
Journal of Molecular Catalysis A: Chemical 246 (2006) 128–135

Catalytic and redox properties of nano-sized La0.8Sr0.2Mn1−xFexO3−δ
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Abstract

The La0.8Sr0.2Mn1−xFexO3−δ (LSMF) samples of perovskite-type structure, with the value ofx ranging from 0 to 1.0 were synthesized by
using two different methods, viz. nitrate and solid-state routes, and by calcining at different temperatures. Efforts were directed to identify the
microstructural and morphological properties responsible to the substitution-induced modification in catalytic behavior of these materials. TheXRD
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tudies showed that the incorporation of iron resulted in single-phase samples of orthorhombic symmetry instead of the rhombohedra
f the parent LSM perovskite. The M̈ossbauer spectra revealed that iron existed in trivalent state but in three distinctive coordinative envir
t one of these sites, iron was found to be paramagnetic in nature and the concentration of these species decreased with the increasing
n the other hand, XPS results revealed that the valence state of ‘B’ site cations, Fe and Mn, was different at the surfaces of the sample

o the bulk. No significant segregation of an individual metal was noticed at the surface layer. At the same time, the particles of Fe-
amples were smaller in size as compared to LSM and it was found to have a direct impact on the lowered reduction temperature and t
atalytic activity of LSMF samples. The results of our study reveal that in addition to the oxygen ion vacancies generated in the lat
ultiple oxidation states of ‘B’ site cations, the symmetry around a substituent cation and the subtle changes in particle morphology ma
n important role in deciding the catalytic behavior of the LSMF perovskites.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Perovskite-type mixed oxides (ABO3) have been the subject
f extensive studies during past few decades, because these
aterials offer large scope for tailoring of their structure by
aking cationic substitutions at A or B sites. These structural

hanges are in turn known to influence their catalytic, electronic
nd magnetic properties to a considerable extent[1–10]. For
pplications in catalysis, in particular, the lanthanide per-
vskites (A = La, B = first-row transition metal) have received
he most attention, because of their thermodynamic stability at
easonably high temperatures and at the same time high catalytic
ctivity for oxidation reactions concerning pollution abatement.

∗ Corresponding author at: Emeritus Scientist (CSIR), National Chemical
aboratory, Pune 411008, India.
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Substitutions at both the A and B site of these lanthanide
found to modify the catalytic properties in different ways. Th
the substitution of La by Ca, Sr or Ba is known to impr
oxygen ion mobility and, hence, the reducibility of the ca
at B site. Similarly, the multiple substitutions at catalytica
active ‘B’ sites by some aliovalent transition metal cations
to enhanced catalytic activity due to synergistic valence cha
and resultant non-stoichiometry-related micro-structural de
introduced into the lattice. As has been demonstrated in r
researches carried out in our laboratories, the substitu
induced enhancement in catalytic activity has been obs
in the mixed-metal oxides of other structures, e.g. pyroch
and scheelites, as well[11–17]. Overall, such effects have be
attributed to various factors, such as: structural rearrange
arising due to change in oxygen content, increase in la
vacancies leading to higher oxide ion mobility, synergistic
of mixed valence states of cations at ‘B’ site and the segreg
of active metal components at the surface layer. These as
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have been investigated for a large number of mixed metal oxide
compositions, and the subject has been reviewed in various
articles[18–20]. Nevertheless, no concerted efforts have been
made as yet to explore how morphological changes resulting
from cationic substitution, i.e. changes in the size, shape and
surface area of the sample particles, may contribute to the
catalytic behavior of the perovskites.

