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The layered perovskite La2CoO4+δ has been prepared and characterized in order to identify its
capability of incorporating interstitial oxygen atoms (δ ) and their effect on the crystal structure. The
synthesis has been performed by a citrate-nitrate soft-chemistry technique; a high oxygen pressure
treatment (350 ◦C, 200 bar) has allowed us to increment the interstitial oxygen contents up to δ =
0.32(1). The samples have been characterized by thermal analysis (TG and DTA), X-ray diffraction
at room temperature and neutron diffraction at temperatures up to 600 ◦C. At r. t., the as-prepared
phase, La2CoO4.22(1), is orthorhombic, space group Bmab, with an important orthorhombic strain,
if compared with La2NiO4+δ . At high temperatures it undergoes two consecutive structural transi-
tions, to an orthorhombic superstructure at 375 ◦C and finally to a tetragonal symmetry (space group
F4/mmm) at 590 ◦C. The phase La2CoO4.32(1) seems to represent a superstructure with orthorhom-
bic symmetry and with a doubled b unit-cell parameter with respect to the prepared sample.
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Introduction

Recently, compounds with K2NiF4 structure have
attracted considerable attention due to their interesting
transport properties that make them promising materi-
als for several applications such as electrodes for solid
oxide fuel cells (SOFC), catalysts and oxygen separa-
tion membranes [1 – 3].

The crystal structure of compounds with K2NiF4
structure can be described as a stacking of perovskite
layers, ABO3, alternating with AO rock salt layers.
The ionic conductivity mechanism of these materials
is not clear yet, but it has been associated with the ex-
cess interstitial oxygen (δ ) accommodated in the AO
layers [4 – 6]. Previous work with La2NiO4+δ demon-
strated the suitability of these layered perovskites
A2BO4 as cathode materials for SOFCs [7]. In this
regard, the introduction at the B position of the per-
ovskite of a cation with a higher tendency than Ni
to form the oxidation state M(III) would increase the
interstitial oxygen content and therefore, improve the
transport properties of these materials.

In this work we have analyzed the ability of
La2CoO4+δ to incorporate an excess of oxygen as an
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interstitial defect. As-grown samples of La2CoO4+δ ,
which are spontaneously oxidized in air under the syn-
thetic conditions, were additionally subjected to heat
treatments at moderate temperatures under high oxy-
gen pressure. The effect of this treatment has been
studied by X-ray and neutron diffraction as well as by
thermal analysis.

Experimental Section

The synthesis of La2CoO4+δ has been performed via
the nitrate-citrate route. Stoichiometric amounts of analytical
grade La2O3 and Co(NO3)2 · 6H2O (Panreac) were dissolved
in 8 M HNO3 (Merck). Citric acid was then added to the
mixture in a molar ratio 3.3 : 1 with respect to La2CoO4+δ .
The resulting product was dehydrated before being calcined
at 600 ◦C for 30 min in air. The obtained precursors were
annealed at 1200 ◦C for 12 h under N2 atmosphere to avoid
the formation of unwanted Ruddlesden-Popper phases con-
taining Co3+, giving rise to a pure La2CoO4+δ phase. Sub-
sequent heat treatment under high oxygen pressure was per-
formed at 350 ◦C and 200 bar of oxygen during 12 h in a VAS
furnace. As-prepared and O2-treated samples were character-
ized by X-ray diffraction (XRD) for phase identification and
to assess phase purity. XRD analyses were performed with
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a Philips X Pert-MPD diffractometer using CuKα radiation
(λ = 1.5406 Å).

The cationic ratios were determined by inductively cou-
pled plasma-atomic emission spectroscopy (ICP-AES) using
a Jobin Yvon equipment. The oxygen content after and be-
fore the heat treatment was determined by thermogravimetric
analysis between 25 and 900 ◦C in a H2/N2 (5 % : 95 %) flow
using a TG50 equipment. The stability in air was assessed
by differential thermal analysis using a Stanton STA781
TG/DTA apparatus.

