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a  b  s  t  r  a  c  t

RECo0.50Mn0.50O3 perovskites  (RE:  La, Y,  Er)  have  been  prepared  by an  auto-combustion  method  and
calcined  at 700 ◦C,  850 ◦C  and  950 ◦C. YCo0.50Mn0.50O3 forms  at temperatures  as  low  as  700 ◦C,  much
lower  than  those  required  in solid-state  ceramic  synthesis.  All  materials  show  adequate  specific  surface
when  calcined  at 700 ◦C. ErCo0.50Mn0.50O3, which  has  the  largest  surface  area,  shows  the lowest  activity
due  to  the  presence  of  segregated  phases,  while  YCo0.50Mn0.50O3, which  reaches  the  perovskite  structure
eywords:
erovskites
ethane

ombustion
rbium
ttrium

at  lower  temperatures,  exhibits  the  highest  catalytic  activity.  The  catalytic  activity,  evaluated  from  the
total combustion  of methane,  can  be related  to the  presence  of  the  perovskite  structure,  an  adequate
surface  area  and  the  reducibility  of  the  material.  At the calcination  temperatures  of 850 ◦C and  950 ◦C,
at which  the  surface  area  and  crystalline  degrees  are  almost  the  same  for the  La-,  Y-  and  Er-systems,
no  differences  in  the  catalytic  activity  were  detected.  The  catalytic  activity,  higher  for  materials  calcined
at  lower  temperatures,  is  progressively  lost  due  to  sintering  processes  occurring  at  higher  calcinations

ed  by
anthanum temperatures,  as confirm

. Introduction

Mixed valence perovskites ABO3 have been studied in the last
0 years because of their exceptional properties, in particular
xistence of a magnetoresistance phenomenon due to a dou-
le mechanism of exchange interactions and presence of mobile
lectrons, leading to a metal-insulator transition coupled to a
erromagnetic ordering [1,2]. Most of the reports concern the
ubstitution of the rare-earth RE cation located at the A-site by
lkaline-earth elements since, by this way, the Mn3+ ion at the B-
ite transforms into Mn4+, triggering double-exchange interactions
hrough the oxygen orbitals [3].  Less known are the substitu-
ions at the B-site, for which, similar mechanisms occur provided
he manganese ion is substituted by a divalent transition-metal
lement, such as Ni, Co or Cu [4].  The case of the cobalt ion is
specially interesting since cobalt may  adopt a 2+ or 3+ oxidation
tate, depending upon the synthesis conditions and the substitution
ate [5].  Based on the equilibrium relation RE3+Co2+

0.50Mn4+
0.50O3,
 charge and nuclear orderings are expected at the equiatomic
ontent Co/Mn = 0.5/0.5, for which all Mn  ions are converted into
n4+, triggering strong ferromagnetic Co2+–Mn4+ interactions,

arge coercive fields Hcoerc and a maximum value of the ordering

∗ Corresponding author.
E-mail address: octavio.pena@univ-rennes1.fr (O. Peña).

920-5861/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.cattod.2011.02.032
 SEM observations.
© 2011 Elsevier B.V. All rights reserved.

temperature Tc [6,7]. The nature and size of the rare-earth cation
plays also a role on fixing the physico-chemical properties of the
ensemble [8].  Small-size ions like Y or Er, lead to large structural
distortions imposed by the ionic radius at the A-site, independent
whether the cation is magnetic (Er) or not (Y).

