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ABSTRACT

Nickel and iron substituted LaCoO3; with rhombohedrally distorted perovskite structure were obtained
in the temperature range of 600-900 °C by thermal decomposition of freeze-dried citrates and by the
Pechini method. The crystal structure, morphology and defective structure of LaCo;_,Ni,O3 and
LaCo; _xFe,O3 were characterized by X-ray diffraction and neutron powder diffraction, TEM and SEM
analyses and electron paramagnetic resonance spectroscopy. The reducibility was tested by
temperature programmed reduction with hydrogen. The products of the partial and complete reduction
were determined by ex-situ XRD experiments. The replacement of Co by Ni and Fe led to lattice
expansion of the perovskite structure. For perovskites annealed at 900 °C, there was a random Ni, Fe and
Co distribution. The morphology of the perovskites does not depend on the Ni and Fe content, nor does
it depend on the type of the precursor used. LaCo; _4Ni,O3 perovskites (x > 0.1) annealed at 900 °C are
reduced to Co/Ni transition metal and La,O3 via the formation of oxygen deficient Brownmillerite-type
compositions. For LaCo;_,NiyO; annealed at 600°C, Co/Ni metal, in addition to oxygen-deficient
perovskites, was formed as an intermediate product at the initial stage of the reduction. The interaction
of LaCo, _xFe, 05 with H, occurs by reduction of Co>* to Co?* prior to the Fe3* ions. The reducibility of
Fe-substituted perovskites is less sensitive towards the synthesis procedure in comparison with that of
Ni substituted perovskites.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Nickel and iron substituted lanthanum cobaltates with
perovskite type structure (LaCo; _xNiyO3 and LaCo,_Fe,O3) are
considered as promising cathode materials for intermediate-
temperature solid oxide fuel cells, as well as automotive exhaust
catalysts [1-4]. One of the factors determining their cathode and
catalytic performance is the mobility of lattice oxygen [5-7]. To
evaluate this factor, temperature programmed reduction with H;
is often used as a fast screening method [5,6]. The reduction of
perovskites is a complex process involving the formation of
intermediate oxygen-deficient perovskites before the final reduc-
tion to metal and La,0s. Irrespective of the intensive studies
devoted to the reducibility of LaCo; _xNixO3 and LaCo, _4Fe,Os, the
appearance of intermediate phases at the initial stages of
reduction is subject to controversial discussions. This is a
consequence of the different structural stabilities of oxygen-
deficient perovskites [8]. There are two stable oxygen-deficient
phases: perovskites from Brownmillerite series (La,M,03,_1) and
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Ruddlesden-Popper phases La;,+1M;;03,+1. In the oxygen-defi-
cient phases, Fe ions preferentially occupy octahedral and
tetrahedral positions, while Ni ions are in octahedral and square
planar positions. This determines the different thermal stability of
oxygen-deficient phases. In addition, the stability of these phases
depends not only on the nature of transition metal ions, but also
on the method of synthesis. Among several synthesis procedures
including solution-based and solid state reactions, the most
widely used method is the Pechini one [9]. This method is based
on the mixing of La and transition metal ions at an atomic scale by
the use of citric acid as a chelating agent and of ethylene glycol to
form a polyester-type resin [10-12]. Recently, we have demon-
strated that the synthesis procedure affects both microstructure
and reducibility of unsubstituted LaCoOs [13]. The different
reducibility of LaCoO3 obtained by the Pechini method and that
obtained from freeze-dried citrates has been discussed taking into
account the formation of oxygen-deficient phases from the
Brownmillerite and Ruddlesden-Popper series during the reduc-
tion [13]. Here we extend these studies to Ni and Fe substituted
LaCoOs perovskites.

The aim of the present study is to examine the relation
between crystal structure, microstructure and reducibility of
Ni- and Fe-substituted LaCoOs. Two solution-based methods were
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used for the preparation of LaCo;_xNiyOs and LaCo;_xFe,Os,
0<x<0.5: the Pechini method and the freeze-dried citrate
precursor method. To study the effect of the organic component
on the morphology of LaCoOs, the same metal-to-citric acid ratio
(La:Co:citric acid=1:1:10) was used with both methods. The
thermal properties of freeze-dried citrates and Pechini-type
precursors were followed by DTA and TG analysis. Structural
and morphological characterization was made by XRD and
neutron powder diffraction, TEM and SEM analysis, and specific
surface area measurements. Electron paramagnetic resonance
spectroscopy (EPR) was used to probe the defect structure of
LaCo; _4NixO3 and LaCo; _,Fe,O3. The reducibility was tested by
thermal programmed reduction with hydrogen (TPR). The
products of the partial and complete reduction were determined
by ex-situ XRD experiments.

