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Abstract Great differences in crystallographic phases,
magnetic properties, and catalytic activity were detected in
lanthanum cobaltite and cobaltite modified with the insertion
of 10 wt.% of Mn. Atomic absorption spectroscopy, BET area
measurements, XRD analysis, TPR, and FT-IR suggest that
the total insertion of manganese in the LaCoQj5 structure is
successful. Thermal stability is reached for LaCog 9oMng 1003
up to 973 K without loss of the perovskite structure. The
magnetic properties of the as-grown compounds are main-
tained after a first reduction process up to 723-773 K, while
presence of segregated phases is observed after reduction at
973 K. The catalytic activity evaluated in the total combustion
of acetyl acetate shows a decrease in the ignition temperature,
i.e. an increase in the catalytic activity for the LaCoggg
Mng ;9O5 perovskite. A significant enhancement in the cata-
lytic activity expressed as intrinsic activity, mol m—> h™",
with the manganese substitution was found.

Introduction

Mixed oxides mixtures with perovskite/type structure, of
general formula ABOj3, where A is a large cation and B is a
small cation of the d-transition series, have been thor-
oughly investigated in the past decades [1-4]. Of great
interest has been the investigation of the physico-chemical
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modifications when the A- and/or B-sites are substituted by
cations of foreign metals, resulting in substantial changes
in the magnetic [5], electric [6], and catalytic properties
[7]. Among the particular aspects of this research, the
catalytic activity is of great importance since it may lead to
technical applications in the fields of oxide fuel cells or
oxidation catalysts. Perovskite-mixed oxides based on Co
or Mn are among the materials the most studied in this field
because of low costs in comparison with noble metals
catalysts and because of the possibility to present several
oxidation states which may favor chemical bonds and
physico-chemical interaction mechanisms.

It is by now well known that the partial substitution of
the cation B by another one of similar oxidation state and
ionic radius can improve the phase stability or enhance the
perovskite’s redox efficiency. These redox properties and
the defect structure can be investigated and correlated by
characterizing the solids with temperature programmed
reduction (TPR) techniques, and X-ray diffraction (XRD)
[8, 9]. In particular, some differences in the crystalline
structure and transition temperature have been reported
after substitution of 10 wt.% in the B-site [10], but not
much information has been given on the interrelation
between the phase stability and the catalytic activity of
these materials.

On the other hand, magnetic properties are intimately
related to the presence of mixed-valent cations, in partic-
ular manganese, because of its various oxidation states
(Mn**, Mn**, Mn*"). Substitution (or insertion) of man-
ganese in perovskites may create favorable conditions for
magnetic interactions through the oxygen orbitals, being
sensitive to structural factors, to the substituent ratio or to
cation and/or anion vacancies. As such, perovskite mate-
rials based on manganese and/or cobalt have been
thoroughly studied in the past because of the very
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interesting magnetoresistance properties [11, 12], but not
much attention has been paid to the modifications of the
magnetic properties with the catalytic activity, since redox
effects will immediately affect the anionic network.

The case of the lanthanum cobaltite LaCoO5 is partic-
ularly interesting, mainly from the point of view of its
electronic properties [13] and as a total oxidation catalyst
[14]. Two spin-state transitions are expected for the cobalt
ion, from a low-spin to a high-spin configuration, via an
intermediate spin-state. Then, the partial substitution of Co
by a B cation may drastically modify its electronic struc-
ture and improve these important applications.

The present work was undertaken with the aim to deter-
mine the effects of doping, herein defined as a partial
substitution (of the order of 10 wt.% or less), of isovalent
transition-metal elements (Co by Mn) on the structure and
physico-chemical properties of the lanthanum cobaltite
LaCo0Oj3. Our main objective is to know the interrelation
among the phase stability, the redox properties, and the
magnetic interactions since any modification to the overall
oxidation state of the cationic sublattice will immediately
affect the anionic network, and hence, the catalytic activity.
For this, samples of lanthanum cobaltite LaCoO3 and 10%-
substituted LaCoggoMn 10035 have been prepared and sub-
jected to reduction—oxidation cycles at two different
temperatures in order to determine their phase stability, the
catalytic activity, the oxidative efficiency and, at the same time,
to evaluate the modifications of their magnetic properties.

