep gas to pick up the permeated oxygen. By
varying the sweep gas volume flow rate, the oxygen
partial pressure on the sweep gas side was adjusted.
The gas flow rates were controlled and measured by

Fig. 2 Cross-sectional view
of the membrane permeator
including peripheral gas
supply and analysis devices

Nitrogen

Oxygen

compr. air

S ]l
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mass flow controllers and a mass flow meter, respec-
tively. Any oxygen transferred across the membrane
from the feed gas side to the permeate gas side was
quantitatively determined by measuring the oxygen
content in the sweep gas with a quadrupole mass
spectrometer (Pfeiffer Omnistar). The mass spectrom-
eter was routinely calibrated by means of commercial
calibration gas mixtures.

Membrane permeation

Permeation experiments on disc shaped membranes
with a thickness of 1.3 mm were carried out at
temperatures between 1,073 K and 1,223 K. The
membranes were allowed to equilibrate at constant
temperature in air for several hours before measuring
the permeation flux. The oxygen partial pressure
p”(0y) of the sweep gas was varied whereas the partial
pressure p’(0;) of the feed gas was kept constant at
0.21 bar in all experiments. After each change of
p”(0,), the membrane was allowed to reach steady
state before the permeation flux was measured. How-
ever, even in steady state a very slow decrease of the
permeation flux at a rate of 1.5 9, per hour was
observed. The reason for the degradation is not yet
known; X-ray diffraction and EDS analysis of the
membranes after the permeation experiments did not
yield any evidence for the formation of new phases,
which rules out decomposition of the oxide. Since the
flux decreased at a constant rate, it was possible to
correct the permeation data for this temporal decline.

{ Furnace Calibration
gas
P02 Gasket
Membrane
Y e Flow
Ij—giﬂ/ Meter
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Y J—
B 1
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p02 > elector
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The corrected data are shown in Fig. 3. The relative
error of all permeation data was estimated to be equal
or lower than 14%.

It is noted that the oxygen permeation flux assumes
large values already at small oxygen partial pressure
gradients but appears to level out at smaller oxygen
partial pressures p”(O,). This is in contrast to mixed
conducting membranes with perovskite structure,
where the oxygen flux is often found to be proportional
to n ' (p"(0y)" —p'(02)") [28, 29] and, therefore
grows at an increasing rate with decreasing p”(O,).
The fluxes obtained in this work are lower than those
recently determined by Smith and Norby [30] for
undoped lanthanum nickelate, which is expected as
doping with strontium diminishes the concentration of
mobile oxygen interstitials.

Defect and transport model
Defect model of La,_, Sr.NiOy., s

In this section, a defect model for La,_ Sr,NiO,, s will
be presented. The model will be applied to nonstoi-
chiometry data from Vashook et al. [31], which allows
us to calculate dependence on oxygen partial pressure
of the defect concentrations of La, Sr.NiO4, s with
x = 0.5. These defect concentrations are required for
the modelling of the membrane permeation fluxes,
which is subject of the next section.

30 T T T T T T
® 1223 K
m 1173K
A 1073K
"o model fits
o 2.0 1 E
€
o
Is)
S
o
~ 1.0 E
)
0.0 T T T T T T T
-4 -3 -2 -1 0

log (p"(O,) / bar)

Fig. 3 Experimentally determined oxygen permeation fluxes
through a membrane of La, Sr,NiOy4,s (x = 0.5) as a function
of the oxygen partial pressure p”(O,) on the sweep gas side.
p’(0O,) was 0.21 bar. Membrane thickness was 1.3 mm. Solid lines
indicate fit results obtained from the transport model described
in section Flux equations