2. Experimental

Homogeneous La-Co-Ni and La-Co-Fe citrate precursors were
obtained by freeze-drying and by a Pechini-type reaction.
Lanthanum-cobalt-nickel (or iron) citrates were prepared by
adding a 5M aqueous solution of citric acid (CA) to a suspension
of CoCOs, NiCOs; (or Fe(NOs);) in aqueous solution of La(-
NOs3)3-6H,0 (1M La). The ratio between the components was
La:Co; _xM,:CA=1:1:10. After stirring, a clear solution was
obtained, which was diluted to 0.25M La (Co,_xM,). For the
preparation of freeze-dried precursors this solution was frozen
instantly with liquid nitrogen and dried under vacuum (20-
30mbars) at —20°C in an Alpha-Christ freeze-dryer. For the
precursors obtained by the Pechini-type reaction, the La-Co-CA
solution with La:Co:CA=1:1:10 was heated up to ~90°C and
ethylene glycol (EG) was added (CA:EG=1:4). The solution thus
obtained was continuously stirred with a magnetic stirrer on a hot
plate to remove the excess of water and to accomplish the
polyesterification reaction. Prolonged heating produced a more
and more viscous and bubbly pink mass. The thermal decom-
position of the La-Co-Ni(Fe)-precursors was achieved at 400 °C
for 3h in air. The obtained solid residue was annealed between
600 and 900°C for 20h in air, then cooled down to room
temperature at a rate of 5°/min. For the sake of convenience, the
samples were further denoted as P-LaCo;_,M,Os and FD-
LaCo;_xM,03 for oxides derived from Pechini-type precursors
and from freeze-dried citrates, respectively.

The lanthanum, cobalt, nickel and iron content of the initial
salt used was determined complexometrically. The mean oxida-
tion state of the cobalt and nickel ions in the LaCo;_.NiO3
samples was established iodometrically after dissolution of the
powdered sample in HCl under argon. This method is not suitable
for determination of the mean oxidation state of transition metal
ions in LaCo; _xFeyO3 samples.

X-ray structural analysis was made on a Bruker Advance 8
diffractometer with CuKo radiation. Step-scan recordings for
structure refinement by the Rietveld method were carried out
using 0.02° 26 steps of 5s duration.

Elastic coherent neutron scattering experiments were per-
formed at the research reactor FRM-II (Garching n. Munich,
Germany) on the high-resolution diffractometer SPODI [14].
Monochromatic neutrons (1=1.5482A) were obtained at 155°
take-off using the 551 reflection of a vertically-focused composite
Ge monochromator. The vertical position-sensitive multidetector
(300 mm effective height) consisting of 80 >He tubes and covering
an angular spanning of 160° 26 was used for data collection. Each
sample (ca. 0.5cm® in volume) was filled into a thin-wall
(0.15mm) vanadium can of 10 mm diameter. Two-dimensional
powder diffraction data were collected at ambient temperature

and then corrected for geometrical aberrations. The Rietveld
refinement of X-ray and neutron diffraction data was carried out
using the software package FullProf [15]. The peak profile shape
was modeled by choosing pseudo-Voigt function. The scale factor,
lattice parameter, fractional coordinate of atoms, their isotropic
displacement parameters, zero angular shift, profile shape
parameters and half width parameters were varied during the
fitting. The background of the diffraction pattern was fitted using
a linear interpolation between selected data points in non-
overlapping regions.

The crystallite size of oxides was calculated by the Scherrer
equation from the line width of the (012) and (024) reflection
peaks: Dy i=A/((% = B2)'2 cos 0y ;) where A is CuKo radiation, f8
is the peak width at the half height corrected with instrumental
broadening and 0Opy; is the Bragg angle. The line width was
determined by profile analysis using a WinPlotr program.

The thermal analysis (simultaneously obtained DTA, TG and
DTG curves) of the precursors was performed by a “Stanton
Redcroft” apparatus in the temperature range up to 650 °C in air,
at a heating rate of 5°C/min and sample mass of 10 mg.

The EPR spectra were recorded as the first derivative of the
absorption signal of an ERS-220/Q spectrometer within the
temperature range of 90-400K. The g factors were determined
with respect to a Mn2"/ZnS standard. The signal intensity was
established by double integration of the experimental EPR
spectrum.

SEM images of powders coated with gold were obtained by a
Zeiss DSM 962 microscope and by Philips XL30 scanning electron
microscopes. TEM analysis was carried out with a Philips/FEI
CM20 microscope, at an accelerating voltage of 200kV. The
specific surface area of the samples was determined by the BET
method using low-temperature nitrogen adsorption.

Temperature programmed reduction (TPR) experiments were
carried out in the measurement cell of a differential scanning
calorimeter (DSC), model DSC-111 (SETARAM), directly connected
to a gas chromatograph (GC), in the 300-973 K range at a 10K/
min heating rate in a flow of Ar:H,=9:1, the total flow rate being
20 ml/min. A cooling trap between DSC and GC removes the water
obtained during the reduction. To obtain the ex-situ XRD patterns
of the partially reduced oxides, the reduction process was
interrupted at selected temperatures and then the samples were
cooled down to 250°C with a rate of 40°/min and then to room
temperature with a rate of 20°/min in an Ar:H, flow followed by
Ar treatment for 10 min.