Experimental

LaCoOj3 and LaCog9oMng 19003 perovskites were prepared
by the citrate method [15]. Stoichiometric amounts of an
aqueous solution of nitrates of the corresponding metals
were added to an aqueous solution of citric acid with a 10%
excess over the number of ionic equivalents of cations. The
resulting solution was stirred at room temperature and slowly
evaporated at 343 K under vacuum in a rotary evaporator
until gel formation is reached. Then this gel was dried in an
oven, slowly increasing the temperature by 1 K min~" up to
523 K and maintaining it overnight to yield a solid amor-
phous citrate precursor. The resulting powder was crushed
and sieved to obtain the required particle size (<200 pm),
then heated up to 973 K atarate of 1 K min~" and held in air
at this working temperature for 6 h.

Characterization
Specific surface area

Specific areas were calculated using the BET method [16]
from the nitrogen adsorption isotherms, recorded at the

temperature of liquid nitrogen on a Micromeritics apparatus
Model ASAP 2010. Prior to the adsorption measurements,
samples were out-gassed at 107° torr at 423 K.

TPR cycles

TPR experiments were performed in a TPR/TPD 2900
Micromeritics system provided with a thermal conductivity
detector (TCD). Samples of about 20 mg were placed in a
U-shape quartz tube previously purged in a synthetic air
stream of 50 mL/min at 773 K for 1 h and then cooled to
room temperature. Reduction profiles were then recorded
by passing a 5% Hy/Ar flow at a rate of 40 mL/min while
heating at a rate of 10 K/min from ambient temperature to
1,173 K. Because the reduction profiles could be perturbed
by experimental conditions [17, 18], the operating vari-
ables (initial amount of reducible oxides (So), total flow
rate (V*), heating rate (f) and the initial H, concentration
(Co)) were chosen in such a way to measure the line profile
and peak position accurately [19, 20]. A cold-trap was
placed just before the TCD of the instrument to remove the
water from the exit stream.

X-ray powder diffraction

The XRD patterns of all calcined samples were obtained
with nickel-filtered CuKo; radiation (4 = 1.5418 /ck) using
a Rigaku diffractometer controlled by a computer. XRD
diffractograms were collected in the 260 range of 5-80° in
steps of 2°/min. Phase identification was carried out by
comparison with the JCPDS-ICDD database cards.

Fourier transform infrared spectroscopy

Fourier transform infrared (FT-IR) spectra were recorded
in a Nicolet Magna-IR 550 instrument, equipped with a
quartz sample holder with KBr windows. The perovskites
were dehydrated at 483 K and finely ground in an agate
mortar with KBr to obtain a sample/KBr ratio 1/150.

Magnetic measurements

Magnetic measurements between 2 and 300 K were per-
formed using a Quantum Design MPMS-XL5 SQUID
susceptometer. Samples were first cooled under no applied
field; then, an external d.c. field of 250 Oe was applied at
2 K and samples were warmed up while recording the
magnetization (zero-field-cooled mode, ZFC). Once at the
maximum temperature, samples were cooled down under
the same applied field (field-cooled mode, FC). In this way,
any irreversibility in the ZFC/FC magnetization cycle is
due to an ordered state settled at T = Toy, = T.
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Catalytic activity

The catalytic activity evaluation in the total combustion of
acetyl acetate was performed in a conventional flow reactor
at atmospheric pressure using an LHSV of 150 h™'. In each
experiment, 50 mg of catalysts diluted with 100 mg of
silica as an inert was used. The activity was measured at
different temperatures. The reactant mixture was fed into
the reactor at 100 mL/min, measured at room temperature,
and the temperature was linearly increased up to the
required temperature, and then maintained constant for
30 min. Then, it was raised to a new isothermal tempera-
ture using the same heating rate (1 K min~'). Several
isothermal steps were performed until reaching complete
conversion. The molar mixture used was C4HgO,:05:
He = 1:10:89. Reactor effluents were analyzed using an
on-line gas chromatograph Hewlett Packard model HP
4890D with a TCD. Helium was used as a carrier gas and
the column used was a Porapack S and a Supel Q plot 30 m
and 0.53 mm.