In previous studies we  have reported the magnetic, catalytic
and thermal stability in reductor atmosphere of the solid solu-
tion LaCoxMn1−xO3 (0.0 ≤ x ≤ 1.0). In particular, we  found that
the intrinsic catalytic activity and the reaction rate altogether
with the ferromagnetic parameters (paramagnetic Curie–Weiss
� and transition Tc temperatures) attain maximum values at
the equimolar composition LaMn0.50Co0.50O3 [9,10].  Presence of
Mn and Co ions in equimolar quantities stabilizes the crystalline
structure (orthorhombic at x < 0.5) and rhombohedral at x > 0.5)
and eventually leads to a cationic ordering of Mn  and Co atoms.
These interesting magnetic, catalytic and thermodynamic prop-
erties observed at the equimolar composition LaMn0.50Co0.50O3
made us to extend its study, modifying the nature of the RE
cation. In this work we  present the influence of the RE cation
on the physico-chemical properties of the equimolar perovskites
REMn0.50Co0.50O3. Replacing La by Er or Y, both ions having a much
smaller ionic radius than the one for La, modifies the microstruc-

tural properties and the interatomic distances and angles, leading
to weaker magnetic interactions and a much lower transition tem-
perature. In addition, Y (no 4f shell) and Er (4f11) have quite
different magnetic properties (0 and 9.58 �B, respectively), so
important modifications are expected with respect to the nature of

dx.doi.org/10.1016/j.cattod.2011.02.032
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:octavio.pena@univ-rennes1.fr
dx.doi.org/10.1016/j.cattod.2011.02.032
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he phases formed, their crystalline degree, purity and composition
nd in the electronic modifications which could have consequences
n the oxygen stoichiometry and on the catalytic activity.

. Experimental

.1. Preparation

The RECo0.50Mn0.50O3 (RE: La, Er, Y) perovskites were
repared by the solution combustion synthesis (SCS)
sing the glycine–nitrate process [11]. The used reactants
ere: La(NO3)3·6H2O (Merck,99%), Mn(NO3)2·4H2O(Merck),
o(NO3)2·6H2O (Merck), Er2O3 (Aldrich), erbium nitrate was
repared using nitric acid (65%p/p, 1.392 g mL−1), Y(NO3)3·6H2O
Aldrich) and glycine (NH2CH2COOH) (Aldrich) used as sacrificial
uel. The preparation was carried out combining glycine with the

etal nitrates in stoichiometric ratios in aqueous solution. The
recursor was heated to evaporate excess water, yielding a viscous

iquid. Further heating to about 180 ◦C caused the precursor liquid
o autoignite. Combustion was rapid and self-sustaining, with
ame temperatures reaching values far above 1100 ◦C [11]. The
repared solids were crushed and sieved to obtain the required
article size (<200 �m)  prior to calcination at 400 ◦C in air for 2 h
o eliminate the organic components. The effect of the calcination
emperatures was studied at 700 ◦C, 850 ◦C and 950 ◦C in air for

 h.

.2. Characterization

X-ray powder diffraction patterns of all calcined samples were
btained with nickel-filtered Cu-K�1 radiation (� = 0.15418 nm)
sing a Rigaku diffractometer. Phase identification was carried
ut by comparison with the JCPDS-ICDD database cards (LaMnO3
CPDS 32-0484, LaCoO3 JCPDS 84-0848, YMnO3 JCPDS 25-1079,
CoO3 JCPDS 88-0425, ErMnO3 JCPDS 14-0689, ErCoO3 JCPDS 73-
197) and confirmed the presence of the perovskite reflections.
pecific areas were calculated using the BET method from the nitro-
en adsorption isotherms, recorded at 77 K on a Micromeritics
pparatus Model ASAP 2010 in the 0.05–0.995 relative pressure
ange, taking a value of 0.162 nm2 for the cross-sectional area of
he adsorbed N2 molecule (AGA, 99.995%). Prior to the adsorption

easurements, samples were outgassed at 150 ◦C. Temperature-
rogrammed reduction (TPR) experiments were performed in a
PR/TPD 2900 Micromeritics system equipped with a thermal
onductivity detector. Samples of about 20 mg  were placed in a
-shape quartz tube, first purged in a synthetic air stream of
0 mL  min−1 at 500 ◦C for 1 h and then cooled to ambient tem-
erature. Reduction profiles were then recorded by passing a 5%
2/Ar flow (both gases from AGA, 99.995% purity) at a rate of
0 mL  min−1 while heating at a rate of 10 ◦C min−1 from ambient
emperature to 900 ◦C. A cold-trap was placed just before the ther-