The defect chemistry of doped La, ,Sr,NiOy,s is
dominated by structural defects in the oxygen sublat-
tice. From literature, there is no evidence that any
significant amounts of cation defects exist in La,
NiOy,s. Likewise, we will assume that in doped La,
S1,NiOy, s the substitutional dopant ion is the only
cation defect. We will further assume that the dopant
ions reside in the lanthanum sublattice only. As,
depending on the thermodynamic conditions and the
dopant concentration, La, ,Sr,NiO4,s can exhibit
either oxygen excess or oxygen deficiency, both oxygen
interstitial ions and oxygen vacancies are included as
structural anion defects. Although vacancy ordering in
the basal plane of the NiOg¢ octahedra was observed at
room temperature and below [21], there is no evidence
of defect ordering at high temperatures. Thus, the
vacancies are considered to be randomly distributed
over the basal and apical oxygen sites in the perovskite
structured layers. As indicated in Fig. 1, the interstitial
sublattice consists of tetrahedrally coordinated inter-
stitial sites in the La,O, layers, and the distribution of
the oxygen interstitial ions among these sites is also
assumed to be random.

If the oxide crystal is in contact with a gas phase,
exchange of oxygen at the gas-solid interface may
occur through formation/annihilation reactions of
oxygen vacancies V. or interstitial ions Of. The
exchange process may be described by the following
reactions:

| :

O§ + 2Nin; = EOz(g) +2Nig; + V4 (1)
1

Of +2Nini = 502(g) + Vi +2Niy 2)

In Egs. 1 and 2, V{* denotes an empty interstitial
lattice site, and Niy; and Niy; represent Ni** and Ni**
ions, respectively. Which of these surface reactions
prevails, or whether both reactions are effective, is not
known. However, for the modelling we will assume
that surface exchange occurs only via reaction (1) and
that the concentrations of oxygen interstitials and
vacancies are coupled via a Frenkel equilibrium
reaction:

&+ Vi = 0Of + Vg (3)

Apart from oxidized Nickel ions which are gener-
ated in reactions (1) or (2), it is further assumed that
also reduced Nickel ions may form via a charge
disproportionation of Ni** to Ni** and Ni*:
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2Niy; 2 Niy; + Niy; 4)

The crystal structure requires that each molecule of
stoichiometric La,NiO,4 consists of two lanthanum
lattice sites, one nickel site, four oxygen sites, and
two interstitial sites. The nickel sublattice is considered
to be free of structural defects and contains only
differently charged nickel ions. The sum of the molar
fractions of these species yields:

[Nig] + [Nig] + [Ni] =1 )

The oxygen and interstitial sublattice site balances
are given by

[O6] + Vo] =4 (6)
[Vil+[01] =2 ()

The deviation from stoichiometry of La;sSrgs
NiOy,s is of the order of 1% of the total oxygen
content [31]. It is reasonable to assume that the
vacancy and interstitial concentrations are of the same
order of magnitude. Therefore, the diluted defect
approximation may be applied and Eqgs. 6 and 7 are
simplified to [ O; ]~ 4 and [ V{* | = 2. Finally, the
electroneutrality condition reads:

[Niy;] +2[Vo] = 2[0"1] + [Niyy] +d ®)

where d denotes for the molar fraction of the Stron-
tium dopant, [ Sry, |, which is identical to x in La
SI'xNiO4+(5.

For this rather complex defect model, it is difficult to
derive explicit equations describing the dependence on
oxygen partial pressure dependence of each defect
concentration. The treatment is much facilitated if the
concentration of one of the defects (in our case this will be
the concentration of oxidized nickel, [ Niy; ]) is chosen as
independent variable and all other defect concentrations
as well as the oxygen partial pressure are expressed in
terms of this variable. To simplify the following notation,
the molar fractions [ Niy; ], [Niy;] and [ Srj,] will be
replaced by n, p and d, respectively. The concentration p
will be used as independent variable. By taking into
account the approximation [ O; | = 4 the law of mass
action obtained from reaction (1) reads:

INig)” - [Vo

@ Springer

In Eq. 9, the term p(O,)"? has been replaced by w.
Likewise, the Frenkel equilibrium (3) and the elec-
tronic equilibrium (4) yield:

Kr = % (10)
Ka = [1315}2 (11)