Neutron powder diffraction (NPD) data were collected
at r. t. for the as-prepared and O2-treated samples using the
diffractometer D1A at ILL, Grenoble, France. The high in-
tensity mode (∆d/d ≥ 2×10−3) was selected, with a neutron
wavelength λ= 1.91 Å within the 2θ angular range from 5◦
to 165◦. 3 g of each sample was contained in a vanadium can
for the r. t. measurements whereas for the high-temperature
measurements in air, the sample was placed in a quartz tube
open to the ambient atmosphere and placed in the isothermal
zone of a furnace with a vanadium resistor operating under
vacuum (PO2 ≈ 10−6 Torr). The collection time was 2 h per
pattern. Diffraction data were analyzed by Rietveld meth-
ods using the program FULLPROF [8]. The scattering lengths
used were those incorporated in the program. The line shape
of the diffraction peaks was generated by a pseudo-Voigt
function and the background refined to a 5th degree polyno-
mial. In the final run the following parameters were refined:
background coefficients, zero point, half width, pseudo-Voigt
and asymmetry parameters for the peak shape, scale factor
and unit-cell parameters. Positional and occupancy factors
for oxygen atoms and isotropic displacement factors were
also refined for NPD data. The coherent scattering lengths for
La, Co and O were 8.240, 2.49 and 5.803 fm, respectively.

In order to study the thermal expansion of La2CoO4+δ , a
dense sample was prepared pressing the powder into pellets
(10 mm in diameter and 1.4 mm thinkness) using polyethy-
lene glycol as a binder and 3 tons of uniaxial pressure
for 5 min. The pellet was then calcined at 1250 ◦C for 6 h
under N2. The thermal expansion of the dense ceramic was
studied using a Linseis L75/1550C dilatometer with a heat-
ing rate of 5 ◦C ·min−1.

Results and Discussion

ICP-AES data confirmed the cationic ratio to be
as expected, excluding the presence of lanthanum or
cobalt vacancies.

Thermal analysis

The thermal stability of the materials in air was stud-
ied taking into account two aspects: The thermal evo-
lution of the oxygen content in air was analyzed by

Fig. 1. Thermal analysis for the as-prepared La2CoO4+δ :
a) cycled TG and b) cycled DTA. Both of them are performed
in air between 25 – 650 ◦C.

TG while the existence of phase transitions was deter-
mined by DTA.

The TG curves (Fig. 1a) of the prepared sample ev-
idence a sizeable gain of weight of 0.32 % between 25
and 100 ◦C which is in accordance with the sponta-
neous oxidation of this compound described by other
authors at r. t. [9, 10]. The sample is able to keep the
oxygen content constant up to 450 ◦C after which it
loses a small fraction (∼ 0.13 %) up to 600 ◦C. Dur-
ing the cooling step the sample recovers the lost oxy-
gen mass finishing the experiment with an increase
of 0.36 % of the total mass (0.08 mol of oxygen per
formula unit) with respect to the beginning of the ex-
periment. The DTA experiment under air (Fig. 1b) re-
veals the existence of three reversible processes. Upon
heating, the three processes are endothermic and can
be localized at 375, 420 and 590 ◦C, while upon cool-
ing, they are exothermic at 332, 409 and 573 ◦C.

Other authors [11] have described two transitions
at 387 and 577 ◦C instead of the three observed in our
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Fig. 2. TG curve under an H2/N2 (5 % : 95 %) flow be-
tween 25 and 1000 ◦C for a) the as-prepared sample and
b) the oxygen-treated sample (350 ◦C, 200 bar).

case. The first one has been associated with a structural
transition keeping orthorhombic symmetry, but having
a direct influence on the physical properties of the sys-
tem, since these authors detected an increase of the
magnetic susceptibility and a reduction of the electrical
resistance from this temperature on. The second tran-
sition has been attributed to a symmetry change from
orthorhombic to tetragonal.

The oxygen gain of the sample between 100
and 400 ◦C has allowed us to establish that the opti-
mal temperature for oxygen incorporation is 350 ◦C;
for this reason the thermal treatment at high oxygen
pressure was carried out at 350 ◦C, under 200 bar of
O2 pressure.

The determination of the oxygen contents, before
and after the O2 treatment, was also performed by ther-
mal analysis under reducing conditions (H2/N2 flow).

Fig. 2 shows the TG curves obtained. On the one hand,
the huge ability of oxygen intake exhibited by this Co
layered perovskite is remarkable, since the as-prepared
sample already shows δ > 0 even though the synthe-
sis process was carried out in N2 atmosphere. The
as-prepared sample displays an oxygen stoichiometry
La2CoO4.22(1). On the other hand, it shows a great ca-
pacity to admit a still larger amount of interstitial oxy-
gen after an additional treatment under high O2 pres-
sure, giving rise to an increment of 0.1 mole of oxygen
per formula unit as the O2-treated sample has the stoi-
chiometry La2CoO4.32(1).