al  conductor detector (TCD) of the instrument to remove the
ater from the exit stream. For the oxygen desorption O2-TPD

xperiments, the samples were exposed to oxygen (AGA 99.5%) for
 h at 700 ◦C, followed by cooling to room temperature in the same
tmosphere. After switching the atmosphere to a He (AGA 99.995%)
ow, the sample was heated at a constant rate of 10 ◦C min−1 and
he desorbed oxygen was monitored with a thermal conductivity
etector. Fourier transformed infrared spectra (FTIR) was recorded

n a Nicolet Magna-IR 550 instrument, equipped with a quartz sam-

le holder with KBr windows. The perovskites were dehydrated
t 210 ◦C, finely ground in an agate mortar with KBr to obtain a
ample/KBr ratio of 1/150. Scanning electron microscopy (SEM)
bservations and energy dispersion analyses (EDAX) analyses were
btained in a JEOL model JSM 6380 LV.
y 172 (2011) 111– 117

2.3. Catalytic activity

The studied perovskites were tested in methane combus-
tion using 19,800 mg  cm−3 of methane, with a total flow rate of
100 mL  min−1 measured at room temperature and a feed mixture
of 2.8 vol% CH4, 20 vol% O2 (AGA 99.5%) and 77.2 vol% He (AGA
99.995) as balance in a flow reactor. In each experiment, 0.3 g of
catalysts (20–40 mesh) diluted with 1.5 g of SiC, of the same parti-
cle size, were loaded into a quartz reactor (inner diameter 1.27 cm)
with quartz fiber packed at the end of the catalyst bed. Gas flow
rates were carefully adjusted by means of mass flow controllers
(Brooks 5850E). Prior to each experiment, the catalyst was treated
with 1000 mL  min−1 (STP) of synthetic air for 1 h at 500 ◦C. At this
temperature, the oxidant gas was switched to the reactant gaseous
mixture for 1 h. After that, the sample was cooled down to 300 ◦C
and stabilized for 30 min  prior to the catalytic test. The thermo-
couple was  placed inside the reactor just at the beginning of the
catalyst bed. The inlet and outlet concentrations of methane and
carbon dioxide were analyzed using an on-line gas chromatograph
Hewlett Packard model HP 4890D with thermal conductivity detec-
tor. Helium was  used as a carrier gas and the column used was  a
30 m capillary Supelco 25462. The data obtained at each tempera-
ture were the average of three steady-state measurements.

3. Results and discussion

3.1. X-ray diffraction

The X-ray diffraction (XRD) of the RECo0.50Mn0.50O3 (RE: La, Er,
Y) perovskites as a function of the calcination temperature at 700 ◦C,
850 ◦C and 950 ◦C was  performed to identify the crystal structure,
its evolution and the crystalline phases developed during the calci-
nation process. To estimate the deviation from the ideal structure,
the Goldschmidt tolerance factor t was  calculated from the ionic
radii of the A and B cations. For the B cation, the average radius of
Co and Mn  was assumed [12]. The corresponding t values are 0.97,
0.81 and 0.80 for the La-, Y- and Er-perovskites RECo0.50Mn0.50O3,
respectively. The t value of 0.97 suggests the presence of cubic
or orthorhombic structure, perhaps somewhat distorted for the t
values of 0.80 and 0.81.