3. Results/discussions
3.1. Structure and morphology of LaCo; _xNi,O3 and LaCo; _FexO3

The organic component has been shown to be an important
factor determining the thermal properties of the two types of the
citrate precursors [13]. Fig. 1 gives the DTA, DTG and TG curves of
freeze-dried citrates and Pechini-type precursors. For freeze-dried
La-CoggNigp; and La-CoggFep citrates, the DTA curves display
two endothermic processes at 145 and 170°C, followed by
exothermic processes at about 320 and 350 °C (Figs. 1A and B).
According to the thermal properties of citrate complexes [16-20],
the endothermic processes can be assigned to the dehydration
and to the transformation of the citrate into aconitate, while
the exothermic processes correspond to the combustion of the
residual organics. For Pechini-type precursors, the decomposition
starts at temperatures higher than that of freeze-dried citrates
(above 250°C, Figs. 1A and B). This is a consequence of the
esterification reaction between the citric acid and the ethylene
glycol, which proceeds together with complexation of the metal
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Fig. 1. DTA, DTG and TG curves of freeze-dried citrate precursors (thin lines) and Pechini-type precursors (thick lines) with La-CoggoNip; (A) and La-CoggoFeq -
compositions (B). DTA curves of freeze-dried La-Co; _Niy (C) and La-Co; _Fe, (D) citrates are also given.

ions by citric acid [12,20]. Above 350 °C, there are exothermic
peaks due to the vigorous combustion of the organics. The process
is finished at 440°C (a temperature higher than that of freeze-
dried citrates, 360 °C). Above 440 °C, a slight weight loss (about
1%) is observed due to the burning of the deposited carbon. The
same process of carbon burning is well established during
thermal treatment of citrate complexes containing ethylene
glycol [13,18,20].

Figs. 1C and D compare the DTA curves of freeze-dried
La-Co; _4Niy and La-Co, _,Fe, citrates with x varying from O to
0.5. By increasing the Ni and Fe content, the two endothermic
peaks due to the dehydration and the transformation of the citrate
into aconitate remain intact, whereas the exothermic peak due to
the combustion of the residual organics is developed in a wider
temperature range. It appears that the Ni and Fe amounts only
slightly affect the decomposition process of the La-Co precursors.

At 400 °C for a short heating time (3 h), thermal decomposition
of both freeze-dried and Pechini-type precursors yields a mixture
of a perovskite phase (LaCo; _4Ni Os), spinel oxide (Cos_,Ni,04)
and Lay0,COs3 (Fig. 2). This means that irrespective of the
precursors used, the formation of the perovskite phase proceeds
by the interaction of La,0,CO3 with the spinel oxide. The same
results are obtained for the iron-containing precursors. It is worth
mentioning that unsubstituted LaCoOs; display the same
mechanism of formation from citrate precursors [13]. This is
consistent with the thermal properties of both citrate precursors,
where the organic component has a crucial role.

By increasing the preparation temperature from 400 to 600 °C and
by prolonging the annealing time from 3 to 20h, well-crystallized
single phases of rhombohedrally distorted LaCo;_,NiyO3 and
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Fig. 2. XRD patterns of the thermal decomposition products of freeze-dried La-
Coo.9Nip1-CA (a) and La-CoggNig 1-CA-EG precursors (b) at 400 °C. Bragg reflec-
tions for perovskite (@, LaCo/NiOs), monoclinic La,0,CO; (M) and spinel phase (*)
are given.

LaCo, _xFe, O3 perovskites were obtained by both methods (Fig. 3).
Fig. 4 gives the lattice parameters as a function of the amount of Ni
and Fe ions. The lattice parameter a that reflects the distance between
two neighboring transition metal ions increases with the Ni and Fe
content. A lattice expansion is also observed when LaCo; _,Ni,O3 and
LaCo, _xFe,O3 perovskites are annealed at 900 °C.
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Irrespective of the annealing temperature, the Vegard’s law is
not obeyed. This is a consequence from the spin transitions of the
Co>* ions in cobalt perovskites. For pure LaCoOs3, the Co>* ions are
in a low-spin configuration (S=0) below 35 K; above 35K, there is
a transition from low-spin to high-spin Co>* (§=2) culminating
between 110 and 350K in an ordered semiconducting phase
containing about 50% high-spin and 50% low-spin ions [21,22].
When Ni is substituted for Co, the rhombohedrally distorted
perovskite structure is preserved together with promotion of
the high-spin state of the cobalt ions [23,24]. The ionic radii of
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Fig. 3. XRD patterns of LaCopgNip;03; obtained from freeze-dried citrates,
annealed at 600 and 900 °C for 20 h.
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high-spin Co>* and Ni* are close (0.61 and 0.60 A, respectively),
whereas low-spin Ni®>* has a slightly larger ionic radius than that
of low-spin Co>* (0.56 and 0.545 A, respectively) [25]. In addition,
the lattice expansion can also be related with oxygen non-
stoichiometry of LaCo;_,NiyO3. The mean oxidation state of the
Co; _xNiy ions in LaCo; _4Ni,O3 is shown in Fig. 5. With increasing
Ni content, there is a deviation of the mean oxidation state from 3.
Furthermore, the annealing temperature also affects the mean
oxidation state. It is noticeable that the observed changes in the
oxidation state proceed in the framework of the perovskite
structure (Fig. 3). These results enable to relate the oxygen
non-stoichiometry of LaCo; _,NiyO5 with the appearance of Ni**,
in addition to the Co®>* and Ni* ions. The ionic radius of Ni%*
(0.69A, [25]) is larger than that of low- and high-spin Co®>* and
Ni* ions, which leads to the lattice expansion of LaCo; _xNi,Os. In
the case of Fe-substituted perovskites, the observed lattice
expansion can be related with the larger ionic radius of
high-spin Fe>* ions: 0.645A [25]. The smooth increase in the
lattice parameters indicates the formation of LaCo;_,NiyO3 and