The double perovskites of composition La0.8Sr0.2MnO3−δ

(LSM) are important, not only as cathode material for solid
oxide fuel cells but also as prospective oxidation catalysts. In
this paper, we report on the surface composition, structural
characteristics, redox properties and catalytic activity of LSM
oxides as a function of Fe substitution. Our goal was to exam-
ine how different microstructural and morphological changes,
resulting from the different procedures adopted for synthesis
of these samples, may influence the catalytic properties of these
oxides. For this purpose, a series of mixed oxides of composition
La0.8Sr0.2Mn1−xFexO3−δ (x = 0–1.0) were synthesized by two
alternative procedures, i.e. solid-state route and solution route,
and were subjected to calcination at different temperatures. The
samples were characterized systematically, in order to differen-
tiate between the relevant physical and chemical properties of
differently synthesized samples. The phase characteristics, crys-
tallite size and surface area of the samples were examined by
using powder X-ray diffraction (XRD) and N2 adsorption tech-
niques. The techniques of X-ray photoelectron and Mössbauer
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adsorption isotherms. Powder XRD patterns were recorded on
a Philips X-ray diffractometer (PW 1710, Ni -filtered Cu K�
radiation), using silicon as an external standard. These patterns
were indexed to generate their lattice dimensions using a powder
program.

57Fe Mössbauer spectra of substituted samples were obtained
at ambient temperature (298 K) in a constant acceleration mode
using a57Co source in Rh matrix (50 mCi). The samples were
mixed with a diluting agent, i.e. Li2CO3, and the iron content
was maintained constant at 0.2 mg cm−2 in all the absorbers.
The experimental data were fitted with the help of a least square
curve-fitting program and the isomer shift values are reported
with respect to�-Fe as standard.

The XPS spectra were recorded on a KRATOS AXIS 165
spectrometer equipped with a dual anode (Mg and Al) sys-
tem, using the Mg K� anode (1253.6 eV) source. The pressure
in the spectrometer was∼10−9 Torr. Carbon 1s photoelectron
line (284.6 eV) was used for energy calibration. Spectra were
deconvulated with the help of Sun Solaris based Vision-2 curve
resolver. The binding energies obtained for identical samples
were in general reproducible to within±0.1 eV.

For evaluating the reduction behavior as a function of sample
composition, temperature-programmed reduction (TPR) pro-
files were recorded on a TPDRO-1100 analyzer (Thermo-
quest, Italy), equipped with a thermal conductivity detector.
H (5%) + Ar gas mixture was employed for recording of the
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pectroscopies were employed to identify the oxidation
f the constituents, at the surface and in the bulk of t
ulti-metal oxides. The reduction/oxidation (redox) beha
f these samples was studied by recording the tempera
rogrammed reduction (TPR) profiles. The catalytic beha
f these materials was evaluated for CO oxidation as a m
eaction.

. Experimental

One molar nitrate solutions of component cations w
ixed together in appropriate proportion, so as to achie
esired composition of La0.8Sr0.2Mn1−xFexO3−δ (abbreviated
s LSMF) samples while preparing through solution ro
fter drying at 80◦C, the resultant solidus pulp was calcin
t 550◦C and, then, at 900◦C for 24 h duration, and th
ompletion of the reaction was ascertained from powder X
nalysis. In the exceptional case of a Fe-free sample
SM), the completion of the reaction was attained only

he temperature of 1100◦C or above. Some representat
amples were prepared by solid-state route also. For thi
xides of the constituent metals were ground thoroughly,
alletized and, then, calcined in three stages, i.e. at 900,
nd 1400◦C. The samples were ground well and palletized a
ach of these calcinations steps, in order to achieve comp
f the reaction. Some of the representative samples prepa
olution route were also calcined at an elevated temperatu
400◦C so as to make a comparative evaluation. The ave
article size of different samples was obtained using Sch
quation. A Quantachrome Autosorb-1 analyzer was emp

or measurement of surface area by recording the nitr
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eduction profiles. All the samples were pretreated in an
tmosphere at 350◦C for 2 h prior to recording of the first TP
un. A soda-lime trap was connected in line so as to rem
ny moisture released during the TPR runs. The data
lotted in temperature range 25–900◦C, at a heating rate
◦C min−1.
A fixed-bed continuous-flow tubular reactor made of qu

as employed for the measurement of catalytic activity of
erent samples for CO oxidation reaction. For each experim
.1 g of a sample was placed between two quartz wool plugs

engih ∼1 mm), the reactant (CO:O2:He = 2:1:17) flow being
t 15 ml min−1. Effluents were sampled and analyzed on a
hromatograph (Porapak-Q column and thermal conduc
etector).