Fig. 1 displays the diffraction patterns of the studied perovskites
for different calcination temperatures. It can be seen that the per-
ovskite structure is obtained in all systems, with peaks increasing
in intensity and becoming sharper when increasing the calcina-
tion temperature, indicating that the solid progressively becomes
pure and well crystallized. Sharp diffraction lines are obtained
for YCo0.50Mn0.50O3 at temperatures as low as 700 ◦C while, for
LaCo0.50Mn0.50O3 and ErCo0.50Mn0.50O3, broader diffraction peaks
are indicative of a less crystalline solid and that the perovskite
structure is more difficult to be formed at 700 ◦C compared to
the case of YCo0.50Mn0.50O3 at equivalent calcination tempera-
tures. A comparison of the XRD data with the JCPDS-ICDD database
indicates that all materials prepared in this work belong to the
orthorhombic structure.

Even though the perovskite structure may  be obtained at low
calcination temperatures, presence of other phases in very low
concentration, highly dispersed or as amorphous phases cannot
be discarded since XRD resolution can be a limiting obstacle. As
said above, at higher calcination temperature the solids become
well crystallized and any amorphous or spurious phases disappear,

as confirmed by the sharper diffraction peaks and from additional
experiments, which will be discussed below. The lattice parame-
ters were then determined at the highest calcination temperature
(950 ◦C) and are given in Table 1. As expected, the unit cell volume
of the La-based perovskite is much larger than those observed for
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Fig. 1. XRD profiles of LaCo0.50Mn0.50O3, YCo0.50Mn0.50O3 and ErCo0.50Mn0.50O3 cal-
cined at 700 ◦C, 850 ◦C and 950 ◦C.

Table 1
Lattice parameters of the RECo0.5Mn0.5O3, (RE: La, Er, Y) perovskites calcined at
950 ◦C.

a ± 0.0001
(nm)

b ± 0.0001
(nm)

c ± 0.0001
(nm)

Volume
(nm3)

LaMn0.50Co0.50O3 0.5534 0.5461 0.7851 0.2372
YMn0.50Co0.50O3 0.5236 0.5582 0.7486 0.2188
ErMn0.50Co0.50O3 0.5212 0.5572 0.7441 0.2161

Table 2
Crystallite size evaluated by XRD and SEM and specific surface area for RECo0.50Mn0.50O3

d (nm) XRD d (nm) SE

700 ◦C 850 ◦C 950 ◦C 700 ◦C 

LaMn0.50Co0.50O3 40 45 45 40 

YMn0.50Co0.50O3 26 52 52 50 

ErMn0.50Co0.50O3 29 45 45 45 
y 172 (2011) 111– 117 113

the Y- and Er-based counterparts due to a bigger ionic radius of the
La3+ ion (rion(La3+) = 1.5 Å, rion(Er3+) = 0.96 Å, rion(Y3+) = 0.93 Å).

As pointed out above, the size of the lanthanide cation situ-
ated at the A-site is one of the main mechanisms of stabilization of
the structure since it imposes a lattice distortion and modifies the
interaction mechanism, which takes place along the Mn4+ O Co2+

bonding. This has a direct incidence on the crystal’s symmetry
besides strong modifications of the strength of the ferromagnetic
interactions. It is not surprising then that YCo0.50Mn0.50O3 and
ErCo0.50Mn0.50O3, with Er3+ and Y3+ at the RE position, present the
same symmetry. A characteristic triplet for the Y and Er systems
appears at 2� values between 30◦ and 35◦. The larger La3+ cation
exhibits an orthorhombic structure with higher symmetry. Table 2
shows the average particle size d, assuming that particles are spher-
ical, determined according to Scherrer’s formula (d = 0.9�/B cos �),
where � is the wavelength of the Cu-K� radiation, B the full width
at half maximum of the diffracted peak and � the Bragg diffraction
angle. As expected, an increase with calcination temperature can
be observed, indicating a tendency to form large grain and more
crystalline perovskites.