LaCo4 _4Fe, O3 solid solutions.
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The structural peculiarities of LaCo; _,NiyO3 and LaCo, _,Fe,O3
solid solutions annealed at 900 °C were furthermore examined by
means of neutron diffraction (Fig. 6). Analysis of neutron
diffraction patterns shows that LaCo;_,NiyOs and LaCo, _Fe,O3
adopt a rhombohedrally distorted perovskite structure, where Co
and Ni/Fe ions are randomly distributed. Minor traces of
impurities were detected by neutron diffraction experiments.
Some reflections were attributed to La,0; oxide, whereas other
type of reflections does not fit to any known composition.
Indexing of remaining reflections converged with a face-
centered cubic lattice and lattice parameters ranging from ca.
8.35 to 8.57 A, which is similar to spinel of Co,Co04 type (Al,MgO,4
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Fig. 6. Neutron diffraction patterns (points) of LaCoggNig 03, LaCogsNip 503 and
LaCogoFeo.103 annealed at 900 °C. Calculated intensities (full lines) of Ni- and Fe-
substituted perovskites at ambient temperature (1=1.5482A). The difference
curves are shown at the bottom. Bragg reflections for rhombohedrally distorted
perovskite structure, impurities La,O5 and the spinel phases are indicated.

type of structure). Numerous attempts to refine its crystal
structure were unsuccessful, therefore this phase was included
into the refinement via full profile decomposition (Le-Bail)
technique. Furthermore the lattice parameter of the impurity
spinel phase does not depend on the Ni/Fe-to-Co ratio and is
higher than that of pure Co3;0,: a=8.40-8.45A compared to
a=8.08 A, respectively. The appearance of the impurity phases is
most probably a consequence of the perovskite formation by a
solid state reaction of spinel oxides (Cosz_xM,04) and La;0,COs5.
The same mechanism of perovskite formation from
citrate-based precursors has recently been established for
(Bap.s5Sto5)(FepsZng ;)03 _5 [26]. It has been demonstrated that
the perovskite-type oxide is already formed at moderate
temperatures (around 700°C) via nano-scale solid state
reactions between finely dispersed crystalline intermediates
identified as a spinel and a carbonate [26].

The obtained structural parameters are listed in Table 1. As it
has been already seen with XRD the lattice expands upon Co to
Ni/Fe substitution. An important feature is that the type of
precursors used has no effect on the lattice parameters of
Fe-substituted perovskites. On the contrary, Ni-substituted
perovskites display slight changes in the lattice parameters
when they are obtained from freeze-dried citrates or Pechini-
type precursors. This is in agreement with the observed changes
in the mean oxidation state of metal ions in LaCo;_xNiyO3
obtained by both methods (Fig. 5).

Free oxygen atomic coordinate xo is not sensitive to the type of
precursors and rather low isotropic displacement parameters B
were found for all constituents thus indicating minor atomic
disorder in the system.

The determination of occupancy factors in this system is a
complicated procedure. In order to reduce the correlations
between parameters, the oxygen occupation was given by the
iodometric titration, whereas the total occupancy on 6a (La) and
6b sites (Co/Ni/Fe) was constrained to ! (Table 1). As one can
see, this model describes well the cationic distribution in Ni and
Fe-substituted perovskites.

The distribution of Ni and Fe in LaCo;_,NiO; and La-
Co; _4Fe, O3 solid solutions annealed at 600 °C was furthermore
examined by means of electron paramagnetic resonance spectro-
scopy. This technique has been used to examine both the defect
structure of LaCoO5 and the cationic distribution in Ni-substituted
LaCoO5 [27-30]. For LaCoOs, defects including ferromagnetic
coupled Co®>* and Co** ions were detected by EPR [29]. The defect
density was higher when LaCoOs; was obtained from precursors
containing a lower amount of the organic component [13]. When
LaCo;_,NiyO3 oxides are annealed at a lower temperature
(600°C), the EPR spectra consist of a signal due to magnetic Ni
clusters [30].