. Results

Table 1 gives representative particle size data
a0.8Sr0.2Mn1−xFex03−δ (x = 0–l.0) samples synthesized
sing above-mentioned two routes. As seen in these

he particle size of 15–18 nm for iron-containing samples
lmost half as compared to the samples of extreme compo
∼30 nm), the preparation and calcination conditions being i
ical. Also, the crystallite size was large (48–50 nm) for the s
les prepared by solid-state route and calcined at 1400◦C. This
article size trend was reflected in the surface area of the
tituted samples as well. Thus, the substituted samples pre
ia nitrate route exhibited a surface area in range 5–7 m2 g−1

he value changing only marginally with Fe content. The co
ponding surface area for unsubstituted samples with thex value
f 0 and 1 was in the range of 3.4–3.8 m2 g−1.
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Table 1
Particle size (nm) of LSMF samples prepared through different routes

Sample Label Nitrate route (calcination 900◦C) Solid-state route (calcination 1400◦C)

La0.8Sr0.2MnO3 LSM 27 50
La0.8Sr0.2Mn0.8Fe0.2O3 LSMF2 16 48
La0.8Sr0.2Mn0.6Fe0.4O3 LSMF4 16 –
La0.8Sr0.2Mn0.4Fe0.6O3 LSMF6 15 49
La0.8Sr0.2Mn0.2Fe0.8O3 LSMF8 24 –
La0.8Sr0.2FeO3 LSF 29 –

3.1. XRD

The XRD patterns of LSMF samples, synthesized through
solution route and calcined at 900◦C, are shown inFig. 1 as a
function of Fe-content. In general, the iron substitution helped in
the synthesis of single-phase materials at a relatively lower tem-
perature, as compared to corresponding Fe-free LSM sample.
Thus, the reflections marked with # inFig. 1a for a LSM sample
(x = 0, calcined at 900◦C) match with the powder XRD pattern
of rhombohedral La0.9Sr0.1MnO3.15 (PC-PDF no. 47-0444). At
the same time, we observe certain weak reflections (marked *) in
this figure due to un-reacted La2O3. The completion of the reac-
tion was observed on calcination of the sample at 1100◦C and
the relevant XRD pattern is shown inFig. 1b. In the case of all
iron-substituted samples, the reaction was found to be complete
at 900◦C (Fig. 1c–f) and all the synthesized samples exhib-
ited an orthorhombic symmetry irrespective of the iron content.
However, a change of symmetry to rhombohedral was observed

F n
o
(
n

when the LSMF samples were calcined at 1100◦C, as shown
in Fig. 1g for a representative sample LSMF2. Corresponding
lattice parameters are also included inTable 2. The data given in
Tables 1 and 2show that the change of symmetry to orthorhom-
bic in case of the low-temperature synthesized LSMF samples
is accompanied with a considerable decrease in the cell volume
and also in the decrease of the crystallite size from∼27 to 15 nm.
Our results, thus, show that Fe-doping helped in stabilization of
orthorhombic phase of LSM even at low synthesis temperatures
(i.e. ∼900◦C). This is in contrast to a similar study reported
earlier, where the orthorhombic phase of lanthanum–strontium
ferromanganites, i.e (La1−xSrx)(Mn1−yFey)O3±δ samples with
x and y = 0.2, 0.5 and 0.7, was found to be stabilized only at
∼1300◦C [21].

