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Abstract

Different preparation routes derived both from the usual high-temperature solid state synthesis and the

sol–gel process were applied for the synthesis of crystalline La1–xSrxMnO3+� phases with 0�x� 0.2.

They were investigated by means of temperature programmed isotope exchange (TPIE) under various

conditions. The 18O isotope exchange experiments yielded information on the dependence of the oxy-

gen mobility on temperature and the Mn4+/Mn3+ ratio. Both are related to the defect structure of the

solid. TPIE was applied for studying the interaction between 18O2 and CH4 under static conditions and

was compared with results obtained from catalytic investigations, i.e. the behaviour of La1–xSrxMnO3+�

(0�x� 0.2) in both CO and CH4 oxidation with normal oxygen 16O2 under steady flow conditions.

Keywords: catalytic activity, CO oxidation, methane oxidation,18O isotope exchange, ternary
manganites

Introduction

The wide variety of dynamic thermal analysis (TA) methods comprises not only the

conventional simultaneous methods such as TG-DTA and the modern simultaneously

coupled methods such as TG-FTIR or TG-DTA-MS together with PulseTA® [1, 2].

The temperature programmed isotope exchange (TPIE) also represents an interesting

variation of dynamic thermal analysis as it allows the following of the change of a

sample property (e.g. the oxygen liberation of a solid) with an imposed temperature

program. TPIE revealed to be especially promising for the investigation of the oxy-

gen mobility in/onto solid oxide systems since the easy availability of the isotope 18O

allows for the investigation of how a gas atmosphere containing 18O interacts with a

solid containing the normal isotope 16O. This method has been succesfully applied in

the investigation of bulk and/or surface diffusion of metal oxides [3], high-tempera-

ture super conductors [4], ternary manganites [5] and others.

This work continues the investigations in [5] where manganites with perovskite

(LaMnO3 and La0.7Sr0.3MnO3) and perovskite-like structures (SrMnO3) were studied with

respect to their catalytic activity in oxidation reactions. The substances were obtained by

high-temperature solid state synthesis; our aim was now to study the influence of various

synthesis conditions on the oxygen exchange properties and the catalytic activity as well.
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The possible application of perovskite type oxides in catalysis was firstly reported

in 1952 for the CO oxidation, whereby the potential of these oxides as automatic exhaust

oxidation catalysts had already been mentioned [6, 7]. Since then, numerous investiga-

tions have been directed to the catalytic activity of perovskites in different reactions, such

as the reduction of NOx with different reductants like carbon monoxide [6] or in hydroge-

nation reactions (e.g. propylene) [8]. Perovskites like LaMnO3 as well as La2MnO4 have

been shown to catalyze the oxidation of CO and hydrocarbons [9].

The ideal perovskite structure, ABO3 can be envisaged to consist of closed hexag-

onally packed sheets of AO3 in which the big A cation is surrounded by six oxygen ions.

In cubic perovskites, these AO3 sheets are stacked in the sequence abcabc and all octahe-

dral holes are occupied by the smaller B cation. These B cations, which are usually transi-

tion metals, are the catalytically active centers [10]. A cations may be alkaline earth ele-

ments such as calcium, strontium, barium or other basic metals like bismuth or lead. Rare

earth ions occupying the A-site increase the thermal stability of the material [11].

Perovskites are frequently non-stoichiometric which is expressed by the formula

ABO3+� where � is usually between +0.1 and –0.5. Cationic substitution in A or B sub-

lattices by lower valency ions can impose various consequences which are especially in-

teresting if B can adopt different oxidation states, e.g. BIII/BIV. If A is substituted and the

oxygen stoichiometry remains unchanged, a corresponding fraction of BIV will be

formed. The same result is yielded when BIII is substituted. If, however, no BIV formation

occurs, oxygen is released thus producing oxygen vacancies in the remaining solid. The

thermal stability of the perovskite structure makes these systems ideally suitable for stud-

ies on the correlation between catalytic activity and the type and density of defects.

Experimental

Synthesis procedures

Besides the usual high temperature solid state synthesis, which was applied for com-

parison as well, the La1–xSrxMnO3+� samples were prepared by variations of the

sol–gel process combined with pyrolysis treatments. The polyvinyl alcohol (PVA)

method, the nitrate and the citric acid methods were applied for x=0, 0.1, 0.2.