Results and discussion
Specific area

The specific surface area of the cobaltite decreased from 13.0
to 9.5 m* g~' upon the insertion of 10% Mn, before the
redox reactions (Table 1). This result is indicative of an
increase in the mean particle size and a low degree of crys-
tallinity with the substitution of manganese on cobaltite.
After the reduction—oxidation reactions, the specific surface
areas were found to increase, as it will be discussed below.

TPR cycles

TPR cycles (TPR;—TPR,) were performed in order to study
the perovskites’ reducibility, which is a key parameter
when studying the effect of manganese addition on the
cobaltite stabilization. The procedure included the follow-
ing steps: (i) a first reduction step under H,/Ar flow up to

973 K (herein named as TPR,); (ii) cooling in Ar flow to
room temperature; (iii) oxidation in an O,/He flow mixture
up to 973 K; and (iv) a second reduction treatment (herein
named as TPR;) similar to step (i) once the sample was
cooled to ambient temperature. This procedure was selec-
ted to study the perovskites’ thermal stability under
hydrogen. Figure 1 displays the TPR; and TPR, of
cobaltite (Fig. la, ¢) and LaCoy¢oMng 19003 (Fig. 1b, d).
Differences in the LaCoOs and LaCog9oMng ;005 reduc-
tion profiles are observed, where the two reduction peaks of
the non-substituted cobaltite are larger and better defined,
both for TPR; and TPR,. The TPR; of the cobaltite pre-
sents two well-defined peaks, centered at 653 and 818 K,
the larger one at the higher temperature. These results are
in agreement with those reported for the cobaltite reduction
by Marcos et al. [21] and Crespin and Keith [22]. They
report an oxygen-deficient perovskite structure (LaCoO3_s)
at temperatures below 673 K. This result corresponds to
the first reduction peak in TPR; for the cobaltite. The
complete reduction of perovskite, with formation of La,O3,
La(OH)3, H,O and Co°, corresponds to the second reduc-
tion peak of TPR; at temperatures above 773 K. Another
reduction mechanism, reported by Sis and Wirtz [23],
points to the formation of intermediate products, such as
cobalt spinels as well as manganese and lanthanum oxides.
In order to explain the existence of an oxygen-deficient
cobaltite, other authors have proposed a charge dispro-
portionation of Co*", with Co*™ and Co*" amounts of
about 20% each [24]. Thanks to our milder conditions of
synthesis and reduction, the XRD data (to be discussed
below) do not show any presence of segregation. The total
hydrogen consumption in the TPR profiles allows to cal-
culate the extent of reduction of the perovskite structure.
The H,/(Co 4+ Mn) molar ratio values of 4.2 and 4.0%
corresponding to LaCoO; and LaCogggMng 1003, respec-
tively, are indicative of the Co reduction in the perovskite
structure. In the TPR; of LaCoq 9oMng 19003 perovskite, two
peaks are also detected, with almost no change in the one at
the lowest temperature compared with the TPR, of the non-
substituted cobaltite. This peak occurs at 647 K which,
according to the literature, corresponds to the reduction of

Table 1 Specific surface,

ignition temperature (Tsg) and SB]%T » Ignition Reaction rate at 503 K
. . (m”g™) Tso (K) 1.1 2,1

reaction rate referred to weight, mmol g~ h mmol at mmol m™~ h

atomic content, and surface area (Co + Mn)~'h!

at conversion level lower <10%

for cobaltite and LaCo05;-0, 973 K 13.1 510 10.8 45.0 0.83

LaCog oMny,,05 perovskite LaCoO5-H, 723 K 10.8 520 5.3 2.1 0.49
LaCoOs-H, 973 K 15.7 532 4.0 16.7 0.26
LaCogoMng ;0:-0, 973 K 9.5 505 12.2 51.3 1.28
LaCOO_gMno_IO3—H2 773 K 10.8 516 9.5 39.9 0.88
LaCogoMng ;03-H, 973 K 16.5 518 8.2 345 0.50
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Fig. 1 TPR cycles. (a) TPR; of
LaCoOs; (b) TPR; of LaCog o
Mny ;O5; (¢) TPR, of LaCoOs;
(d) TPR2 of LaCOU.Q Mn0'103
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the network with the formation of oxygen-deficient
perovskite. Since the reduction peaks are well defined, the
effects can be studied independently. Thus, the study was
extended, performing two TPRs separately but under
identical conditions: up to 773 and up to 973 K. Therefore,
three sets of data are presented in this study (Table 1): (i)
as-grown samples calcined in air at 973 K for 2 h; (ii)
samples annealed under H,/Ar gas flow at 723 K (for
LaCo03) or 773 K (for LaCoq 9oMng 19003) corresponding
to the samples after the first reduction peak; (iii) the same
compositions after a H,/Ar annealing at 973 K. Using
XRD, FTIR, and magnetic properties, the structural chan-
ges after thermal treatment were studied and they are
presented here below.