3.2. XPS

The core-level XPS spectra corresponding to La 3d and Sr 3d
lines were unaffected of Fe substitution and were basically sim-
ilar to those reported for LSM samples by other authors[22,23].
Thus, the main La 3d5/2 and 3d3/2 lines were observed at binding
energy (BE) values of 834.59 and 851.55 eV, with a separation
of approximately 16.96 eV. These La 3d lines were accompa-
nied with equally intense satellite lines appearing at 838.12 and
855.06 eV, arising due to electron transfer from oxygen ligands
t + -
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a
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i
n eV,
ig. 1. XRD patterns of La0.8Sr0.2Mn1−xFexO3−δ (LSMF) samples as a functio

f Fe-content and calcination temperature. Curves (a) LSM, (b) LSM (1100◦C),
c) LSMF2, (d) LSMF6, (e) LSMF8, (f) LSF and (g) LSMF2 (1100◦C). Calci-
ation temperature for curves a and c–f, is 900◦C.

w -
i hown
i

o the La 4f orbital[22]. Sputtering (Ar , 5 keV) of the sam
le for varying periods of time gave similar spectrum bes
shift in binding energy to a lower value by 0.9± 0.1 eV. This
E shift was seen more clearly in case of the iron-substi
amples.

Interesting results were obtained in case of the Fe (2p
n (2p) core level XPS signals. In both these cases ove
ing bands were observed signifying the presence of mu
xidation states of these elements, the relative concentrat
hich changed as a result of sputtering and also as a fun
f iron content. The Mn 2p and Fe 2p XPS spectra are sho
igs. 2 and 3, respectively, for a representative LSMF2 sam
he resolution of these spectra into component peaks is s
y the dotted curves in these figures. In the case of Mn XPS

rum, we observe two lines at 642.6 and 641.4 eV (Fig. 2). The
osition of these signals remained unchanged within±0.1 eV

n the case of the substituted samples. Both these Mn 2p3/2 sig-
als exhibited a negative shift in BE, to the extent of 0.6–0.8
hen the sample were sputtered with Ar+ for 10–30 min. A sim

lar shift was observed in case of Fe 2p XPS signals, as s
n Fig. 3.
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Table 2
Effect of calcination temperature on cell parameters of La0.8Sr0.2Mn1−xFexO3−δ samples

Calcination temperature (◦C) Value ofx Lattice symmetry Cell parameters

a (Å) b (Å) c (Å) V (Å3)

900 0.0 Rhombohedral 5.515 – 13.328 351.2
0.2 Orthorhombhic 5.446 5.517 7.759 233.1
0.4 Orthorhombhic 5.439 5.523 7.767 233.3
1.0 Orthorhombhic 5.525 5.549 7.825 240.0

1100 0.0 Rhombohedral 5.529 – 13.373 354.1
0.2 5.529 – 13.372 354.0
0.4 5.528 – 13.342 353.2

Fig. 2. Mn 2p XPS spectrum of La0.8Sr0.2Mn0.8Fe0.2O3−δ (LSMF2) catalyst.

Table 3
Representative XPS binding energy values of different elements in
La0.8Sr0.2Mn0.8Fe0.2O3−δ sample at the external surface and after 20 min sput-
tering with Ar+ ions of 3 KeV energy

BE of XPS signal (eV)

La 3d5/2 Sr 3d5/2 Mn 2p3/2 Fe 2p3/2

No sputtering 834.5, 838.0 132.2 641.4, 642.6 710.1, 712.2
After sputtering 833.6, 837.6 132.5 640.8, 642.0 709.5, 711.2
Oxidation state +3 +2 +4, +3.5 +2, +3