Here we are extending the EPR study to Ni and Fe substituted
LaCoOs obtained from citrate and EG-citrate precursors. Fig. 7
shows the EPR spectra of LaCo; _4Ni,O3 and LaCo; _,Fe O3 oxides
annealed at 600°C. It is worth mentioning that “defectless”
LaCoOs, LaCo;_xNiyO3 and LaCo;_,NiyO3 do not give an EPR
response in the X-band experiments (9.2 GHz) [27-30]. However,
the EPR spectra of Ni-substituted LaCoO3 consist of a broad signal,
which, according to our previous studies, is due to magnetic Ni
clusters. The density of these clusters increases with the Ni
content going through a maximum at x=0.25. Contrary to LaCoO3
and Ni-substituted oxides, Fe-substituted oxides do not display
any EPR signal in the temperature range of 100-400K. On
increasing the annealing temperature from 600 to 900°C, all
perovskites become EPR “silent”.

The morphology of Ni- and Fe-substituted LaCoOs; also
depends on the synthesis procedure used (Fig. 8). At 600 °C,
unsubstituted LaCoOs obtained from freeze-dried citrate displays
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Structural parameters of LaCo; _4NiyO3 and LaCo; _,Fe,O3 at ambient temperature as obtained from treatment of neutron data by Rietveld method.

FD-LaNio.10C00.9003

P-LaNip 10C00.9003

FD-LaNi 50C00.5003

P-LaFeq,10C00.9003

FD-LaFe(.10C00.9003

Phase 1 (perovskite)

5.46068(8) 5.44418(7) 5.44424(8)

13.1190(2) 13.1025(2) 13.1016(2)
0.5504(1) 0.5498(1) 0.5500(1)
0.59(3) 0.41(3) 0.46
0.10(4) 0.41(7) 0.37(6)
0.58(2) 0.75(2) 0.71(2)
0.974 1.0 1.0

0.412(5):0.585(5)
94.83

0.115(6):0.885(6)
97.05

0.112(6):0.888(6)
96.09

2.68 2.49 2.74

8.3575(3) 8.5651(8) 8.5600(7)

517 123 1.97

0.023 0.123 0.367
3.9426(6) 3.9421(6)
6.064(1) 6.070(1)
1.72 1.94
0.451 0.572

3.35 3.09 3.13

426 4.04 401

5.00 497 491

a (A) 5.44502(8) 5.44728(8)
¢ (A) 13.0930(2) 13.0960(2)
Xo, (rel. un.) 0.5499(1) 0.5500(1)
Bia (AZ) 0.51(3) 0.52(4)
Beoifre (A?) 0.02(8) 0.23(9)
Bo (A%) 0.67(2) 0.64(2)
Xo 0.981 0.99(1)
XNijFe:Co 0.029(5):0.971(5) 0.065(6):0.935(6)
IIR 92.82 97.42
Rbragg (%) 2.80 235
Phase 2 (spinel)

a (A) 8.4469(3) 8.4371(5)
IR 4385 2.58
Rbrage (%) 0.02 0.054
Phase 3 (Lax03)

a(A) 3.9434(4)

c(A) 6.068(1)

IIR 2.33

Rerage (%) 0.08

Ry (%) 2.74 3.13

Rup (%) 3.62 4.06

Rexp (%) 3.51 5.11

The space group is R3¢ (No. 167). The structural data were modeled for La occupying the 6a position (0,0,), Co/Ni/Fe are located on 6b site (0,0,0), whilst oxygen occupy 18e
position (xo,0,}). Numbers in parentheses give statistical errors in the last significant digit. IR denotes the mass fraction of phases.

103 K LaCoy goFeq 1005

LaCo, ;:Nij 505

103K

dP /dB, a.u.
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253 K .)
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100 200 300 400 500

B, mT

Fig. 7. EPR spectra of LaCog gNip 103, LaCog 75Ni 2503 and LaCog gFep 103 annealed
at 600 °C.

plate-like aggregates with dimensions higher than 5 um, whereas
particles with lower extent of agglomeration are formed by the
Pechini method. The presence of Ni and Fe reduces the extent of
particle agglomeration.

Inside the aggregates, well-crystallized hexagonal individual
particles become visible (Fig. 8g). The particle dimensions (about
70 +25nm) fall in the nanometric scale and depend neither on
the Ni and Fe content nor on the type of the precursor used. This
insensitivity of the particle dimensions is further supported by the
crystallite sizes determined from the broadening of (012) and
(024) diffraction lines: 33 +4 and 41 +4nm for LaCoggNig 03
and LaCogoFeq 103, respectively. It is important that the particle
dimensions determined by TEM analysis match the crystallite
sizes determined from diffraction line broadening, indicating the
formation of nanometric crystallites of perovskites.

With the increase of the annealing temperature, the aggregates
disappear at the expense of the appearance of larger particles. At
800 °C, the powders obtained from freeze-dried citrates show a
tendency to form an open network of well shaped particles, while
the Pechini method yields submicron particles loosely connected
by one another (Fig. 9). As in the case of perovskites annealed at
low temperatures, the particle dimensions seem to be
independent on the Ni and Fe ions: 400 + 50 and 440 + 50 nm
for LaCoggNig;0s and LaCoggFep:03 annealed at 900°C,
respectively. They appeared to be slightly lower in comparison
with that of unsubstituted LaCoOs: 560nm. It is worth
mentioning that all samples display close particle size
distribution.