3.2. Fourier transformed infrared spectroscopy

Infrared (IR) spectra are presented in Fig. 2. The most important
band of the perovskite structure, �1, corresponding to the asym-
metrical lengthening of the B O bond of the BO6 octahedrons [13],
is observed at 604 cm−1, although it presents some differences in
intensity as a function of the nature of the RE cation and the cal-
cination temperature. Almost no differences in the �1 band for
the LaCo0.50Mn0.5O3 and YCo0.50Mn0.5O3 upon calcination temper-
atures can be detected, while for ErCo0.50Mn0.50O3, the �1 band
appears at 850 ◦C, becoming sharper at 950 ◦C. The absence of �1
band for ErCo0.50Mn0.50O3 sample calcined at 700 ◦C, indicates that
this sample, at least in a slight extent, presents a mixture of oxides
and a poor perovskite structure. The broad band at 3200 cm−1 and
the small one at 1500 cm−1, are assigned to the lengthening of the
water O H bond �O H and ıH O H due to the exposure of the per-
ovskites to air and environmental humidity. The ErCo0.50Mn0.50O3
system also presents a small band at 2800 cm−1 assigned to car-
bonated phases, and weak bands at 1495 cm−1 and 1377 cm−1,
corresponding to the vibration mode �3 of the CO3

2− groups associ-
ated to the presence of segregated phases in the form of carbonates.
The low extent of carbonation and the absence of diffraction lines
associated to segregated oxide phases are in agreement with our
XRD data, since if segregated oxides are present, they must be in a
high dispersion degree.

3.3. SEM

The particle size and morphology of the calcined powders were
examined by scanning electron microscopy (SEM). Fig. 3 shows
SEM images of the perovskites calcinated at 700 ◦C, 850 ◦C and

950 ◦C. The images indicate that the synthesis favours the formation
of a fine powder with uniform grain distribution and homoge-
neous nanostructure, with mean values for the grains’ size in the
nanoscale range, between 20 and 100 nm.  The decrease of the par-
ticle size with doping is mainly due to two  reasons: (i) differences

(RE: La, Er, Y) perovskites.

M SBET (m2g−1)

850 ◦C 950 ◦C 700 ◦C 850 ◦C 950 ◦C

80 120 22 11 8
75 100 23 11 7
75 140 36 14 8
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Fig. 2. FTIR of LaCo0.50Mn0.50O3, YCo0.50Mn0.50O3 an

etween the ionic radii of the dopant atom with that of actual site
tom, and (ii) increasing the density of defects due to doping [14].
pon sintering at 850 ◦C and 950 ◦C, the grain distribution becomes
ore homogeneous, showing a strong similarity for the three stud-

ed systems. A very good percolation is achieved at about 950 ◦C
ith respect to calcination at 700 ◦C and 850 ◦C. The mean particle

ize evaluated from the SEM images changes with the same trend as
bserved from the X-ray diffraction data, as shown in Table 2. It can

e seen that the grain size determined by the XRD peak broaden-

ng differs from the one determined from SEM. This is because the
atter includes the grain boundary region, while Scherrer’s formula
ives the crystallite size (i.e., length of coherence) in a direction
erpendicular to the incident X-ray beam.

Fig. 3. SEM micrographs of LaCo0.50Mn0.50O3, YCo0.50Mn0.50O3 a
ers (cm-1)

o0.50Mn0.50O3 calcined at 700 ◦C, 850 ◦C and 950 ◦C.

3.4. Specific surface area

Table 2 shows the dependence of the corresponding BET specific
surface areas (SBET) with calcination temperatures. As expected, a
decrease in the SBET values upon calcination can be detected. An
almost linear dependence of SBET with the calcination tempera-
ture can be observed for LaCo0.50Mn0.50O3 and YCo0.50Mn0.50O3,
whereas for the Er system a large surface area was  obtained for the

material calcined at 700 ◦C, reaching almost the same SBET values
as the Y- and La-systems when calcined at 850 ◦C and 950 ◦C. From
the XRD and FTIR results, the higher specific area of the Er-system
can be attributed to mixed oxides in a high dispersion degree. Since
the specific surface values and the crystalline degree are properties

nd ErCo0.50Mn0.50O3 calcined at 700 ◦C, 850 ◦C and 950 ◦C.
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Fig. 4. Temperature-programmed reduction of LaCo0.50Mn0.50O3, YC

hat vary inversely proportional, it is expected that the lowest SBET
alues must be obtained in perovskites with the highest mean par-
icle size, as observed by SEM and XRD. Considering the obtained
RD, SEM and SBET results, a good correlation between these two
roperties is obtained.