X-Ray diffraction

The X-ray diffraction (XRD) patterns of
La2CoO4+δ showed pure K2NiF4 phases for both the
as-prepared and the O2-treated perovskites. Rietveld
refinement of the crystal structures from XRD data
proceeded satisfactorily in the orthorhombic space
group Bmab. The atomic positions are specified in
the next section. Fig. 3 shows the goodness of the fit
for La2CoO4.32(1). It is worth mentioning the greater
orthorhombic distortion presented by the O2-treated
sample as indicated by the unit cell parameters for
La2CoO4.22(1) (a = 5.4874(1), b = 5.5329(1), c =
12.5507(3) Å), as compared to La2CoO4.32(1) (a =
5.4433(1), b = 5.5513(1), c = 12.6159(3) Å). The
significant expansion observed in the c axis is directly
related to the incorporation of extra oxygen atoms
in interstitial positions of the NaCl layer of this
perovskite. The orthorhombic strain, defined as S =

Fig. 3. Observed (points) and calculated (full curve) X-ray
diffraction profile for oxygen-treated La2CoO4+δ using a
single-phase Bmab model.
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2(b− a)/(a + b), is S = 8.25× 10−3 and 9.82× 10−3

for the as-prepared and the O2-treated samples, re-
spectively; in both cases this value is much higher than
that observed in La2NiO4+δ of S = 1.23× 10−3 [12]
which is probably ascribable to the much higher
capacity to incorporate interstitial oxygen atoms of the
Co-containing sample.

Neutron diffraction

Room temperature neutron powder diffraction mea-
surements have been performed for as-prepared and
O2-treated La2CoO4+δ . The structure of the as-
prepared material (La2CoO4.22(1)) was refined by Riet-
veld methods as a single phase in the orthorhombic
space group Bmab leading to a good fit between the
calculated and the experimental data with RBragg =
5.7 % (Fig. 4). In the space group Bmab, La was lo-
cated at 8 f (0, y, z) positions, Ni at 4a (0, 0, 0) sites,
and the four types of crystallographically independent
oxygen atoms, O1 to O4, at 8e (1/4, 1/4, z), 8 f (0, y, z),
32m (x, y, z) and 16 j (1/4, 1/4, z), respectively. The O4
site corresponds to interstitial oxygen atoms. The ex-
act position of the interstitial oxygen atoms was deter-
mined by means of a difference Fourier map (Fig. 5),
starting from a model without interstitials; the final po-
sition for these extra atoms is (0.2492, 0.2461, 0.2370)
in equivalent sites.

However, the Rietveld fit of the NPD pattern for the
O2-treated phase (La2CoO4.32(1)) in the space group
Bmab was not totally satisfactory since there remained
some unexplained extra diffraction peaks. A pattern

Fig. 4. Observed (points) and calculated (full curve) neu-
tron diffraction profile for as-prepared La2CoO4+δ using a
single-phase Bmab model.

Fig. 5. Fourier map for the localization of interstitial oxygen
atoms in La2CoO4+δ .

Fig. 6. Neutron powder diffraction patterns for La2CoO4+δ
collected at 100, 200, 300, 400, 500, and 600 ◦C.

matching (Le Bail fit) of the NPD data in a unit cell
with a doubled b axis, in the space group Pmmm, led
to an acceptable fit of the pattern, which suggests that
there is a long-range ordering of the interstitial oxygen
atoms giving rise to a superstructure along the b direc-
tion.

In parallel with the structural study at r. t., we car-
ried out an investigation of the thermal evolution of the
crystal structure in air of the as-prepared compound.
If we compare the NPD diagrams obtained at different
temperatures there is evidence for two structural tran-
sitions, one between 300 and 400 ◦C and a second one
between 500 and 600 ◦C (Fig. 6). This is in agreement
with the two endothermic peaks observed by means of
DTA at 375 and 590 ◦C (Fig. 1b).
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Fig. 7. Observed (points) and calculated (full curve) neu-
tron diffraction profiles for a) La2CoO4+δ at 400 ◦C using
a pattern-matching fit in the space group Pmmm, where the
b parameter has been doubled, and b) La2CoO4+δ at 600 ◦C
using a single-phase F4/mmm model.

At 375 ◦C, the observed endothermic effect has been
associated with an orthorhombic-orthorhombic transi-
tion in the literature [11]. In our NPD data we ob-
serve the emergence of some extra peaks at 400 ◦C that
could not be explained in the space group Bmab. A
pattern matching with the same unit cell parameters in
the space group Pmmm, lacking systematic extinctions,
did not allow us to account for the extra reflections,
clearly indicating the presence of a superstructure. A
subsequent pattern matching with a doubled b axis was
successful to explain all the reflections and satisfacto-
rily fit the NPD pattern (Fig. 7a). These results suggest
that we are again dealing with a superstructure along
the b direction due to the long-range ordering of in-
terstitial atoms, of the same nature as observed for the
O2-treated sample at r. t.