The similarities between the TPR; and TPR, for each
one of the perovskites (Fig. 1) indicate that the original
perovskite phase is restored after the reduction—oxidation
cycles, in agreement with previous results reported for the
cobaltite [22]. The completely restored perovskite structure
through reversible reduction—oxidation cycles allows
explaining the increase in the specific surface area of the
regenerated perovskites compared with the original sam-
ples. Similar behavior has been reported for LaRhOj3 [25]
and PrCoOj; [26] perovskites.

T ¥ L L b L ¥ L] ¥ L ] ¥ Ll L - L hd T hd L] A L] hd L] hd L]
297 397 497 597 697 TI97 897 297 397 497 597 697 7797 897

Temperature (K)

X-ray diffraction

The XRD analysis was performed with the purpose to
reveal the crystal structure and crystalline phases devel-
oped during the calcination step up to 973 K (0,-973 K, as
grown). Additionally, to study the effect of the Mn inser-
tion on the thermal stability of the cobaltite in a reductor
atmosphere and to determine if the first reduction peak in
the TPR; (653 K) corresponds to an intermediate reduc-
tion. Thus, a reduction process was performed in hydrogen
atmosphere up to 723 K and a diffractogram was recorded.
The same procedure was performed with the second
reduction peak, annealing processes at 973 K. Figure 2
displays the XRD patterns of the LaCoO; (Fig. 2a)
and LaCopgMny 03 (Fig. 2d) for the three annealing
conditions: 0,-973 K, 0,-973 K/H,-723 K (773 K for
LaCog 9oMng 1005) and 0,-973 K/H,-973 K. It can be seen
that the as-grown cobaltite can be identified with the
JCPDS 84-0848 pattern for LaCoOs3, which corresponds to
a rhombohedral system, in agreement with the results
reported in the literature [27, 28]. Two characteristic sig-
nals of this structure are observed: a doublet which appears
at 20 of 33° and the shoulder at 59°. The annealing pro-
cesses modify the corresponding diffractograms, indicating
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Fig. 2 XRD profiles for (a) i
LaCoOj3 as grown; (b) LaCoOs3 (a) LaCo0; - 0, 973K (d) LaCoysMng.105- 0, 973K
annealed under H,/Ar at 723; 4
(¢) LaCoOj3 annealed under
Ho/Ar at 973 K; (d) LaCog o T
Mng 105 as grown; (e) LaCog o E
Mng ;O3 annealed under H,/Ar
at 773; (f) LaCOO.Q Mn0‘103 )
annealed under Hy/Ar at 973 K i
] () LaCo0;-H, 723K (e) LaCoggMng,05-H, 773 K
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changes in the structure. For both perovskites, the thermal
stability in reductor atmosphere is quite acceptable for the
treatment up to 723 K since the recorded diffractograms
are practically identical to the respective calcined per-
ovskites. A lower intensity of the diffraction lines indicates
a lower crystallinity while the absence of extra lines indi-
cates no segregated phases, thus maintaining the perovskite

@ Springer
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structure. The diffractogram of the cobaltite sample con-
firms the presence of a rhombohedral phase presenting
diffraction lines which are coincident with the JCPDS 84-
0848 pattern. This diffractogram presents signals charac-
teristic for this structure, acute and intense at 20 = 33°
while the signal at 20 = 47° is wider and weaker. Conse-
quently, it is proposed that cobaltite’s thermal stability in a
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reductor atmosphere at temperatures below 723 K obeys to
the reaction:
LaCoOs + yH, — LaCoOs_s + yH,.

The presence of segregated phases was not observed for
this sample. The extraction of oxygen transforms then the
perovskite structure into an oxygen deficient one.