Table 3gives the representative BE value of constituent ele-
ments of substituted LSM sample, without and after 20 min
argon ion sputtering. Corresponding atom concentrations o
these elements are included inTable 4. The XPS lines men-
tioned above indicate the presence of both iron and manganes
in two distinct oxidation states. The lower BE line at 641.4 eV,
shifting to a lower value of 640.9± 0.1 eV after sputtering, may
be attributed to the presence of manganese in +4 oxidation sta
at surface and in +3 state in the bulk[24]. The 642.6 eV XPS line
of ‘as mounted’ LSM oxides has been reported and discussed b

various research groups and has been attributed to +3.5 oxida-
tion state of Mn ions on the basis of various considerations such
as the splitting of XPS s-lines[23]. The BE of this line decreases
only marginally after sputtering (Table 3). The Fe 2p XPS emis-
sion lines from La0.8Sr0.2Mn0.6Fe0.4O3−δ sample, appearing at
BE values of around 709.5 and 711.2 eV (Fig. 3b), showed an
almost identical separation of∼2.6 eV in their spin-orbital split-
ting doublets and may be attributed to the presence of bulk iron
ions in the oxidation states of +2 and + 3, respectively[24]. On
sputtering, the concentration of Fe2+ sites decreases consider-
ably while that of the Fe3+ undergoes an increase. It is likely
that the Fe2+ species, detected only at the surface could arise
from Fe3+ → Fe2+ conversion under vacuum. Furthermore, the
sputtering-dependent atom concentration data inTable 4reveal
that the iron segregation at the sample surface occurred only to
a marginal extent.

3.3. Mössbauer spectroscopy

Room temperature M̈ossbauer spectra of LSMF samples are
shown in curves a–c ofFig. 4for there typical iron substitutions,
i.e. for x values of 0.2, 0.4 and 0.6, respectively. A comparative
spectrum for pure LSF phase is shown in curve d of this figure.
The corresponding values of isomer shift are given inTable 5.

Mössbauer spectra reveal that Fe is present in trivalent state
in all the substituted samples but its coordinative environment
d of
L e
s ) of
∼ -
m
o in
s ram-
a is is

Table 4
Relative atom concentration of different elements La0.8Sr0.2Mn1−xFexO3−δ samples

Without sputtering

x La Sr Mn Fe O Fe/La + Mn n

0 20.2 3.3 3.6 – 72.8 –
0.2 17.0 3.4 3.2 2.5 – 0.15
0.4 16.1 3.4 4.0 3.2 73.1 0.16
0.6 16.5 3.0 3.8 5.5 71.2 0.27
f

e

te

y

epended upon Fe content. Thus, the Mössbauer spectrum
a0.8Sr0.2Mn0.8Fe0.2O3−δ (LSMF2) could be fitted into on
ymmetric doublet with a large quadrupole splitting (Q.S.
0.48 mm s−1 and IS shift of∼0.33 mm s−1 (Fig. 4a). This para
agnetic doublet is attributed to the presence of Fe3+ ions in an
ctahedral oxygen lattice[25]. With increasing iron content
amples LSMF4 and LSMF6, a gradual transition from pa
gnetic to magnetic (ferro- or antiferro-) can be noted. Th

as a function ofx value

After sputtering

La Sr Mn Fe O Fe/La + M

21.5 3.4 5.7 – 69.3 –
24.8 4.1 5.6 2.9 62.5 0.12
23.0 4.9 5.3 4.3 62.3 0.18
23.1 4.6 5.9 5.3 61.0 0.23
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Table 5
Mössbauer parameters of LSMF catalyst

Catalyst Nature Hint (kOe) IS (±0.02) (mm s−1) Q.S. (mm s−1) Relative intensity (%)

LSMF2 Paramagnetic – (a) 0.33 0.48 100

LSMF6 Paramagnetic – (a) 0.302 0.438 16.31
Magnetic (I) 450.6 (b) 0.404 0.043 40.62
Magnetic (II) 383.0 (c) 0.308 0.062 43.05

LSF Paramagnetic – (a) 0.183 0.027 18.88
Magnetic (I) 511.4 (b) 0.409 0.024 27.93
Magnetic (II) 441.6 (c) 0.369 0.054 53.18

reflected clearly in the presence of two hyperfine-split sextets
in addition to the above-mentioned doublet in curves b and c of
Fig. 4. The isomer shift for these sextets varies between 0.3 and
0.4 and the sextets match with that observed for pure LSF (curve
d) phase, in terms of the isomer shift and the quadrupole split-
ting values, as shown inTable 5. These two sextets, appearing at