.5. Temperature profile reduction

To study the thermal stability in reducing atmosphere, a reduc-
ion step under H2/Ar flow up to 900 ◦C was carried out after the
alcination steps. The TPR profiles are shown in Fig. 4. Two reduc-
ion steps can be seen, with differences in shape, intensity and
emperature. The TPR profiles for LaCo0.50Mn0.50O3 show a broad
nd not well-defined first reduction peak at low temperatures fol-
owed by an intense reduction peak at higher temperature. The
imilarity of the TPR profiles of the LaCo0.50Mn0.50O3 calcined at
00 ◦C, 850 ◦C and 950 ◦C indicates a similar chemical composi-
ion and crystalline structure, and the effect of the calcination
emperature is only to increase crystallinity. The first reduction
tep can be attributed to the loss of lattice oxygen to form an
xygen-deficient perovskite structure, as it has been pointed out
or this type of oxides [15]. As La3+ is a non-reducible ion, the
econd reduction peak can be interpreted as the Mn4+ reduc-
ion of the Mn4+–Co2+ network to yield La2Mn2O5 [16] and/or
a2Co4O6 as intermediate reduction products [17]. The complete
eduction of the perovskite structure occurs between 600 ◦C and
50 ◦C with formation of La2O3, La(OH)3, MnO, CoO, Co0 and H2O
18]. YCo0.50Mn0.50O3 shows different reduction profile compared
o the one just described, with two symmetric and well-defined
eduction peaks independent of the calcination temperature. This

eduction profile is indicative of the absence of multiple phases
nd confirms that for Y-system, a homogeneous chemical com-
osition is obtained. The first peak at 400 ◦C also corresponds to
he formation of oxygen-deficient perovskite structures, and the
econd one to the complete reduction of the perovskite structure
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Fig. 5. Oxygen desorption profiles of LaCo0.50Mn0.50O3, YCo0.50Mn0.50
re (°C)

n0.50O3 and ErCo0.50Mn0.50O3 calcined at 700 ◦C, 850 ◦C and 950 ◦C.

with formation of Y2O3, MnO, CoO and Co0, as previously reported
[9]. The shift towards lower temperatures of the first reduction
peak of the YCo0.50Mn0.50O3 perovskite calcined at 700 ◦C can be
explained considering the XRD results: a less crystalline structure
is easier to reduce. Again, the similarity of the TPR profiles for the
YCo0.5Mn0.5O3 samples calcined at 850 ◦C and 950 ◦C confirms their
similar structure and chemical composition. The shift of the second
reduction peaks towards lower temperatures when the sample is
calcined at 850 ◦C and 950 ◦C is in agreement with the sintering
process due to the increase in the diffusional resistance of the solids.

Comparing the nature of the RE cation, at 700 ◦C the first reduc-
tion peak of the La- and Er-systems is broader with shoulders
indicative of the presence of more than one type of bulk oxides
as segregated phases. On the contrary, the Y-system presents a
well-defined first reduction peak. Therefore, the formation of an
oxygen-deficient perovskite structure occurs much cleaner and in
a large extent for the Y-system. Concerning the ErCo0.50Mn0.50O3
system, the not well-defined peaks for the samples at 700 ◦C is a
consequence of the reduction of the multiple phases present in
varying concentration in the mixed oxides. Increasing the calci-
nation temperature shows better defined peaks and favours an
isomorphic transition of the segregated oxide, which transforms
into the crystalline perovskite structure forming a pure phase. The
broad reduction peak can be related to the poor crystallization of
the sample, in which these lower coordination oxides are reducible
at lower temperatures than the oxides of perovskite structure.

