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Abstract

A few perovskite-like and fluorite-like samples in which M = Pr, Sm or Tb substitutes for La have been characterised by electron magnetic
resonance (EMR) spectroscopy and other techniques. Ferromagnetic (FM) systems form with the fresh biphasic sample with M = Sm only, but
not after recalcination, when it becomes monophasic. These systems could be formed of Magnetic Bound Polarons due to the thermally excited
J = 1 Sm2+ ions present as impurity in the former case. FM systems form also with the M = Tb sample, but only after catalytic use. In this case FM
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ystems could be composed of Tb4+ ions forming during sample re-oxidation. All these EMR observations have been correlated with the catalytic
erformance of these samples.

2005 Elsevier B.V. All rights reserved.
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. Introduction

Catalytic combustion has been proposed as an effective
ethod for oxidation of fuel/air lean mixtures with low emission

f NOx, CO and unburnt hydrocarbons [1,2], due to the lower
ombustion temperature in comparison with usual combustion
1,3].

Noble metals based catalysts are the most active, espe-
ially at low temperature, but they are expensive and poorly
table because of sintering and volatilisation of the active
hase. On the other hand, transition metal oxides are cheaper,
ut usually less active [1,2,4]. Much attention has been paid
o perovskite-type oxides of general formula ABO3 as cat-
lysts for total oxidation of hydrocarbons, because of their
igh activity and thermal stability [1,2,5]. A lot of perovskite-
ike La0.9M0.1CoO3 compositions have been recently tested
nd that with M = Ce resulted the most active. Indeed, non-
toichiometric compounds including d and f M elements with
hangeable oxidation state can contain weakly bound oxy-
en and possess a high oxygen storage capacity. However, the

role played by the oxidation state of M is still not completely
clear.

All rare-earth elements share a common (3+) ground oxi-
dation state and only cerium, terbium and praseodymium can
share the oxidation state 4+, while samarium can be in the oxi-
dation state 2+. The highest terbium and praseodymium oxides
are unstable in comparison with CeO2 and normally exist as
Pr7O12 (Pr6O11) and Tb7O12, i.e. they include rare elements in
two oxidation states 3+ and 4+ in 2:3 ratio. At high tempera-
ture higher oxides decompose to sesquioxides losing oxygen. It
means that the oxygen storage capacity of these oxides is higher
than for ceria. In the present investigation we analysed some
La0.9M0.1CoO3 perovskite-like catalysts and La2−xMxCuO4
fluorite-like catalysts (M = Pr, Sm, Tb) aiming at a better under-
standing of the role played by the oxidation state of M and the
effect of preparation procedure on activity of these solids in the
catalytic flameless combustion (CFC) of methane.

2. Experimental

2.1. Catalysts preparation
∗ Corresponding author. Tel.: +39 02 50314270; fax: +39 02 50314300.
E-mail address: cesare.oliva@unimi.it (C. Oliva).

Traditionally, these materials were synthesised through
several cycles of calcination-milling (CM), leading to a ther-
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mally resistant catalyst, but with a too low (1–2 m2/g) spe-
cific surface area (SSA) and hence with low activity [1]. The
sol–gel (SG) procedure [6] allows to obtain higher SSA (ca.
30–40 m2/g), but the final calcination temperature being rela-
tively low (600–700 ◦C), the material is thermally poorly resis-
tant. Both these properties, thermal stability and high SSA,
can be achieved by preparing the material in very small parti-
cles, calcined at very high temperature. The preparation method
based on flame-hydrolysis of an aqueous solution of the pre-
cursors salts [7] allows to produce materials with very good
thermal stability and SSA of about 15–20 m2/g, but the produc-
tivity of the method is quite low (less than 0.03 g/h) [8]. An
alternative flame-based method (flame-spray pyrolysis—FSP)
consists in the combustion of an organic precursor solution and
permits to obtain nanoparticles with SSA higher than 50 m2/g
(sometimes even more than 100 m2/g) in quantity of 3–4 g/h
[9].