F
s

magnetic fields of∼450.6 and 383 kG may be ascribed to Fe3+

cations located at distorted octahedral sites, thus, suggesting the
existence of domains/regions with varying local fields. This dis-
tortion in symmetry may arise due to anisotropic deformation
of the environment of the Fe3+ ions due to oxygen vacancies
generated by substitution at Mn sites. These results, thus, reveal
the presence of iron in at least three distinct environments, the
relative concentration of which may depend upon Fe-content.
The Mössbauer spectroscopy results also show that the hyper-
fine field (Hint) increased progressively, as one goes to LSF from
LSMF6, indicating that Fe is more magnetically ordered in LSF.
This is, further, supported by the lower Q.S. values for LSF sam-
ples as compared to LSMF6.

3.4. TPR

The reduction profiles (TPR) of LSM along with its iron-
substituted homologues are presented inFig. 5a–f. The reduction
profile of LSM (Fig. 5a) shows at least two clear reduction stages,
first at 350–600◦C and the second stage in the wide tempera-
ture interval of 700–980◦C. We may mention that Mn is the
only reducible species in the case of LSM sample. This profile
clearly indicates the existence of two distinct manganese sites,
corresponding to XPS bands mentioned above (Fig. 2). Such
multiple reduction stages have been reported earlier by Buciu-
m ,
ig. 3. Fe 2p XPS spectra of La0.8Sr0.2Mn0.8Fe0.2O3−δ (LSMF2): (a) without
puttering and (b) after 10 min sputtering.

F : (a)
L

an et al.[26] in case of TPR study on LaMnO3.16 samples

ig. 4. Mössbauer spectra of LSMF catalysts of various compositions
SMF2, (b) LSMF4, (c) LSMF6 and (d) LSF.
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Fig. 5. TPR profiles of different LSMF samples synthesized by solution route.
Curves (a) LSM, (b) LSMF2, (c) LSMF4, (d) LSMF6, (e) LSMF8 and (f) LSF.
Curve (g) shows TPR profile of a LSMF2 sample synthesized by solid-state
route.

having substitution at A site with Sr, Ba, K and Cs. It has been
demonstrated by these authors that Mn is present in +4 as we
as in +3 states and the Mn4+ state reduces at a lower temperature
as compared to Mn3+. This has been interpreted in terms of low-
ering of the oxidative nonstiochiometry on substitution of La3+

by cations at lower oxidation stage, while keeping the tetrava-
lent manganese practically unchanged. Since our sample show
rhombohedral symmetry, the reduction of strontium substituted
lanthanum manganites is likely to follow the scheme:

La0.8
3+Sr0.2

2+Mnx
4+Mn1−x

3+O3.16

350◦C−→ La0.8
3+Sr0.2

2+Mn3+O2.9

La0.8
3+Sr0.2

2+Mn3+O2.9

700◦C−→ 0.4La2O3 + 0.4MnO+ 0.2SrMn3O6−δ

The reaction schemes mentioned above were validated b
the XRD pattern of the TPR residue of LSM that showed the
presence of La2O3, MnO and SrMn3O6−δ. We, therefore, con-
clude that the low temperature reduction inFig. 5arises due to
Mn4+ → Mn3+ conversion and at a high temperature, i.e. above
600◦C, it is due to Mn3+ to Mn2+.