3.6. Oxygen desorption profile

The evolution of oxygen during temperature-programmed des-

orption (TPD) experiments provides information dealing with the
redox properties of these oxides [19]. The O2-TPD profiles are
shown in Fig. 5. Three desorption peaks have been reported for
perovskite-type oxides: (i) physisorbed oxygen species, O−

2(ads),
at temperatures below 150 ◦C assigned to ordinary chemically
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O3 and ErCo0.50Mn0.50O3 calcined at 700 ◦C, 850 ◦C and 950 ◦C.
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Table 3
Ignition temperature (Tign

50) in methane combustion on RECo0.50Mn0.50O3 (RE: La,
Er,  Y) perovskites.

Tign
50 (◦C)

700 ◦C 850 ◦C 950 ◦C

F

Temperature, ºC

ig. 6. Stationary-state conversion of: (�) LaCo0.50Mn0.50O3; (©) YCo0.50Mn0.50O3;
�)  ErCo0.50Mn0.50O3, calcined at 850 ◦C.

dsorbed oxygen, i.e., surface hydroxyls, (ii) �-oxygen species, O−,
t temperatures between 200 ◦C and 400 ◦C assigned to species
dsorbed to the surface oxygen vacancies; (iii) �-oxygen species,
2−, at temperatures higher than 500 ◦C associated with oxy-
en species occupying the inner vacancies of the lattice [20]. The
xpected trend for LaCo0.50Mn0.50O3 perovskites is observed, as
hown in Fig. 5. For the perovskite calcinated at 700 ◦C physisorbed
pecies and �-oxygen are observed, while a large desorption peak
tarts to appear at high temperatures although not fully finished.
PD–Mass Spectroscopy experiments confirm that the evolved gas
nd the He flow only contain oxygen. For the perovskites calci-
ated at 850 ◦C and 950 ◦C, only physisorbed species are present
ue to their low SBET and high crystalline degree. As expected, the
-system calcinated at 850 ◦C and 950 ◦C presents almost identi-
al desorption profiles. A different behaviour is detected for the
Co0.50Mn0.50O3 calcinated at 700 ◦C, which presents physisorbed
pecies, a large extent of �-oxygen and �-oxygen, this latter repre-
ented by the large peak starting at 550 ◦C and not finished at 700 ◦C.
ven though, the 700 ◦C-ErCo0.50Mn0.50O3 shows similar oxygen
esorption profile, the lower extent of �-oxygen is a consequence

f the low percentage of the perovskite structure present in this
olid. For a material calcined at 850 ◦C and 950 ◦C, the perovskite
tructure is favoured and, as a consequence, a lower surface area
nd a low extent of desorbed oxygen was observed.
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ig. 7. (a) Specific and (b) intrinsic activity evaluated at 420 ◦C as a function of calcination te
LaMn0.50Co0.50O3 475 562 635
YMn0.50Co0.50O3 510 552 629
ErMn0.50Co0.50O3 480 533 635

3.7. Catalytic activity

Fig. 6 shows the activity data for methane oxidation as a func-
tion of the reaction temperature up to complete combustion for
the solids calcined at 850 ◦C. Typical sigmoidal curves can be
seen in which the reaction starts at about 350 ◦C, then the con-
version increases drastically as the temperature increases until
complete conversion. A shift towards higher temperatures indi-
cates lower activity. Carbon dioxide and water were the only
observed products of the reaction. Differences in the conversion
level at a given temperature for the perovskites having different
RE cation and calcination temperature were observed. The igni-
tion temperature (Tign

50), defined as the temperature required
to obtain 50% of methane conversion is compiled in Table 3.
A subsequent increase in Tign

50, i.e., a decrease in the catalytic
activity upon calcination temperature, is observed. The low Tign

50

of the 700 ◦C-LaMn0.50Co0.50O3 can be related with the higher
�-oxygen desorption temperature for the less electronegative rare-
earth metals [21]. Considering that the reported Tign