According to our simplified notation, Eq. 5 is recast
into:
[Nigg] =1—p—n (12)
Inserting Eq. 12 in Eq. 11 and Eq. 9 and rearran-

gement yields the concentration of reduced nickel ions
n and of oxygen vacancies, respectively:

2Kg-(1-p)+p+{4Ka-p-(1-p)+p*}'?
n=
2I<el

Furthermore, combination of Egs. 10 and 14 gives:

[og]:%:.i(l 22 S w (15)

In Egs. 14 and 15, the concentration of reduced
nickel n may be replaced by Eq. 13 in order to obtain
expressions in which the concentrations of vacancies
and interstitials are functions only of the equilibrium
constants Ky, Kr and K, as well as of the independent
variable p and the quantity w. The remaining task is
therefore to express w as a function of p. We start from
the electroneutrality condition (Eq. 8) which may be
rewritten as

2001 = (p—n—d) =2[V5] =0 (16)

and insert Egs. 14 and 15 for [Of] and [V{)]. Equation
16 may be recast into a quadratic equation of the form

B B
2 2 1
. — =90 17
W—|—B3 W+B3 (17)
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where
»?
Bi= 8K —————: By=—(p—n-d
1 1 (1—p—n)2 2 (p )
2Kg-(1—p—n)?
B; = e 5
1°p

(18)

Only one of the two solutions of Eq. 18 is physically
meaningful. After re-inserting the quantities By, B, and
Bs;, this solution reads:

K pP(p—n—d+{(p—n—d’+64Ks}'"?)
(1-p—n)

4Kr
(19)

The set of Eqs. 13-15 and 19 may be used to
calculate n, [Of], [V.], and p(O,) = w? for a chosen
range of concentration p. From the concentrations of
interstitials and vacancies, the deviation from stoichi-
ometry is obtained as:

_Krg (1-p— n)’
K p?
P2 -1

A—p-n? "

6 = [0f] = [Vl

—4K; -

Equation 20 in conjunction with Egs. 13 and 19 may
be used to fit experimental data of J in La, ,Sr,NiOy,s,
which yields the unknown constants K;, Kg and K
(see section Results and discussion).

Flux equations

If a metal oxide is exposed to a gradient of oxygen
chemical potential, migration of cations, oxygen and
electronic charge carriers may occur in general. To date,
no experimental data on cation migration in oxides with
the K,;NiF, structure are available. However, in perov-
skite-structured oxides, cation diffusion coefficients
determined so far are several orders of magnitude lower
than the oxygen diffusion coefficient, and the close
proximity of perovskite and K,NiF, structure may lead
to the conclusion that this is also true in the case of La,_
Sr,NiQy, s. If the cations are considered to be immobile,
the cation lattice can be used as a reference system for
the oxygen flux in a gradient of oxygen chemical
potential. Then, only the fluxes of the oxygen defects
and the electronic defects with respect to the lattice need
to be considered. In contrast to cubic perovskite-
structured oxides, the oxide-ion conductivity in the

lanthanum nickel oxides is anisotropic due to their
layered crystal structure. Parallel to the (a,b) planes of
the structure, oxygen migration can occur via oxygen
interstitials inside the La,O, rocksalt layers and via
oxygen vacancies in the NiOg octahedra. The oxide-ion
conductivity parallel to the layers is then given by the
sum of the conductivities of each layer:

o‘cl) = O'Q, + o1 (21)
GQ, stands for the conductivity of vacancies that migrate
along the (a,b) plane in the NiOg octahedra, whereas
a1 denotes the conductivity of interstitials in the La,O,
layers. By taking into account that both La,NiOy, s and
La, ,Sr,NiOy, s are prevailing electronic conductors for

which 60 < 6. holds, the total parallel flux j(O,) is
written as:':

(02)! =~ (o + o) Vu(02) 22)

The oxygen transport perpendicular to the layers
may be subdivided in two coupled processes: (a)
Vacancy assisted oxygen migration inside the perov-
skite-structured layers along the c-axis of the K,;NiF,
structure, and (b) migration of interstitial oxygen ions
across the rocksalt-structured La,O, layers. By using
63 to denote the oxide-ion conductivity perpendicular
to the layers, the overall oxygen flux in this direction
may be written as:

J(02) = 05(Vpu(O2) + Vrsp(02)) (23)

b
16F2

Vpu(O,) and Vrsu(O,) denote the oxygen chemical
potential gradients inside the perovskite-structured
layer and the rocksalt-structured layer in c-direction,
respectively. The partial fluxes inside the different
layers may be defined as:

- oy Vpu(0y) (24)

1
]P(OZ) - 16F2

jrs(02)" = - o1 Vrspt(O2) (25)

1
16F2

where oy is the conductivity of vacancies in the NiOg
octahedra and i is the interstitial ion conductivity in
the La,O, layers. By assuming that the overall oxygen

! In the following derivation we will assume that the oxygen
surface exchange reactions are sufficiently fast which means that
the overall transport process is limited by bulk migration of
oxygen.
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transport process is in steady state, the continuity
condition requires the partial fluxes in both layers to be
equal, and from Egs. 24 and 25 one obtains

ovVpu(Oy) = ai Vrsi(Oy) (26)
Combination of Eqgs. 23 and 26 yields:
(02" = j0(02)" = —— 65 (T 41) Vpu(0
j(02)" = jp(02)” = = 1e5m " % ot pi(02)

(27)

From a comparison of Egs. 24 and 27 one obtains:

L1
oy o

L v 01

on = 28

o oy + of (28)

Bassat et al. [27] found that in La,NiO4.s at
1,173 K, oxygen tracer diffusion parallel to the layers
is about two orders of magnitude larger than perpen-
dicular to the layers. This indicates that the transfer of
oxygen from one perovskite layer to the other, which
involves interstitial migration inside the rocksalt-struc-
tured layer, is much more facile than the transport via
oxygen vacancies inside the perovskite layers, which is
therefore the rate determining step in the overall
oxygen transport perpendicular to the layers. By
assuming oy < of Eq. 23 is simplified to
JO2)* ~ 1 VH(0y) (29)

Experimentally, the oxygen fluxes parallel and
perpendicular to the layers, as given in Egs. 22 and
29, could only be distinguished by measurements with
single-crystalline membranes. However, such measure-
ments would require single crystals of sufficient size
which are not readily available. The situation is
different if a polycrystalline membrane is considered.
In this case, both parallel and perpendicular fluxes
contribute to the experimentally accessible total flux.
However, the formal treatment is simplified by the fact
that the oxygen migration is strongly anisotropic [27].
The following assumptions are made for the derivation
of the permeation flux in a polycrystalline membrane:

(I) Within an individual grain, the oxide ions migrate
only parallel to the layers of the K,;NiF,-structure,
either via interstitials inside the rocksalt-struc-
tured layers, or via vacancies inside the perov-
skite-structured layers. The ion transfer across the
layers can be neglected.

@ Springer

(IT) The membrane consists of randomly oriented
grains whose average diameter is much smaller
than the membrane thickness.

The grain boundaries neither resist nor enhance
the migration process.

(I1T)

According to assumption I, the permeation flux
through the polycrystal may be described by Eq. 22,
but the conductivities a‘\‘, and o must be replaced by
effective conductivities. The reason is that in a single
crystal, the layers form a straight path throughout the
crystal, whereas the migration in a polycrystalline
material follows a tortuous path, as the layers in each
individual grain have a different orientation. For the

permeation flux in a polycrystal, one obtains
](02) ~ _@' (O’V + GI)VM(Oz) (30)

where o3, and o7 denote the effective conductivities
due to vacancy migration and interstitial migration
parallel to the layers. As both layers are aligned
parallel to each other, the pathways of vacancies and
interstitial ions are expected to exhibit the same
tortuosity. One may introduce a tortuosity factor which
describes the reduction of both ¢y, and o} with respect

to the conductivities JQ, and oy of the single crystal:

ai,:r-aQ, o] =101 (31)

The tortuosity factor t was calculated by Ormrod
and Kirk [32] for cation diffusion in the f” alumina
structure. T was shown to depend on the grain size and
approaches a value of 0.68 for the case of a small
grained polycrystal. The ratio of tracer diffusion
coefficients determined from polycrystalline La,
NiOy,s and those obtained for the oxygen diffusion
parallel to the (a,b) plane in single crystals [27] is in
good agreement with this value.