On the other hand, the annealing process up to 973 K
presents drastic modifications of the diffractograms, which
indicate the disappearance of the original structure and the
appearance of new crystalline phases. The perovskite
structure is completely lost because its most important
diffraction peak at 26 of 33° fully disappears and a large
quantity of segregated phases appears, such as La(OH);
and La,03 as well as La,0,CO3, that is a mixture of oxide,
hydroxide, and lanthanum carbonate. A peak at 20 = 41°,
corresponding to metallic cobalt, was also observed. The
two bands at 20 = 38 and 43° correspond to cobalt oxide
(Co0); this is because cobalt is completely reduced to Co®
above 773 K, and consequently it forms water vapor in a
hydrogen-reductor atmosphere due to the extraction of
oxygen from the network. Then, Co® is oxidized and forms
Co0. Additionally, formation of La,O,COs5 occurs because
of the exposure to air. Consequently, for temperatures
above 973 K, the equation representing the transformation
process of the cobaltite perovskite’s structure is:

LaCoOj3; + yH, — La,03 + La(OH);+Co° + yH,O.

The formation of cobalt and lanthanum spinels detected in
this perovskite was also reported by Crespin and Keith [22]
and they are formed as a series of at least three reduction—
oxidation cycles. Consequently, it can be concluded that the
cobaltite maintains its rhombohedral structure after the first
reduction process at 723 K and that the structure is lost after
the reduction process at 973 K.

The diffractograms of the LaMng ;Cog O3 perovskite as
grown and after annealing up to 773 and 973 K are shown
in Fig. 2d—f. As before, and according to the literature [29],
the first reduction peak of TPR; which appears at 647 K
corresponds to the network reduction with the formation of
the oxygen-deficient perovskite. This result is confirmed
by the diffractogram of the sample annealed at 773 K,
which corresponds quite well to the LaCoOj; pattern. The
crystallographic structure is partly maintained for
LaCogoMng ;03 annealed at 973 K since the diffraction
peaks at about 26 = 33°, characteristic of the perovskite
structure, are conserved. In addition, several diffraction
lines appear at 20 of 28 and 32°, identified as a mixture of
La(OH); and La,O;. The reason for these segregated
phases is due to the structure reduction. Since La is present
in a greater proportion, it has the capacity to form crystals
that are X-ray observable. These results clearly show an
enhancement of the thermal stability of the cobaltite

substituted with 10% Mn. At temperatures greater than
773 K, the proposed reduction reaction is:

LaCog.9Mng 103 + yH, — LaCog9Mny 103_5 + LayO3
+ La(OH),+H,0.

The non-detection of other segregated phases and the
fact that the structure is partly maintained indicate that the
extracted oxygen is preferentially converted into water.

FT-IR spectroscopy

Figure 3 presents the IR
LaCogoMng ;O3 in the zones between 4,000 and 500 cm™
for the three systems studied: 0,-973 K, 0,-973 K/H,-
723 K (773 K for LaCoOAgoMn0A1003), and 02—973 K/Hz—
973 K. The spectrum of the as-grown cobaltite presents a
very intense band at 604 cm ™! with a shoulder at 563 cmfl,
which corresponds to the mode v;, an asymmetric
enlargement of the B—O bond of the octahedral BOg. The
bands at 1,495 and 1,377 cm™! correspond to the vibration
mode v; of the CO5*~ groups of the O—-C—O bond. The
higher intensity of this band implies that the samples
present segregated phases in the form of carbonates. The
wide band at 3,600 cm ™' is associated to the enlargement of
the water’s O—H bond, due to exposure to air and envi-
ronmental humidity. The IR spectra of the annealed
cobaltite at 973 K (Fig. 3b) presents notable differences:
the band corresponding to the mode v, disappears and the
OH flexion vibrations appear at 647 cm™" for the species
La(OH)s, indicating the presence of the species La(OH);
and La,0,COs. It can be observed that the three spectra
present carbonate bands, but these are more intense in the
perovskite annealed at 973 K. This result confirms the XRD
data, which show that the cobaltite treated at 973 K in H, is
completely reduced, loses the perovskite structure, and the
predominant phase is lanthanum hydroxide.

In the IR spectrum of the LaCoyoMny O3 perovskite
annealed at 973 K, the carbonate band is observed but at a
lower intensity than observed in cobaltite, which implies
less phase segregation due to the reduction. The vibration
band of OH enlargement appears with less intensity, which
implies a lower hydroxide formation. In the substituted
perovskite, the band corresponding to the octahedral MOg
is masked by the OH flexion that appears in the same
region [30].