In case of sample LSMF2 where Fe substitutes a part of Mn,
the overlapping TPR bands in 400–600◦C region shift to lower
temperature while the intensity of the high temperature bands
(700–900◦C) decreased considerably (Fig. 5b). This temper-
ature shift becomes more prominent (∼200◦C) with further
increase inx-value to 0.6 (Fig. 5d). The low intensity TPR bands
in Fig. 5e and f indicates that the reduction of Fe3+ cations may
occur only at temperatures above 800◦C. These results suggest
the generation of certain micro-structural defects in the vicinity
of Mn sites as a result of iron substitution, thus, promoting the
diffusion through the bulk and eventually facilitating the reduc-
tion. This inference is supported by the XRD results showing a
clear change in symmetry from rhombohedral to orthorhombic,
which is known to be an oxygen deficient structure. The shift in
Tmax from 300◦C in case of LSMF6 sample to a higher temper-
ature of∼500◦C for LSMF8 may be attributed to increase in
symmetric ordering of Fe as we go from LSMF6 to LSF sample
as indicated by M̈ossbauer spectroscopy results.

In addition to the role of Fe substitution as described above,
the reduction profile of a sample depended upon the particle
morphology as well. Thus, a shift to higher temperature by
∼150◦C was noticed in the TPR profile of a representative
La0.8Sr0.2Mn0.8Fe0.2O3−δ sample, synthesized by solid-state
route and having larger particle size (Table 1). To enable a com-
parison, these results are presented in curve g ofFig. 5. The
increase in reduction temperature as seen inFig. 5g, thus, indi-
c tion
b
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ates an important role of sample crystallite size in reduc
ehavior.

.5. Catalytic activity

Fig. 6presents the catalytic activity of LSMF samples, s
hesized at a calcination temperature of 900◦C, for CO oxidation
eaction. As seen in curves b–d of this figure, the iron con
ng samples exhibited better catalytic activity as compare
nsubstituted LSM (curve a) or the sample of other extr
omposition, i.e. LSF (curve e). For instance, Fe-contai
amples exhibited ca. 90–100% conversion of CO to CO2 at
00◦C while only 45% conversion was observed using LSM

his reaction temperature. Not only an increase was observ
he conversion, the reaction onset temperature was also
o decrease as a result of iron substitution (Fig. 6b–d). The
ighest CO conversion of∼100% at 350◦C, was exhibited b
a0.8Sr0.2Mn0.4Fe0.6O3−δ (LSMF6) catalyst and this is in lin
ith the considerable lowering of reduction temperature i
PR profile (Fig. 5d).

As in the case of TPR results described above, the
lytic activity was also influenced considerably by the phys
haracteristics of a particular Fe-substituted sample. Cur
nd b inFig. 7 exhibit the catalytic activity of a represen

ive La0.8Sr0.2Mn0.8Fe0.2O3−δ (LSMF2) sample synthesized
sing two different routes. For instance, the sample synthe
y solid-state method and having larger size particles gav

o much lower CO→ CO2 conversion (curve b), as compared
orresponding sample synthesized through solution route (
). This indicates again the importance of crystallite size in
atalytic properties of metal oxide systems.
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Fig. 6. Catalytic activity of La0.8Sr0.2Mn1−xFexO3−δ catalysts for CO oxidation
reaction. Curves (a) LSM, (b) LSMF2, (c) LSMF4, (d) LSMF6 and (e) LSF.

Fig. 7. Catalytic activity of La0.8Sr0.2Mn0.8Fe0.2O3−δ (LSMF2) sample synthe-
sized by different routes: (a) nitrate route and (b) solid-state route.