The total oxygen flux through a polycrystalline
membrane of thickness L, which is exposed to an
oxygen partial pressure p(O,)o on one side and to
p(O,)L on the other, can now be obtained from
integration of Eq. 30. By taking into account that
u(02) = u°(02) + RT -In(p(0,)/p°) , it follows that

A Inp(O2),

/(02) = ——-

7 (6% 4+ o7)dInp(Oy) (32)
Inp(0z),

where A = RT/(16 F?). The conductivities may be
expressed in terms of effective defect mobilities uy and
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u; and the defect concentrations ¢y and ¢y, respec- 4.2 . ;
tively:
v | |
oy = zoFuyey = zoFusy Vol (33) 41
Vin
o1 = ziFujcr = ziFuj Vo (34) 4.0 - J
m
[Z=]
. . . +
Vi 1s the molar Yolume of the oxide. LBy negle*ctlng the < 394 La, St NiO, . i
weak concentration dependence of uy and uj, and by T=1223 K
substituting w? for p(O,) as in section Defect model of
N ] . . 3.8 —— Calculated _
La,_,Sr, NiOy4 4, the oxygen flux is obtained from Eqgs. e Experimental data
32-34 as:
. A 2zvFuy LV 37 . , ,
](Oz):—f \% V_/ [ O]dW 6 4 P
L Vi wo W
" (35) log (p(oz) / bar)
A 2ziFup " [O]] d
L ' Vi ' wy W W Fig. 4 Oxygen content of La, ,Sr,NiO,,s (x = 0.5) as a function

In the previous section, the concentrations [V,] and
[O;}] as well as the oxygen partial pressure related
quantity w have been derived as a function of the
concentration of electron holes, p. The derivative dw
with respect to p may be obtained from Eq. 19:

dw——%id~{(p—n—d+{(p—n—d)2+64KF}1/2)
P (1, L), p—n-d
T (1+2Ke1> ({(p—n—d)2+64KF}1/2>}
(36)
_2Ka-(1-p)+p+{4Ka p- (1 -p) +p*}'/
" 2Kel
(37)
F(p) = 2Ka+p(l+4Ka) 58)

 {4Ka-p-(1—p)+p2}'?

Equations 14, 15, 19 and 36-38 may be inserted into
Eq. 35, and after integration the oxygen flux is obtained
as a function only of the independent concentration p.
While still being an analytical expression, the resulting
equation is rather complex and will not be reported here.

Results and discussion

The only investigation known to the authors in which
the deviation from stoichiometry of strontium doped

of the oxygen partial pressure for 7 = 1,223 K. Experimental
data taken from [31]

lanthanum nickelate has been determined in situ as a
function of oxygen partial pressure and temperature
was conducted by Vashook et al. [31]. The data were
measured by means of coulometric oxygen® It was
found that within the range of oxygen partial pressures
for which § was measured, the oxide was hyperstoi-
chiometric except for temperatures 7 > 1,373 K and
under reducing conditions. Figure 4 displays the exper-
imentally determined oxygen content of La,,
S1,NiOy,s (x = 0.5) at 1,223 K. The data were fitted
with Eq. 20 which was derived in section Defect model
of La,_, Sr,NiOy 4. The fit result is indicated by a solid
line.