Consequently, the samples’ stability in hydrogen atmo-
sphere characterized by XRD and FT-IR indicates that the
incorporation of Mn in the cobaltite increases the structural
stability since the hydroxide and the carbonate band
intensities diminish. XRD results indicate that the reduc-
tion reaction produces a mixture of La,O; and La(OH)s.
The IR results show that La(OH);, as the predominant
species, forms La,0,CO;5 due to air exposure.

spectra for LaCoO; and
1
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Fig. 3 FTIR spectra for (a) =
LaCoO; as grown; (b) LaCoOj3 v 2.
annealed under Ho/Ar at 723; V3(co§') Von 3(co3”)
(¢) LaCoOj3 annealed under
H,/Ar at 973 K; (d) LaCog o
Mng 105 as grown; (e) LaCog o VO.H
Mng ;O3 annealed under H,/Ar
at 773; (f) LaCOO.Q Mn0‘103
annealed under Hy/Ar at 973 K LaCoO, d LaCoy,gMn; .0,
(a) 0,973K Vi (d) 0,973K Vi
o
3]
c
£ v3(co?)
E 3
c Vo-H
°® La(OH);
5 Vo.-H
S La(OH), . V4 V1
Vvi(co
(b) H, 723 K co5") (€) H, 773 K
Vo-H 2-
La(OH); V3(coy)
vs(eo?)
(¢) H, 973K (f) H, 973 K
Vo.
La(OH); OH-0-H OH-0H
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Magnetic properties

Figure 4 shows the thermal variation of the magnetic sus-
ceptibility (defined as the ratio M/H) for LaCoO; and
LaCop9oMng 19003. Three sets of data are shown: as-grown
samples calcined in air at 973 K for 2 h (panels a and d);
samples annealed under H,/Ar gas flow at 723-773 K (b and
e); the same compositions after an H,/Ar annealing at 973 K.

The ZFC magnetization of as-grown samples (open
circles; upper panels) can be described in terms of mag-
netic-electronic transitions, as reported in the lanthanum
cobaltite LaCoQO3, for which well-defined anomalies were
observed near 110 and 500 K [31]. In the usual 3d® con-
figuration for Co>", a low-spin (LS; S = 0) and a high-spin
(HS; S = 2) states are expected, but an intermediate-spin
state (IS; S = 1) has been proposed to explain thermally
activated LS to IS and IS to HS transitions [31-33]. On the
other hand, extremely low doping may transform diamag-
netic LaCoOj3 into a paramagnetic compound (§ =~ 1.5)
with a spin-glass transition at Tsg ~ 25 K [34]. This sit-
uation is found in our as-grown sample LaCoO; (Fig. 4),
where the electronic transition occurs at T¢.s = 25, and
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for which the paramagnetic state is characterized by an
effective moment of 3.42 ug.

The overall behavior of LaCog9oMng 1003 can be dis-
cussed using two different approaches. The first one is that
Mn enters the solid solution as a trivalent cation, Co>™,
triggering antiferromagnetic Mn**—Co’ " interactions. The
second approach is that Mn enters as tetravalent ion, trans-
forming a cobalt ion into Co*", and promoting ferromagnetic
Co*"—Mn*" interactions. Although the first possibility looks
quite plausible, the second one is experimentally correct, as
we reported on the solid solution LaCo, Mn;_,03 (0.0 < x
< 1.0) [35]. For the LaCog goMng 19003 sample under study,
the amount of Co>™/Mn** pairs is low (10 wt.% of manga-
nese ions), so ferromagnetic interactions are weak compared
to the predominant spin-state transition characteristic of the
cobaltite LaCoOj3. By analogy with the slightly-doped lan-
thanum manganite (La**,Sr*")MnO;, which is the
archetype of a canted-spin AF state (ferromagnetic planes
coupled by an antiferromagnetic interaction [36, 37]), we
may argue that the LaCog goMn 1003 case presents a similar
behavior and can be described as a canted-spin antiferro-
magnet.
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Fig. 4 Magnetization cycles measured under 250 Oe (ZFC: open
symbols; FC: filled symbols) for (a) LaCoO; as grown; (b) LaCoO;
annealed under Ho/Ar at 723; (¢) LaCoO5; annealed under H,/Ar at
973 K; (d) LaCog 9 Mng 105 as grown; (e) LaCog 9 Mng ;O3 annealed
under H,/Ar at 773; (f) LaCogo9 Mng ;05 annealed under H,/Ar at
973 K