4. Discussion

The influence of synthesis route and that of the substitutions
at cation sites on the catalytic and electro-catalytic properties
of mixed metal oxides has been highlighted in several previous
publications; even though discrepant views have been expressed
in regards to the nature of the physico–chemical properties
that are responsible to the catalytic behavior of these materials
[27,28]. For instance, the difference in CO oxidation activity of
La1−xSrxMnO3 samples synthesized through six different routes
has been ascribed to certain micro-structural surface properties
rather than the physical characteristics such as the particle size
and surface area[27]. Effect of partial substitution on catalytic
activity of La0.7Sr0.3Co1−xFexO3 perovskites has similarly
been attributed to the degree of certain structural disorders
(grain boundary, etc.) and at the same time the role of chemical
composition and the surface enrichment has been ruled out[4].
On the other hand, the enhancement in activity of La–Cu–Fe–O
mixed oxides for CO + NO reaction has been correlated to the
substitution-induced surface concentration of metallic copper
in a recent study by Peter et al.[9]. The catalytic properties of
mixed metal oxide systems have also been attributed to other
properties such as crystal structure, non-stoichiometry resulting
from substitutions at A- or B-sites, oxygen ion mobility, oxygen
storage capacity and redox properties, etc.[18–20,29,30]. At
the same time, the influence of powder morphology on the
c ed in
s
d route
l kites
a et al.
[
c par-
t ion
r

def-
i etal
o aused
e ture
s our
r

1 nge-
us,
etry

tuted

2 rable
d the

allite
h

era-

3 n of
ulted
atalytic activity of mixed metal oxides has been emphasiz
ome of the recent studies. For instance, Taguchi et al.[31] have
emonstrated that the low temperature synthesis by citrate

ed to decreased crystallite size of La–Ca–Fe–O perovs
nd such samples exhibited a higher catalytic activity. Ma

32] have similarly reported that the spinel-type MgxFe3−xO4
atalysts with greater non-stoichiometry and smaller
icle size exhibited better activity for styrene oxidat
eaction.

The results obtained in the present study clearly reveal a
nite relationship between the catalytic activity of mixed m
xides and certain morphological and structural changes c
ither by the substitutions or by adopting a low-tempera
ynthesis route. The following are the highlights of
esults:

. The substitution of Fe in place of Mn caused a rearra
ment in the symmetry of the parent LSM perovskite. Th
the substituted samples exhibited an orthorhombic symm
instead of the rhombohedral symmetry of the unsubsti
counterpart.

. Commensurate to the change of symmetry, a conside
decrease was observed in the cell parameters an
cell volume of Fe-substituted samples (Table 2). Also
a significant decrease was observed in the cryst
size of LSMF samples (Table 1), synthesized throug
solution route and calcined at relatively lower temp
ture.

. XPS results show no significant surface segregatio
constituent metal. At the same time, Fe-substitution res
in the formation of high-valence B-cation, i.e. Mn4+. Such
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high-valent B-cation in the perovskite structure ABO3 are
known to influence various bulk and surface properties. For
instance, B4+ cations, i.e. Fe4+ and Mn4+, are reported to play
an important role in the catalytic, electric and ionic transport
properties of LSM oxides due to the presence of B3+–O–B4+

couples and associated oxygen in vacancies in the lattice
[33]. A recent M̈ossbauer spectroscopy study of Abdelmoula
et al. [25] has indeed demonstrated a significant increase
in concentration of oxygen ion vacancies as a result of Fe
substitution in LSM materials that facilitates the anionic
diffusion.

4. TPR results confirm a direct influence of decreased particle
size and the substitution-induced non-stoichiometry on the
lowering of reduction temperature of LSM samples.

5. The samples synthesized through low-temperature routes
and comprising of smaller size particles exhibited higher
catalytic activity for CO oxidation reaction.

On the basis of above observations, we may infer that the
reduction behavior and the catalytic activity of LSMF samples
are influenced by a combination of factors, such as the symme-
try and the valence state of B-site cations, substitution-induced
non-stoichiometry leading to improved transport of bulk oxygen
ions and the crystallite size of the samples that depends upon the
adopted synthesis procedure. Thus, the decrease in CO conver-
sion and increase in reduction temperature from LSMF6 to LSF
s of F
i
A ram
e crys
t and
g lso b
d ides
e ples
i ture
m atio
a cula
s

5

ence
u n.
B erin
o ase
o n
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via anionic vacancies generated in the process, and (iii) a change
in the symmetry around a constituent cation.
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