The observed changes in the morphology are consistent with
the specific surface area of the perovskites. For the perovskites
annealed at 600 °C, the specific surface area varies between 12
and 15 m?/g, while by increasing the annealing temperature up to
900 °C the specific surface area decreases to 1-2m?/g. Further-
more, the specific surface area is insensitive towards the Ni and Fe
content, as well as towards the type of the precursor used.

3.2. Reducibility of LaCo;_4NixO3 and LaCo; _4Fe,Os

The structural and morphological characterizations enable to
examine the reducibility of Ni and Fe substituted LaCoOs. Fig. 10
compares the TPR curves of LaCo;_,NiyO3 and LaCo;_,Fe,O3
annealed at 600 and 900 °C. In the TPR curves of Ni-substituted
perovskites, two well separated peaks are distinguished: a low-
temperature (LT) peak developed between 250 and 500 °C and a
high-temperature (HT) peak appearing above 500 °C. Irrespective
of the annealing temperature, the HT reduction peak is shifted
towards lower temperature with increase in the Ni content. The
same dependence on the Ni content is observed for the LT
reduction peak, especially for perovskites annealed at 600 °C.
Contrary to LaCo;_xNiyO3, the TPR curves of Fe-substituted
perovskites display only the LT reduction peak, while the HT
peak falls outside the temperature scale used. By increasing the Fe
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Fig. 8. SEM images of FD-LaCoOs (a), FD-LaCoggNig.103 (b), FD-LaCoggFeq 103 (c), P-LaCoOs3 (d), P-LaCogoNip 103 (e) and FD-LaCoggFep 105 (f) annealed at 600 °C. TEM

images of FD-LaCog9Nip 103 (g) annealed at 600 °C.

a

Fig. 9. SEM images of LaCogsNig503 obtained from freeze-dried citrates (a) and LaCoggNip 103 obtained by the Pechini method (b). Annealing temperature is 800 °C.

content, the LT peak is progressively shifted towards higher
temperatures, especially for the oxides annealed at 900 °C. From
TPR analysis, two important features can be outlined. The first one
indicates that the Fe-substituted perovskites are more stable in
comparison with Ni-substituted ones. The second reveals that the
reduction stability of the perovskites annealed at 600 °C is lower
than that of perovskites annealed at 900 °C.

Furthermore, the reducibility of LaCo, _,Ni,O3 and LaCo; _Fe,O5
perovskites displays a dependence on the type of the precursors
used (Fig. 11). Perovskites obtained by the Pechini method are
characterized by lower reduction stability as compared to the

perovskites obtained from freeze-dried citrates. This dependence is
well pronounced for LaCoO3; and Ni-substituted LaCoOs only. The
reducibility of Fe-substituted perovskites remains the same
irrespective of the type of precursors used. It is worth mentioning
that the specific surface area of the perovskites obtained from
freeze-dried citrates and Pechini-type precursors is similar for one
and the same annealing temperature.

To rationalize the reduction process of LaCo;_xNiO3
and LaCo;_xFe O3, ex-situ XRD measurements of partially and
completely reduced perovskites were undertaken (Fig. 12). The
reduced compositions were obtained after interruption of the
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reduction process at selected temperatures corresponding to the
LT and HT peaks (shown in the inset of Fig. 12). Irrespective of the
Ni content and the annealing temperature, the complete
reduction of LaCo;_xNiyO3 yields a mixture of La,Os; and
transition metal (Fig. 12). The diffraction peak at about 44° due
to metals is too broad, thus preventing one to specify if pure Co
and Ni metals or Co;_Niy alloys are formed.

A
"600 °C"
900 o 2

H, consumption, a.u.

B W <485 —— "800 °C"
539 ~——"900°C"

H, consumprtion, a.u.

Fig. 10. TPR curves of LaCo;_,Ni,O3 (A) and LaCo,_,Fe,Os (B) obtained from
freeze-dried citrates, annealed at 600 and 900 °C. The inset shows the position of
HT peak versus the Ni content for LaCo; _,Ni O3 (A).

The Ni content and the synthesis procedure affect the
formation of intermediate products of perovskite reduction. After
partial reduction up to 420°C, oxygen-deficient perovskites
are formed. By increasing the Ni content and the annealing
temperature, the Brownmillerite type phase (LayCo,0s5) is
stabilized. The unit cell parameters of the Browmnillerite phase
deviate from that of unsubstituted La,Co,0s5: a=5.4327 A,
b=15.8240A, c=5.6586A for reduced LaCog75Nig2503 versus
a=5.4445A, b=15.8689A, c=5.6922A for LayCo,0s. This
indicates that Ni ions are included into the La,Co,0s5 structure.
In addition to the oxygen-deficient LaCo;_xNiyO3;_, phases,
transition metals are also detected at the initial stage of reduction.
The formation of transition metals proceeds more easily for the
perovskites with the higher Ni content and when they are
annealed at 600°C. Rough estimation from the XRD patterns
shows that for LaCog 75Nip 503 annealed at 600 °C about 30% of
the total amount of the transition metal is obtained during the
reduction up to 420 °C whereas for the sample annealed at 900 °C
this amount is about 20%.