The quality of the fit is fair, given the small number
of data points and the small range of oxygen partial
pressures for which data are available. At low oxygen
partial pressures, the model calculation slightly under-
estimates the oxygen content and has a larger slope
than the experimental data. Essentially the same trend
is found when experimental data and the correspond-
ing fits for 1,073 and 1,173 K are compared. The fit
results were nearly independent of the choice of the
equilibrium constant K., of the electronic equilibrium,
except if a very large value was assumed for K, In this
case the fit quality was diminished. The fit is essentially
dependent on only two fit parameters, which are the
surface oxygen exchange equilibrium constant K; and
Frenkel equilibrium constant Kg. Table 1 summarizes
the equilibrium constants calculated from the fits.

2 The initial oxygen content of the samples was determined by
thermogravimetric measurements of the weight change in
flowing hydrogen.
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Table 1 Equilibrium constants for the external oxygen exchange
reaction, oxygen Frenkel reaction and electronic equilibrium
reaction

Temperature K, Kg K.

(K)

1,073 (11+03)-107 (41+15)-10° {2107
1,173 (9.0+34) 107 (27+09)-107 {4-107%
1,223 (46+21)-10° (92+35)-107 {2107}

Results for K., are given in parentheses to indicate the large
uncertainty of the values

As expected, charge compensation of the acceptor
dopant occurs mainly by oxidized nickel ions, which
are the dominant electronic defect species. The large
Ni** concentration accounts for the high p-type con-
ductivity of about 70 S cm™! observed for La;sSros
NiOy, s at this temperature [31]. The total conductivity
was found to decrease slightly with decreasing p(O,),
which is consistent with the decreasing concentration
of Ni**, as shown in Fig. 5. On the other hand, the
electron concentration bears a large uncertainty due to
the insensitivity of the fits with respect to a variation of
K.). The concentration may be much lower, however, a
larger electron concentration than is shown in Fig. 5
can be ruled out as the fit quality deteriorated when a
larger K was assumed.

At high oxygen partial pressures, the oxygen stoichi-
ometry is predominantly determined by the number of
oxygen interstitials. A crossover of the interstitial and
vacancy concentration is observed at about p(O,)~ 107
bar. The oxide is stoichiometric at this point, and

log [ Def ]

-7 -6 -5 -4 -3 2 -1 0
log (p(O,) / bar)

Fig. 5 Kroger-Vink diagram for La, Sr,NiO4.s (x =0.5) at
1223 K

@ Springer

becomes oxygen deficient below this oxygen partial
pressure. For 1,173 K, the stoichiometric point is
reached at p(O,)~ 107 bar, and for 1,073 K at p(O,)~
107 bar. It is noted, however, that due to the deviation of
the fit from the experimental data, either the vacancy
concentration is overestimated or the interstitial con-
centration is underestimated. In both cases, the calcu-
lated crossover oxygen partial pressure displayed in the
Kroger-Vink diagram would be too large.

The calculated defect concentrations and the mass
action constants reported in Table 1 may now be used
to fit the permeation fluxes obtained in this work. The
set of Eqgs. 35-38 is employed for this purpose.

Equation 35 contains the effective mobilities u; and
uy of the interstitials and vacancies as fit parameters. It
was observed that the quality of the fits was nearly
independent of the value of the vacancy mobility uy.
Only if unreasonably high values for uy were assumed,
the fits were affected in the range of p(O,) in which
experimental data are available. The Kroger—Vink
diagram (Fig. 5) shows that the vacancy concentration
in this range is at least one order of magnitude smaller
than the interstitial concentration. Therefore, the
contribution of oxygen migration via vacancies to the
permeation flux is small. This makes it impossible to
obtain reliable values of the vacancy mobility. Conse-
quently, uy was set to zero and only the interstitial
mobility u; was used as parameter in the fit calcula-
tions. The fit result for 1,223 K are displayed as solid
line in Fig. 6. The corresponding fit results for 1,073
and 1,173 K are shown in Fig. 7.