All the samples examined in the present investigation were
prepared by the FSP method [9]. Briefly, the precursor solution
of metal acetates in combustible organic solvent (20 cm3 of pro-
pionic acid + 40 cm3 of 2-ethyl-hexanoic acid) is fed by means
of a syringe pump through a capillary tube ending in the cen-
tre of the main nozzle of the burner. Oxygen, needed for both
dispersion and combustion of the solution, is fed to the burner
through the free space around the capillary tube. Organic solu-
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3. Results

3.1. Catalysts characterisation

All the present lanthanum cobaltites possessed a SSA in the
50–60 m2/g range. Lanthanum cuprates had a little lower SSA
(40–45 m2/g). SEM analysis showed that all the samples were
made of uniform spherical particles, 20–40 nm in size, clustered
in agglomerates of larger size.

The XRD patterns of La1.8M0.2CuO4 samples were very sim-
ilar to each other, independently of the nature of M. The same
was for La0.9M0.1CoO3. Fig. 1a reports the case of cuprate with
M = Sm. Arrows indicate the reflections due to a La2O3 phase,
present in all of the cuprate samples. These reflections disap-
peared only after recalcination at 800 ◦C for 1.5 h. A different
situation was observed with La0.9M0.1CoO3 samples. Indeed,
only the perovskite phase was present in all of them (see, e.g.
Fig. 1b for M = Sm).

3.2. EPR spectra

3.2.1. La1.8M0.2CuO4 (M= Pr, Sm, Tb)
All the cuprate samples showed the Cu2+ EPR spectrum typ-

ical of magnetically diluted Cu2+ systems (see inset of Fig. 2).
No significant difference can be noticed among them, concern-
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ion and oxygen form a vertical flame, supported by a crown of
mall CH4/O2 flamelets. The nanosize particles produced in the
ame are collected by means of a 10 kV electrostatic precipita-

or.

.2. Catalysts characterisation

SSA and porosity were determined by adsorption–desorption
f N2 at liquid nitrogen temperature, by means of a Micromerit-
cs ASAP 2010 instrument. XRD analysis was carried out with
Philips PW1820 powder diffractometer, using the Ni-filtered
u K� radiation (λ = 0.15418 nm). The shape and size of the
articles were determined by means of a Leica LEO 1430 scan-
ing electron microscope (SEM). Electron paramagnetic reso-
ance (EPR) analysis was carried out with a Bruker ELEXSYS
PR-ENDOR instrument on loose-packed powdered samples

oaded in cylindric quartz tubes (WILMAD, 081707-SQ250M,
nternal diameter 3 mm, external diameter 4 mm). The same
mount of powder was always loaded in the tube in the dif-
erent experiments. In few cases, the sample was mounted at
n arbitrary orientation on a goniometer and then the EPR
pectrum was collected at two different sample orientations,
iffering 90◦ from each other, and preventing any shift of the
ample as a whole in the external magnetic field during the
eld scanning. In the case of EPR measurements performed
ith both increasing and decreasing magnetic field, the for-
er measurement was always carried out before the latter.
hen the sample was kept 15 min in a 4000 G intense mag-
etic field, before recording the electron magnetic resonance
EMR) pattern with magnetic field decreasing from 4000 down
o 0 G.
ng this pattern.
A further magnetic resonance feature (FM in Fig. 2) added at

ower magnetic field with La1.8Sm0.2CuO4 only. FM phase was
haracterised by an intensity strongly increasing with temper-
ture in the 120 K < T < 298 K range. All the spectra have been
ollected with magnetic field intensity increasing from 0 up to
000 G at the rate of 200 G s−1. After that scanning the spec-
rum of La1.8Sm0.2CuO4 was collected, at room temperature,
lso with the magnetic field decreasing from 4000 to 0 G. This
attern is reported in Fig. 3 and compared to that recorded with
ncreasing magnetic field. We can observe that the former is more
ntense in the low field (LF) region. The spectral shape of FM
epended also on the orientation of the sample inside the EPR
avity. For example, the patterns of Fig. 4 were collected with

ig. 1. XRD patterns: La 1.8Sm0.2CuO4 (1a) and La0.9Sm0.1CoO3 (1b). Arrows
ndicate the presence of La2O3 phase. The latter disappeared after 1 h sample
ecalcination at 800 ◦C.
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Fig. 2. The temperature dependent EPR spectrum of fresh La1.8Sm0.2CuO4.
Inset: room temperature EPR spectrum of fresh La1.8Sm0.2CuO4—detail corre-
sponding to g// = 2.35; g⊥ = 2.06; A// = 144 G.