Table 1. Structural parameters of La2CoO4+δ at r. t. (space
group Bmab) and 600 ◦C (space group F4/mmm)a.

r. t. 600 ◦C
a, Å 5.47813(3) 5.52745(9)
b, Å 5.53399(2) 5.52745(9)
c, Å 12.65714(6) 12.8814(3)
V , Å3 383.712(3) 393.56(1)

La: y −0.0035(9) 0
z 0.3609(1) 0.3578(1)
B, Å2 0.75(3) 2.02(4)
n 1.0 1.0

Co: B, Å2 0.83(9) 2.3(1)
n(Co) 0.5 0.5

O1: z −0.0076(3) 0
B, Å2 0.95(4) 2.36(6)
n 1.0 1.0

O2: y 0.013(2) 0
z 0.1727(3) 0.171 (1)
B, Å2 1.2(1) 2.3(1)
n 0.703(1) 0.46(3)

O3: x 0.048(2) −0.067(3)
y −0.097(3) −0.067(3)
z 0.182(1) 0.176(1)
B, Å2 1.2(1) 2.3(1)
n 0.297(1) 0.54(3)

O4: z 0.2395(3) 0.25
B, Å2 0.68(5) 4.1(6)
n 0.087(1) 0.154(7)

χ2 3.05 2.8
Rp,% 3.69 3.24
Rwp,% 4.65 4.24
Rexp,% 2.70 2,67
RBragg,% 5.71 5.05

a n : Chemical stoichiometry of each element.

The endothermic peak at 590 ◦C (Fig. 1b) can be as-
sociated with an orthorhombic-to-tetragonal transition,
leading to the merging of several groups of diffraction
peaks owing to the increase in symmetry. The crys-
tal structure at 600 ◦C was correctly Rietveld-refined
in the tetragonal space group F4/mmm, with La and
O2 atoms located at 8e (0, 0, z) sites, Co at 4a (0, 0, 0),
O1 at 8c (1/4, 1/4, 0), O3 at 32m (x, y, z) and the inter-
stitial O4 atoms at 16e (1/4, 1/4, z) positions, leading to
a good reliability factor RBragg = 5 %. Fig. 7b displays
the good agreement between the observed and calcu-
lated neutron profiles. It should be pointed out that the
irregular background observed in Figs. 7a and 7b is due
to the quartz container, which allowed us to acquire the
NPD data in an air atmosphere.

For the sake of comparison, we also Rietveld-
refined the structure between r. t. and 500 ◦C in the
space group Bmab and at 600 ◦C in the tetragonal space
group F4/mmm. Table 1 includes the structural param-
eters obtained for the r. t. and 600 ◦C samples. Fig. 8
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Bond r. t. 100 ◦C 300 ◦C 400 ◦C 500 ◦C 600 ◦C
La–O1 ×2a 2.683(4) 2.678(7) 2.580(7) 2.617(6) 2.643(6) 2.678(2)
La–O1 ×2 2.568(4) 2.581(7) 2.694(7) 2.695(6) 2.691(6)
La–O2∗ 2.385(4) 2.393(6) 2.46(3) 2.426(8) 2.402(8) 2.40(1)
La–O2 ×2a 2.7725(6) 2.77(2) 2.767(4) 2.765(1) 2.772(1) 2.789(1)
La–O2 2.709(9) 2.83(3) 2.65(3) 2.751(2) 2.78(1)
La–O2 2.89(1) 2.93(3) 2.86(2) 2.85(1)
La–O3 ×2 2.34(1) 2.36(3) 2.357(5) 2.421(3) 2.435(3) 2.40(2)
La–O3 ×2 3.09(1) 2.18(4) 3.036(4) 3.076(2) 2.536(2) 3.18(1)
La–O3 ×2 2.61(1) 2.94(10) 2.571(4) 2.579(2) 2.240(6) 2.46(2)
La–O3 ×2 2.32(2) 2.77(10) 2.48(1) 2.244(6) 3.128(2)
La–O4 ×2 2.489(4) 2.55(2) 2.468(7) 2.529(4) 2.493(4)
La–O4 ×2 2.316(3) 2.26(2) 2.326(7) 2.286(4) 2.322(4) 2.398(1)
Co–O1 ×4 1.9494(2) 1.9483(3) 1.9513(3) 1.9541(3) 1.9561(3) 1.9542(0)
Co–O2 ×2 2.187(4) 2.173(6) 2.10(3) 2.159(8) 2.201(8) 2.21(1)
Co–O3 ×4 2.38(1) 2.39(3) 2.276(4) 2.336(2) 2.358(2) 2.33(2)

Table 2. Thermal evolution of
the main interatomic distances
of La2CoO4+δ .

a For the tetragonal phase (600 ◦C)
the multiplicity of this bond is 4.