The partial fluxes of oxygen interstitials and
vacancies shown in Figs. 6 and 7 were calculated to

4.0 — T T 1223 K m
\ ® experimental data
\ - = -j(Total)
AN i(Interstitial)
3.0 - S --- - j(Vacancy) i

i(0,) /107 mol cm*s”
N
o
1

—_
o
1

0.0

9 8 -7 6 5 4 3 -2 -1 0
log (p"(O,) / bar)
Fig. 6 Total permeation flux and partial fluxes of interstitials

and vacancies ‘in Lay , Sr,NiOy4,s (x=0.5) at T=1223K,
calculated for uy = uj
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Fig. 7 Total permeation flux and partial fluxes of interstitials
and vacancies in Laz_xS{XNiO§+(; (x=0.5) at T=1,073K and
1,173 K, calculated for uy = up

demonstrate how a non-negligible transport of oxygen
via oxygen vacancies would affect the permeation flux
through a membrane of La; sSrysNiOy4,s. For this, a
hypothetical vacancy mobility (uy = u;) was assumed.
The oxygen partial pressure dependence of the partial
fluxes is quite different. With increasing gradient of
oxygen partial pressure, the interstitial flux quickly
rises to fairly large values but remains constant for
larger gradients. The reason for this behaviour lies in
the interstitial concentration which decreases with
p”(0,). This causes the partial conductivity due to
interstitial migration to decrease, while the driving
force increases at the same time. The opposite
situation is met with the partial conductivity due to
vacancy migration, which increases with decreasing
oxygen partial pressure, since the vacancy concentra-
tion is small at high oxygen partial pressures and
increases with decreasing p(O,). Thus, oxygen trans-
port via vacancies would contribute significantly to
the oxygen flux only at low p”(O,) but would grow
with decreasing p”(O,) at an increasing rate. The
onset of the vacancy-mediated permeation flux is
found at about the same oxygen partial pressure as
the cross-over of vacancy and interstitial concentra-
tion (cf. Fig. 5). It is obvious from Figs. 6 and 7 that
additional experimental data at lower p”(O,) would
be required to verify a possible vacancy contribution
to the permeation flux.

The effective mobility of the interstitials u; which
was obtained from the fits shows an Arrhenius-type
behaviour, as indicated in Fig. 8.

The activation energy (E, = 80.5 kJ/mol) obtained
from this plot is identical to the enthalpy of migration
of the interstitial ions. This value may be compared
with activation energies obtained from tracer diffusion
measurements, provided the enthalpy of formation of
the interstitials is known. Data of the deviation from
stoichiometry [31] indicate only a weak temperature
dependence of ¢ in La; 55155NiOy, s in the temperature
range considered here. An estimation of the interstitial
formation enthalpy from these data yields A¢Hp, =
—11kJmol™'. The activation energy of the oxygen
diffusion results from the sum of the interstitial
migration enthalpy and the interstitial formation
enthalpy, and a value of 69.5 kJ mol™ is obtained.
This is somewhat lower than the value of 86.8 kJ mol™
reported by Bassat et al. [27] for oxygen tracer
diffusion in polycrystalline La,NiOy,; in the temper-
ature range 773-1,073 K. Skinner et al. [33, 34]
obtained E = 82 kJ mol™' for the undoped oxide,
and E = 55kJ mol™! for La, Sr,NiOy,; with x = 0.1.
For x = 0.2, the activation energy seems to be larger
than for x = 0.1, however, due to the large scatter of
the diffusion coefficients reported by these authors, no
clear conclusion can be drawn regarding the depen-
dence of the activation energy on the strontium
content. Nevertheless, it appears that increasing the
dopant content tends to reduce the activation energy.

A more significant conclusion derives from the
oxygen tracer diffusion measurements in single-crys-
talline La,NiOy, s carried out by Bassat et al. [27]. The
authors obtained a small activation energy of
21.2 kJ mol™ for the diffusion perpendicular to the
(a,b) plane of the K,NiF,-structure, and a value of
85 kJ mol™! for the diffusion parallel to this plane. The

-9,5 T T T T

E, = (80.5 +/- 12) kJ mol”

-10,0 - .

-10,5 - .