In contrast to Ni substituted perovskites, the low-temperature
reduction of Fe-substituted oxides (up to 450 °C) produces slight
changes in the perovskite structure. The oxygen-deficient
Brownmillerite type phase (La,Co,0s) is stabilized only after
the reduction of Fe-poor perovkites annealed at 900°C. It is
noticeable that, irrespective of the annealing temperature, the
reduction of LaCo,_,Fe,O3 takes place without the formation of
Co and/or Fe metals.

Based on ex-situ XRD experiments, the reduction of Ni
substituted perovskites can be described as a two-step process
comprising the reduction of Co>* and Ni** ions to Co® and Ni°
metal via Co®* and Ni?* ions. At the first stage, there is a release
of oxygen from the LaCo;_,Ni,O; perovskite leading to the
formation of oxygen-deficient perovskite-related phases. Ni-poor
perovskites annealed at 600°C are capable to reversibly uptake
oxygen, as a result of which the oxygen-deficient phase is not
stable during the air exposure of the oxide for ex-situ XRD
experiments. The reversible process of oxygen release and uptake
is favored by the nanometric particle dimensions. By increasing
the Ni content, oxygen-deficient perovskite-related phases from
the Brownmillerite series, La,(Coj_xNiy),03,_1, become more
stable. Above 500°C, irreversible reduction of the oxygen-
deficient perovskites to transition metals and lanthanum oxide
takes place. The temperature of complete perovskite reduction
smoothly decreases with increasing the Ni content. Contrary
to LaCo;_xNiyO3, Fe-substituted perovskites display higher
reduction stability, as a result of which, only the first stage of
the reduction process is accomplished between 200 and 700 °C.
By increasing the Fe content, oxygen-deficient perovskites,

A 622
374 409

H, consumprtion

B

380
435

AL

LaFe, ;Co, 40,

611

H, consumption, a.u

Fig. 11. TPR curves of LaCo0s3, LaCog gNig ;03 and LaCog oFe( ;03 annealed at 600 °C (A) and 900 °C (B), obtained from freeze-dried citrates (red curves) and by the Pechini
method (black curves). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 12. XRD patterns of partially reduced oxides derived from P-LaCogoNig 103 (A), FD- LaCog gNig 103 (B), FD-LaCog 75Nip 2503 (C) and FD-LaCo; _yFe,O3 with x=0.1 and
x=0.5 (D). The annealing temperature (marked in the figure) is 600 °C (left) and 900 °C (right). The inset shows the temperature where the reduction process is interrupted.

Bragg reflections for La;M»05 (LaxMy 1), Laz03 (LOp ;) and Co/Ni metal (Co/Nipy) are given.

reaction with formation of transition metals between 250 and
500°C (i.e. the temperature range where the LT peak is

synthesis procedure, Ni-substituted developed). To outline this peculiarity, the ratio of the HT to LT
peak area is determined. The peak areas were estimated by

LaCoq _4Fe,O3_,, become more stable than the Brownmillerite-
phase, La,(Coq _xFey),0s.

Depending on the
perovskites display a deviation from the two-step reduction
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Fig. 13. The HT-to-LT area ratio (Ayt/Arr) for FD-LaCo; _4Ni,O3 and P-LaCo; _4Ni,O3 annealed at 600 and 900 °C (A). The normalized LT peak area of LaCo, _4Fe,O3 annealed
at 600 and 900 °C (B). The calculated ones for two-step reduction mechanism and for preferential reduction of Co>* to Co?* are shown with dotted lines.

numerical integration of the curves between 250 and 480 °C and
between 480 and 700°C for the LT and HT peaks, respectively.
Fig. 13A gives the HT-to-LT area ratio as a function of the
Ni-content. When the perovskite reduction proceeds by
consecutive formation of M?* and metal phases, the ratio of the
areas of the HT-to-LT peaks has to be equal to 2. This value will be
slightly higher than 2, if we take into account the oxygen
non-stoichiometry of LaCo;_xNixO3 (Fig. 5). The formation of a
transition metal during the first stage of reduction will diminish
the ratio of the areas of the HT-to-LT peaks. As one can see, for
Ni-rich perovskites annealed at 900°C the deviation from the
two-step reduction process is less obvious. The reduction reaction
is more complex for Ni-poor perovskites and for perovskites
annealed at 600°C and includes the formation of both oxygen-
deficient perovskites and transition metal. In addition, the
reduction process is sensitive towards the type of precursors
used. Perovskites obtained from Pechini-based precursors are
reduced in two steps, while a deviation from two-step reduction
reaction is observed for perovskites obtained from freeze-dried
citrates.