Examining the effects of the reduction annealing
(Fig. 4c, 1), it is readily seen that the high thermal process
at 973 K decomposes both samples, resulting in a large
percentage of cobalt oxide or metallic cobalt, with mag-
netic ordering temperatures well above room temperature.
Superparamagnetic effects with high blocking temperatures
may also exist and attributed to nanoclusters of Co formed
during the reduction, but the large difference in the
Y-scales between panels a—d and c—f leads us to privilege
the presence of segregated phases of metallic cobalt, as
shown by the XRD data. This has been also reported by Sis
and Wirtz [23] for different reduction rates; that is, for
samples resulting from a reduction reaction of the type
LaCoO; — LaCo,0;_, + (1 — x)Co + "2y0..

In contrast, samples annealed at moderate temperatures
(723-773 K; panels b and e) under H,/Ar gas flow behave
very similar to the as-grown specimens, thus confirming that
the LaCoO5 and LaCog goMng 1¢O3 compositions are quite
stable under these reduction conditions, in good agreement
with XRD results. Minute amounts of cobalt phases (not
detected by XRD) may appear in LaCogooMng oO5 after
annealing at 773 K, since 7., increases quite anomalously
from about 60 up to 170 K; while for the LaCoO5; sample
annealed at 723 K, T, stays relatively constant (62 and
70 K, for the as-grown and the annealed sample,
respectively).

Catalytic activity

The as-grown LaCoO5 and LaCog 99Mng 1003, calcinated at
0,-973 K, and the hydrogen-treated perovskites were tes-
ted in the total acetyl acetate combustion in a flow reactor
under an excess of oxygen. CO, and H,O were obtained as
complete oxidation products, while the intermediate oxi-
dation products (acetic acid, ethanol, and acetaldehyde)
were detected only as traces. The catalytic activity is given
in Table 1, informed as ignition temperature 75, (defined
as the temperature required to obtain 50% conversion) and
the reaction rate evaluated at 503 K and under a low
conversion level (<10%), referred to catalyst weight
(mmol g*1 h™Y), (Co + Mn) atoms (mmol at™' h™") and
catalyst surface (mmol m ™2 h™"). It can be seen that upon
the insertion of Mn in the cobaltite, a decrease in the
ignition temperature and an increase in the reaction rate are
detected, indicative of a better catalytic activity. Therefore
it can be concluded that the original LaCoOj activity
increases when a small fraction of manganese substitutes
cobalt.

On the other hand, a decrease in the catalytic activity is
detected after the thermal treatment under reduction con-
ditions, as seen in Table I for all reduced samples
compared to the original products. This result can be
explained considering a partial loss of the perovskite
structure, as discussed previously.

The highest catalytic activity corresponds to
LaCog9oMng 1003—-0, 973 K, which has the lowest igni-
tion temperature and the highest reaction rate. This
noticeable increase could be explained as if the Mn ion
enters the solid solution as a trivalent cation, so the charge
equilibrium stays unchanged, with cobalt as Co®". How-
ever, an additional mechanism may occur, such as the
charge redistribution Mn™ + Co™ — Mn"™ 4+ Co™. In
this case, small amounts of tetravalent Mn are present,
since double-exchange magnetic interactions are not neg-
ligible, as seen in Fig. 4d. Therefore, it is proposed that the
higher catalytic activity is due to the presence of the redox
couple Mn*"/Co™.

The values of surface area do not vary significantly
(Table 1), as it may be expected from the increase in the
temperature for hydrogen treatment (larger crystallites
sizes, agglomeration of particles, or grain growth, for
instance). This behavior can be explained considering that
the segregated oxides phases formed during the hydrogen
treatment remain in a highly dispersed state. Such a loss of
the perovskite structure is intimately related to the
observed decrease in the catalytic activity and to the
increase in the intermediate oxidation products. Finally, it
was found that under the applied experimental conditions,
for all the studied systems, the total conversion is achieved
at temperatures below 540 K.
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