Fig. 3. Room temperature EPR spectrum of fresh La1.8Sm0.2CuO4 with increas-
ing and, then, with decreasing magnetic field.

increasing magnetic field at two sample orientations, differing
90◦ from each other.

The FM pattern disappeared after recalcining this sample at
800 ◦C for 1.5 h. By contrast, a very broad and intense FM band

Fig. 4. Room temperature EPR spectra of fresh La1.8Sm0.2CuO4. Sample at two
different orientations differing by 90◦.

Fig. 5. Room temperature EPR spectra of La1.8M0.2CuO4 after use as catalysts
for the CFC of methane: (a) M = Sm and (b) M = Tb.

was observed when using this cuprate sample or that with M = Tb
as catalyst for the CFC of methane (Fig. 5), while traces of the
Cu2+ EPR pattern were then observable only at T < 120 K. How-
ever, with these two used catalysts, the spectral intensity of the
FM band showed a different trend with increasing temperature
(Fig. 6). By contrast, no FM band at all appeared with the Pr-
containing cuprate catalyst after catalytic use.

3.2.2. La0.9M0.1CoO3 (M = Pr, Sm, Tb)
At room temperature, no EMR spectra were observed with

these samples, when fresh. An intense low-field FM feature was
observed with the M = Sm sample only, but uniquely after its use
as catalysts for the CFC of methane. A broad band showed also
with the M = Tb used catalyst, but this pattern was by far less
intense than in the previous case and characterised by g ∼= 2. By
contrast, no EMR spectrum at all was observed with the used
M = Pr sample. Hence, with these samples the EMR spectra were
recorded at room temperature only.

3.3. Activity tests for the CFC of methane

All the La0.9M0.1CoO3 showed better catalysts than
La1.8M0.2CuO4. However, here we discuss in detail only the
cases of La1.8Sm0.2CuO4 before and after 1 h recalcination at
800 ◦C (Figs. 7 and 8) and that of La0.9Sm0.1CoO3 (Fig. 8),
w

F
o

hich can help the discussion.

ig. 6. Spectral intensity (a.u.) of La1.8M0.2CuO4 samples after use for the CFC
f methane: (a) M = Sm and (b) M = Tb.
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Fig. 7. Activity per unit surface area for the CFC of methane shown by
La1.8Sm0.2CuO4 before (�) and after (�) 1 h recalcination at 800 ◦C.

Fig. 8. Activity per unit mass for the CFC of methane: La1.8Sm0.2CuO4 before
(�) and after (�) 1 h recalcination at 800 ◦C; (�) La0.9Sm0.1CoO3.

4. Discussion

Cu2+ is a regular component of La1.8M0.2CuO4. Therefore, it
should be surprising that these systems show the EPR spectrum
typical of diluted Cu2+, i.e. with a resolved hyperfine structure
instead of displaying a broad single EMR band due to spin–spin
coupling among adjacent paramagnetic ions. However, it is well
known that, in general, such an intense band is not observed with
cuprates. Indeed, adjacent Cu2+ ions interact with each other by
super-exchange through the O bridge. Therefore, Cu2+ should
be completely EPR silent in these compounds, with the only
exception of those belonging to some defects in Cu-subsystem
involving oxygen vacancies or forming isolated paramagnetic
entities.

Furthermore, in the present case the poor resolution of the
Cu2+ EPR spectra does not permit to observe any significant
difference between distortions occurring in the Cu2+ neighbours
of these defects when Pr3+, Sm3+ or Tb3+ substitute for La3+,
though the ionic radius r of these ions is rather different, being
r = 1.09, 1.04 and 1.00 Å, respectively, and in any case lower
than for La3+ (1.15 Å).