The effect of the synthesis procedure on the reducibility of
LaCo; _4NixO3 can be related to their stoichiometry and morphol-
ogy. The more non-stoichiometric is LaCo;_xNiyO3, the more
easily the Brownmillerite-type perovskite is stabilized as an
intermediate product of LaCo;_,NiyO3 reduction. The loosely
bonded nanometric particles make the one-step reduction of M3*
to MC easier. The appearance of spinel impurities, characterized
with lower reduction stability than that of perovskites [31], can
also contribute to the formation of transition metal at the first
stage of the perovskite reduction. Taking into account the small
amount of the spinel phase (less than 5%), it seems that most of
the transition metal is formed after perovskite reduction.

In order to analyze the reduction behavior of Fe-substituted
perovskites, LaCoOs obtained by the Pechini method is used as
standard for Co®>*-Co?* reduction between 250 and 500 °C.
Fig. 13B gives the area of the LT peak of LaCo, _1Fe,O3 normalized
versus the area of the LT peak of P-LaCoOs. As one can see, the
normalized LT peak area decreases with the Fe content. To explain
this observation, the same figure also presents the calculated
normalized LT peak area supposing that Co>* is reduced to Co®*
prior to Fe>* ions. The comparison shows that there is a good
agreement between experimentally determined and calculated
ones. The preferential reduction of Co®>* to Co?* is also consistent
with XRD patterns of Fe-rich compositions reduced to 480°C
(Fig. 12).

The effect of Ni and Fe on the reduction stability of LaCoOs is
consistent with data reported in the literature [32,33]. The
two-step reduction via formation of Brownmillerite type
phases has also been reported for the LaCoOs; and LaNiOs
compositions [34-42]. In addition, for LaCoOs and LaNiOs, another

reduction mechanism has been proposed: the interaction of
perovskites with H, has been explained by the formation of
Ruddlesden-Popper phases instead of Brownmillerite-type oxides
[43,44]. In this case, a formation of transition metal together with
Ruddlesden-Popper phases has been established [45]. The reduc-
tion of LaFeOs with H; is limited in the temperature range of
200-700°C and proceeds via reduction of a small fraction of
Fe*" to Fe** ions [46,47]. In this study, we demonstrate that the
reduction of Ni and Fe-substituted LaCoOs perovskites proceeds in
two steps via the formation of oxygen-deficient perovskites.
Depending on the synthesis procedure, the ex-situ XRD
experiments show the formation of transition metal in addition
to the oxygen-deficient perovskites. It is noticeable that, contrary
to pure LaCoOs [13], no Ruddlesden-Popper phases are detected
for Ni- and Fe-substituted perovskites.

4. Conclusions

The formation of LaCo;_,Ni,O3 and LaCo;_,Fe,Os starts at
400 °C by the reaction between La,0,CO3 and a spinel phase after
the decomposition of the organic components. The solid state
reaction proceeds at a nano-scale level, as a result of which
well-crystallized LaCo;_xNi,O3 and LaCo;_xFe,Os with a
rhombohedrally distorted perovskite type structure are formed
at 600°C. These oxides display oxygen deficit when they are
obtained via the Pechini route. For LaCo;_,NiyO3, the Co/Ni
distribution is not completely homogeneous due to the formation
of Ni magnetic clusters. On increasing the annealing temperature
from 600 to 900°C, a homogeneous Ni and Co distribution is
observed. In the same sequence, the oxygen non-stoichiometry
increases. For LaCo, _4Fe,O3, a homogeneous Co and Fe distribu-
tion is achieved irrespective of the annealing temperature.

The morphology of LaCoO5 obtained from freeze-dried citrates
and annealed at 600°C consists of plate-like aggregates with
dimensions larger than 5 pm, whereas particles with lower extent
of agglomeration are formed by the Pechini method. The presence
of Ni and Fe reduces the extent of particle agglomeration.
Inside the aggregates, well-crystallized nanoparticles with dimen-
sions insensitive towards the Ni and Fe contents (70 4+ 25nm)
are formed. With the increase in annealing temperature,
crystallite growth takes place, the close particle distribution
being preserved.

The complete reduction of LaCo,_,NiyO3 with H, proceeds
to transition metal and La,0s;. Both the Ni content and the
synthesis procedure affect the formation of intermediate products
of perovskite reduction. For Ni-rich perovskites (x > 0.1) annealed at
900 °C, the reduction proceeds via the formation of Brownmillerite
type phases (Ni substituted La,,Co;03,,_1), while, for low-tempera-
ture annealed perovskites, the reduction reaction is more complex



950 S. Ivanova et al. / Journal of Solid State Chemistry 183 (2010) 940-950

including the formation of both oxygen-deficient perovskites and
transition metal. The more non-stoichiometric LaCo;_,Ni,O3 in
respect of oxygen, the easier the Brownmillerite-type perovskite is
stabilized as an intermediate product. The loosely bonded nano-
metric particles and the inhomogeneous distribution of Ni and Co
ions favor the one-step reduction of M3* to M°.

The interaction of LaCo; _4Fe,O3 with H; is not complete up to
700 °C. The reaction proceeds by preferential oxidation of Co** to
Co?* without affecting the Fe3* ions.

The reduction of LaCo;_,Ni,O3 and LaCo;_,Fe,O3 is less
sensitive towards the synthesis procedure as compared to
unsubstituted LaCoOs.
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