50 for total
combustion of methane carried out over various partially cation-
substituted La–Fe, La–Mn, and La–Co perovskite-type oxides are in
the range 525–780 ◦C [22], the decrease of Tign

50 for the studied
RECo0.50Mn0.50O3 perovskites calcined at 700 ◦C is quite remark-
able. The specific activity (expressed as mol  converted per second
and per gram of catalyst) and the intrinsic activity (expressed as
mol  converted per second and per square-meter of catalyst) eval-
uated at 420 ◦C and conversion level <10% are shown in Fig. 7a and
b, respectively. It can be seen that the specific and intrinsic reac-
tion rates show the same trend, the highest catalytic activities being
those of the catalysts calcined at 700 ◦C and the lowest to those cal-

◦ ◦ ◦
cined at 950 C. For calcination temperatures of 850 C and 950 C,
the samples exhibit almost the same reaction rate and thermal
behaviour in agreement with the crystallochemical characterisa-
tion, that is, similar structure and specific area. Larger differences
in the catalytic behaviour are obtained for the perovskites calcined
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t 700 ◦C, which can be explained considering the results discussed
reviously. The large reaction rate of YCo0.50Mn0.50O3 calcined at
00 ◦C is attributed to its larger crystalline degree, presence of
-oxygen and an adequate surface area compared to the other per-
vskites. Even though the LaCo0.50Mn0.50O3 perovskite calcined at
00 ◦C has the same SBET value (Table 2), its low reaction rate can be
ttributed to a less crystalline structure obtained at 700 ◦C. For the
rCo0.50Mn0.50O3 perovskite calcined at 700 ◦C, which exhibits the
argest SBET value, its low reaction rate is attributed to a low con-
ent of the perovskite compound plus the presence of segregated
hases.

Therefore the nature of the RE cation and the calcination tem-
erature produce a modification of the active sites required for
atalytic reactions at 700 ◦C. On the contrary, the differences in
he crystalline degree, nature of phases, nature of oxygen, among
thers, which were clearly observed in samples after calcination
t 700 ◦C, were not observed at 850 ◦C and 950 ◦C due to the high
emperature of calcination. Therefore, the reaction rate in the total
ombustion of methane can be closely related to the presence and
rystalline degree of the perovskite structure, an adequate surface
rea, presence of �-oxygen and an easier formation of oxygen-
eficient perovskite structures.

. Conclusions

The effect of the RE cation and the calcination temperature,
nvestigated on solid solutions of mixed perosvkites of formula
ECo0.50Mn0.50O3 (RE = La, Y, Er), show that YCo0.50Mn0.50O3 forms

 crystalline perovskite structure at low temperature (∼700 ◦C)
ith an adequate surface area and almost no changes in crystalline

tructure upon the calcination temperature (850 ◦C and 950 ◦C). For
he LaCo0.50Mn0.50O3 system, a less crystalline perovskite struc-
ure appears at 700 ◦C, increasing its crystallinity as the calcination
emperature increases. For ErCo0.50Mn0.50O3, which shows a higher
urface area when calcined at 700 ◦C, its activity is the lowest due
o the presence of segregated phases and a perovskite structure of

ow crystalline degree.

At the calcination temperatures of 850 ◦C and 950 ◦C, at which
he surface area and crystalline degrees are almost the same for the
a-, Y- and Er-systems, no differences in the catalytic activity were
etected.

[
[
[
[
[
[
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The catalytic activity in the methane combustion depends on
the chemical composition and crystalline degree of the perovskite
structure, a consequence of the calcination temperature. The RE
cation which reaches the perovskite structure at lower tempera-
ture, that is, YCo0.50Mn0.50O3, exhibits the highest catalytic activity.

In a separate work the magnetic properties of these perovskites
will be studied, analyzed and discussed as a function of the calci-
nation temperature and microstructure.
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