Pr3+, Sm3+ and Tb3+ are paramagnetic ions [10]. However,
their spin–lattice relaxation rate is generally so high that no EPR
spectrum is expected at temperature higher than 20 K. Indeed,
only the S-state (L = 0; 4f7) of Eu2+, Gd3+ and Tb4+ lanthanide
ions can show an EPR spectrum at higher temperature [11,12].

However, no Tb4+ can be noticed in our Tb-containing fresh
sample, indicating that Tb3+ only is present in it. The broad
band detected with fresh La1.8Sm0.2CuO4, not attributable to
Sm3+ ions, undergoes the hysteresis effect of Fig. 3, so that
it cannot be attributed to EPR resonance but, instead, to fer-
romagnetic (FM) resonance (FMR) [13]. This means that FM
domains form in this sample, generating an internal field Bi
and, therefore, a spectral shift towards lower fields [14]. Fur-
thermore, such systems should not be distributed uniformly
throughout the bulk, as suggested by the dependence of the
spectrum on the sample orientation (Fig. 4). FM clusters have
been reported with Sm-containing perovskites, namely with
Sm0.2Ca0.8Mn1−xRuxO3 [15], and attributed to the formation
of “Bound Magnetic Polarons” (BMP), also indicated as “Fer-
rons” [16]. These systems should form in the presence of free
electrons concentrated enough to form local FM “droplets”.

Electron energy decreases with increasing the FM order in the
crystal. Therefore, FM “droplets” tend to grow up. Indeed, a high
FM order forms in the vicinity of a donor, like Sm2+ ions. In fact,
XRD patterns of La1.8M0.2CuO4 clearly reveal the presence of a
La2O3 phase (see, for example, Fig. 1a for M = Sm). Therefore,
the following reactions should occur in these samples:

10La1.8M0.2CuO4 → 9La2O3 + 10CuO + M2O3 (1)

Pr2
3+O3

2− → 2Pr2+O2− + 1
2 O2 (2)
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2− → 2Sm2+O2− + 1
2 O2 (3)

b2
3+O3

2− + 1
2 O2 → 2Tb4+O2

2− (4)

No clear evidence of M2
3+O3 nor of M2+O phase is evi-

enced in the XRD pattern, suggesting that these compounds
re dispersed or grouped into disordered clusters. Furthermore,
r2+ and Pr3+ could not be detected at these temperatures, as
bove mentioned. Sm2+ are diamagnetic (J = 0) 4f6 ions. How-
ver, the energy of the first excited (paramagnetic) J = 1 state is
ess than 300 cm−1 higher with this ion, i.e. comparable with
he room temperature energy (∼200 cm−1), at difference with
he other rare-earth ions, with which this difference generally
s of some thousands cm−1. This should explain the fact that
MP are observed with the Sm3+-containing cuprate sample
nly, in which Sm2+-containing clusters should form through
eactions (1) and (3). This is also in line with the increase of
pectral intensity with increasing temperature. Indeed, higher
emperatures favour the excitation from the diamagnetic to the
aramagnetic Sm2+ state. XRD patterns reveal also that La2O3
s no more present in these cuprate samples after their recal-
ination at 800 ◦C. Therefore, reactions (1)–(3) cannot occur
nymore after such a treatment. On the other hand, also the FM
and is then no more detected with M = Sm cuprate. This further
upports the attribution of this band to the Sm2+ FM clusters,
orming only when reaction (3) occurs. Furthermore, no other
uprate, when fresh, reveals FM species, though they all show
early the same Cu2+ EPR pattern. Therefore, the defects gen-
rating this spectrum seem neither significantly involved in the
ormation of Sm2+ FM clusters, nor affected by their presence.
n addition, also La0.9Sm0.1CoO3 reveals a FM band (though
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only after catalytic use), further suggesting that Sm, and not Cu
ions, are involved in the formation of FM species.