*T/m*V7's" K)

-11,0 4 -

In (u

-11,5 : . : :
0,80 0,85 0,90 0,95
1000/ T (K"

Fig. 8 Arrhenius plot of the effective interstitial ion mobility of
LaZ—xsrxNiO4+(5 (x = 05)

@ Springer



1982

J Mater Sci (2007) 42:1972-1983

latter value is close to Ex = 69.5 kJ mol™! determined
for Lay 5819 sNiOy,s in the present work, particularly if
it is assumed that E5 decreases with increasing dopant
content. The samples used by Bassat et al. had large
oxygen excess (6 = 0.14) which suggests that oxygen
interstitials were the prevailing structural defect spe-
cies. Thus, the diffusion along the (a,b)-plane can be
mainly attributed to oxygen interstitials in the La,O,
layers, whereas vacancy diffusion along the perovskite-
structured layers is negligible. This supports the results
obtained earlier in this section, from which it may be
concluded that the permeation flux in La; 551¢sNiOy, s
is also dominated by oxygen interstitial migration in
the La,O,-layers.

The small activation energy found for oxygen
diffusion perpendicular to the (a,b)-plane in La;NiOy, s
was explained by a charge transfer from doubly
charged oxygen interstitials to nickel ions, whereby
singly charged interstitials (O7) are formed which then
migrate via vacancies on equatorial oxygen sites in the
perowskite-type layers [27]. In order to keep our model
calculations simple, we did not include differently
charged oxygen interstitial species in our defect model.
Therefore, the existence of O~ interstitials can neither
be confirmed nor ruled out, as no significant contribu-
tion of vacancy-assisted migration of oxygen was found
in the oxygen partial pressure range for which exper-
imental data are available. However, the model calcu-
lations suggest that vacancy-assisted oxygen migration
might be observed if permeation data would be
collected at lower oxygen partial pressures on the
oxygen lean side of the membrane. This conclusion
must await confirmation from further experiments.

Conclusions

The aim of this study was to investigate the contribu-
tion of structural oxygen defects to oxygen transport in
acceptor doped lanthanum nickelates. A defect chem-
ical model was used to calculate the defect concentra-
tions in La; sS1g5NiOy, s at different temperatures and
oxygen partial pressures and to experimental results
for the permeation through La;sSrysNiO4,s; mem-
branes. From the modelling the following conclusions
were obtained:

(1) Doubly charged oxygen interstitials and oxidized
nickel ions (Ni**) are the dominating defect
species in La; 581y sNiOy, s in oxidizing conditions
at temperatures between 1,073 K and 1,223 K.
The concentration of oxygen vacancies cannot be
neglected and grows with decreasing oxygen

@ Springer

partial pressure, whereas the oxygen interstitial
concentration decreases. At 1,223 K the oxide
becomes stoichiometric at p(O,) = 10~ bar. With
decreasing temperature, the oxygen partial pres-
sure of the stoichiometric point shifts towards
smaller values. At 1,073 K it is found at p(O,) =
1077 bar. Below this oxygen partial pressure, the
oxide becomes oxygen deficient.

(2) A contribution of oxygen transport via vacancies
to the permeation flux through La; sSr)sNiOy, s
could not be verified. The reason may be that
either the vacancies are not mobile enough or
that the permeation was measured under too
oxidizing conditions at which the vacancy con-
centration is too small to make a significant
contribution to the transport of oxygen. In order
to solve this question, permeation measurements
in an extended oxygen partial pressure range are
required and will be presented in due course.

(3) The activation energy of the interstitial mobility
in La; sSrgsNiOy, s was determined to be 80.5 +
12 kJ mol™, from which a value of 69.5 kJ mol™ is
calculated for the activation energy of the oxygen
diffusion. This value is somewhat lower than the
activation energy E, = 86.8 kJ mol™! obtained
from oxygen diffusion data of polycrystalline
La,;NiOy4, 4, but much larger than the activation
energy for oxygen diffusion perpendicular to the
layers of the K;,NiF, structure. This is another
strong indication that the oxygen transport in
Lay 581y 5sNiOy4, 5 occurs predominantly via oxygen
migration parallel to the layers of the structure.
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