Fig. 8. Thermal evolution of the orthorhombic distortion (S).

represents the variation of the orthorhombic strain with
temperature; there is a great increase of the orthorhom-
bic distortion when heating the sample up to 400 ◦C,
whereupon it falls to S = 0 upon the orthorhombic-to-
tetragonal transition.

Table 2 includes the main bonding parameters for
La2CoO4+δ . The La–O1 bond lengths show a slight
tendency to increase with temperature, exhibiting an
average increase of 0.055 Å from r. t. to 600 ◦C. The
shortest La–O2 distance, responsible for the cohesion
between the perovskite and the rock-salt layer, in-
creases with temperature up to 300 ◦C, and then it de-
creases in an opposite way with respect to those ob-
served for the axial Co–O2 distances of the CoO6 oc-
tahedra. Thus, the compression along the c direction in
the perovskite layer is accompanied by an expansion in
the LaO rock-salt layer as a consequence of the incor-
poration of extra oxygen atoms, as it has been shown
for La2NiO4+δ before [12].

Equatorial Co–O1 bond lengths tend to increase
with temperature. However a slight decrease is ob-

Fig. 9. Thermal evolution of Co–O2 and La–O2 bond
lengths.

served at 100 and 600 ◦C, along with the concomi-
tant behavior of the a and b unit cell parameters. Con-
versely, axial Co–O2 bond lengths decrease reaching a
minimum value at 300 ◦C and then increase with tem-
perature (Fig. 9). This shortening of the axial Co–O2
bond length is more pronounced than the connected
La–O2 bond-length expansion, leading to an overall
contraction of the cell at this temperature as it has been
also observed by dilatometry analysis.

The thermal evolution of the oxygen content stud-
ied by neutron powder diffraction shows a similar be-
havior to that observed by means of thermogravimetric
analysis (Fig. 1 a). Fig. 10 shows the temperature de-
pendence of the oxygen excess (δ ) obtained by the re-
finement of the occupancy factor of the interstitial po-
sitions, position O4. The oxygen stoichiometry tends
to highly increase up to 500 ◦C and, then, slightly de-
creases at 600 ◦C. It is worth noting the high increase
of the isotropic displacement factor for O4 from r. t.
(0.68(5) Å2) to 600 ◦C (4.1(6) Å2) which may indicate
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Fig. 10. Oxygen stoichiometry determined by neutron pow-
der diffraction (NPD) as a function of temperature for
La2CoO4+δ .

Fig. 11. Thermal expansion of La2CoO4+δ .

a high mobility for the interstitial oxygen atoms in this
compound.

Thermal expansion measurements

Thermal expansion measurements on a dense pel-
let between r. t. and 600 ◦C with a heating rate

of 5 ◦C ·min−1 show an abrupt contraction of
La2CoO4+δ at around 380 ◦C (Fig. 11). This con-
traction matches with the orthorhombic-orthorhombic
phase transition observed by DTA at 375 ◦C (Fig. 1b)
and could be related to the contraction observed in
the Co–O2 bond length possibly induced by the huge
oxygen gain that produced the expansion of the LaO
layer and the concomitant contraction of the perovskite
layer. The final increase of the thermal expansion is
connected to the structural transition at 590 ◦C.

Conclusions

The compound La2CoO4+δ has been successfully
prepared via a nitrate-citrate route followed by anneal-
ing in a N2 flow, with δ = 0.22(1). The subsequent
thermal treatment under high oxygen pressure (300 ◦C,
200 bar) allowed us to increase the oxygen content up
to δ = 0.32(1). The ability of this compound to ab-
sorb large amounts of oxygen upon slight heating in
air is remarkable. The increase of interstitial oxygen
atoms of about 0.1 mol per formula unit upon treat-
ment under high O2 pressure conditions seems to gen-
erate a superstructure due to the long-range ordering of
the interstitial oxygen atoms along the b axis. The r. t.
crystal structure for La2CoO4.22 can be defined in the
space group Bmab, showing a considerable orthorhom-
bic strain due to the incorporation of extra oxygen
atoms; when heating in air this sample undergoes two
consecutive structural transitions, exhibiting at 600 ◦C
a tetragonal structure containing elongated CoO6 octa-
hedra with large displacement factors for the interstitial
oxygen atoms O4.
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