La1−xMxCoO3 perovskite-like systems, with M = Ca, Sr,
have been widely investigated in literature [17–20]. The substi-
tution of these M2+ ions for La3+ increased the concentration
of Co4+ ions, forming a FM order due to double-exchange
interactions between Co3+ and Co4+ ions. At the same time anti-
ferromagnetic (AFM) superexchange was occurring between
Co3+–Co3+ and Co4+–Co4+ ions, strongly competing with FM
interactions, so to generate magnetic frustration phenomena. As
a consequence, a narrow resonance window in the g ∼= 2 spectral
region was observed at enough high temperature, while at lower
temperature, when FM interactions were prevailing, a broader
and asymmetric feature was observed at lower field. All these
phenomena require the formation of Co4+ ions, though also
oxygen-based species are perhaps involved [20]. In the present
investigation, no g ∼= 2 line was noticed at high temperature, and
only the low-field FM feature due to the (J = 1) Sm2+ clusters
was observed. This suggests that no significant concentration of
Co4+ is present in these Sm-containing cobaltites. Indeed, the
ionisation reaction Co3+ → Co4+ would require (in the ideal gas
phase) 4950 J mol−1, very close to Ca2+ → Ca3+ (4912 J mol−1)
and Sr2+ → Sr3+ (4138 J mol−1). Therefore, the substitution of
Ca and Sr for La in the perovskitic lattice is energetically compet-
itive with the oxidation of Co3+ to Co4+. This is no more the case
for the substitution of Sm for La. Indeed, the Sm2+ → Sm3+ reac-
t
w
d
s
s
c
S
o
D
a

I
c
c
b
c
a
c
i
f
(
l
r
I
b
a
s
fl
l
a

ing a decrease of SSA, the catalytic activity per unit mass does
not change significantly (Fig. 8) after this treatment, probably
because of a counterbalancing effect due to the disappearance
of MBP.

The presence of FM with the Sm-containing cobaltite sample
only after its use as catalyst, together with the increase of FM
intensity after use of Sm-containing and Tb-containing cuprates,
indicates that FM is not related to any catalytically active species,
but possibly to species whose concentration increases during the
catalytic reaction. In fact, the better catalysts (La0.9Sm0.1CoO3
and recalcined La1.8Sm0.2CuO4, upper curves in Figs. 7 and 8)
do not reveal any FM species when fresh.

5. Conclusions

Biphasic fluorite-like catalysts may possess high SSA, but
their catalytic activity can be lowered by the formation of MBP.
Indeed, MBP cause a grouping of electrons, which become
less available for the catalytic reaction. Sample recalcination
causes a decrease of SSA due to sample sintering, however,
counterbalanced by the increase of catalytic activity due to the
disappearance of MBP.
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ion requires 2260 J mol−1 only, being energetically favoured
ith respect to the formation of Co4+ from Co3+. However, in a
isordered system a few Sm2+ ions can be close to each other,
o that, when thermally excited up to their paramagnetic (J = 1)
tate, they can form FM systems. This would occur, with Sm-
ontaining cobaltite, only after catalytic use, at difference with
m-containing cuprate. This is in line with the observation that
nly the former, when fresh, is a monophasic “ordered” solid.
isorder is introduced in its structure only during its use as cat-

lyst.
Different considerations must be done in the case of M = Tb.

ndeed, the only EPR-detectable species would be Tb4+, which
an form only by sample re-oxidation (reaction (4)), i.e. after
atalytic reaction, as observed. However, these species would
e different from those noticed with M = Sm. In fact, with Sm-
ontaining samples FM species are favoured at higher temper-
ture only (Fig. 6a), while in the (used) Tb-containing cuprate
atalyst the trend of the FM spectral intensity versus temperature
ndicates a “normal” Curie–Weiss behaviour, possibly with anti-
erromagnetic coupling at low temperature (Fig. 6b). Reactions
1)–(3) should occur also at low temperature, accounting for the
ow catalytic performance per unit SSA shown by these (not
ecalcined) cuprates for the CFC of methane (see, e.g. Fig. 7).
n fact, this sample would lose oxygen even at a temperature
y far lower than that of methane combustion. The catalytic
ctivity per unit SSA increases markedly with the recalcined
amples (Fig. 7), in which M perfectly substitutes for La in the
uorite-like crystal structure, so that oxygen is no more lost at

ow temperature through reactions (2) and (3). However, though
partial sintering accompanies this recalcination process, caus-
estions during the laying down of the paper.
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