Stoichiometric amounts of analytical grade La(NO3)3·6H2O, Sr(NO3)2 and Mn(NO3)2·

4H2O were dissolved in distilled water. La and Mn solutions were mixed with 20 mL

15 mass% PVA solution. The resulting solution was mixed with a magnetic stirrer at

ca. 100°C. A viscous gel was obtained after 2–3 h mixing. The gel was dried at 110°C

for 12 h yielding a fairly porous dry gel. Several samples were treated by the pyroly-

sis method. The gel was poured out onto a thin polyethylene foil and was left until

drying. The dry gel was separated from the plastic foil, then burned, so that a fine po-

rous black powder was obtained. The product was calcined at 500–600°C for 24 h in

flowing oxygen (20 mL min–1). The nitrate method consists of mixing calculated

amounts of the La3+ and Mn2+ nitrates followed by a slow heating up to 900°C and

subsequent grinding. In the citrate method, the corresponding nitrate salts were dis-

solved in small amounts of water and citrate acid solution was added in an appropri-
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ate amount to replace all the nitrate groups by citrate groups. The nitrate salt solutions

were mixed and continuously stirred using a magnetic stirrer. Then, the mixed solu-

tion was poured into a dish and heated at 135°C under constant stirring to transform it

into a xerogel. When ignited at any point of gelation in air at room temperature, the

dried gel burned in a self-propagating combustion manner until all gels were com-

pletely burned out to form a loose powder. It was then followed by grinding and heat-

ing for 10 h at 600°C under atmospheric conditions, and, finally, calcined at 700°C

for 12 h in flowing oxygen (20 mL min–1).

Sample characterization

The samples were analyzed for C, H, N, S by usual elemental micro analysis tech-

niques (CHNS 932, Leco Corp., St. Joseph. Mich., USA). The crystallinity was

checked by a powder diffractometer XRD7 (Seiffert PM, Freiberg, Germany) using

CuK�-radiation, �=1.54056 Å. Lattice constants were determined by the program

TREOR [12]. The specific surface areas of the samples were measured by the BET

standard method using N2 adsorption at 77 K (ASAP 2000 system, Micromeritics).

According to [13], the determination of � in LaMnO3 was performed by thermo-

gravimetric (TG) analysis in a Ar–H2 flow and completed by iodometric determina-

tion of the ratio Mn(IV):Mn(III) [14].

TPIE measurements

The TPIE measurements were carried out in a quartz apparatus on line coupled to a

quadrupole mass spectrometer QMG 421 I (Pfeiffer Vacuum GmbH). The experi-

mental setup has been comprehensively described in [15]. Before starting the individ-

ual TPIE run, each sample has been subjected to a thermal pre-treatment. It consists

of a 4 h tempering at 400°C in an air flow (p=150 Pa), in order to remove H2O, CO2,

and other molecules from the surface of the oxide. After cooling down to 100°C, Ar,
16O2 and 18O2 were introduced into the reaction system where an initial total pressure

of 150 Pa was adjusted with a pressure ratio of 1:2:2 (30 Pa Ar, 60 Pa 16O2 and 60 Pa
18O2). All measurements were performed in the temperature range of 100–700°C with

a heating rate of 10 K min–1. The variation of the gas phase composition during the

heating run was followed by the QMS.

Evaluation of the TPIE data

During the interaction of a gas phase containing 18O and a solid containing 16O, oxy-

gen uptake/release and three types of isotope exchange may occur consecutively

and/or simultaneously. As these processes have been comprehensively elucidated

elsewhere [16–18] and applied in previous papers [4, 5, 14], they only will be shortly

summarized as follows.

a) Homomolecular isotope exchange.

b) Partial heteromolecular isotope exchange.

c) Complete heteromolecular isotope exchange.
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Four different coefficients derived from the measured ion currents (IC) have

been proposed [16–18]. They describe the partition of the oxygen isotopes between

the gas phase and the solid. Their temperature dependence allows one to distinguish

between the individual processes occuring simultaneously.

1) The coefficient s represents the oxygen partial pressure of the gas phase standard-

ized by the oxygen partial pressure at the beginning of the measurement (t=0). The coef-

ficient s changes only when uptake/release occurs, i.e. in-diffusion or out-diffusion.
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4) The coefficient v represents the fraction of 18O in the gas phase that originates

from the 16O18O molecules.
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Catalytic activity test

A packed-bed tubular quartz reactor (i.d. 4 mm) with a 5 mm o.d. thermowell has

been utilized. The catalyst powder (ca. 600 mg) was pelleted, crushed, sieved to

0.5–1 mm grain size. The catalyst was placed in the middle of the cylinder, fixed by a

small quartz holder and covered from both sides by quartz wool. The gas flows were

controlled by MFCs. The catalytic activity has been tested as activity in CO and CH4
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oxidation. The catalyst was activated for 1 h in 20 mL min–1 flowing N2 at 450°C. Af-

ter cooling down to 25°C in N2, the feeding of CO or CH4 gas mixture was started.

The CO oxidation was carried out by feeding the reactor with a flow of 6 CO and

6 mL min–1 O2 (1:1), whereas for the CH4 oxidation 2.4 of CH4 and 9.6 mL min–1 of O2

(1:4) have been applied. The gaseous product composition was analyzed on line by a

gas chromatograph equipped with a TCD detector (Shimadzu GC-17A ).

Results and discussion

Preparation routes

The following abbreviations (Table 1) are used to make recognizable the various

types of sample preparation: SS – solid state synthesis at usual high temperatures;

SG–CA–sol gel process with citric acid as reductant followed by drying and calcina-

tion; SGP–PVA–sol gel process with poly(vinyl alcohol) as reductant followed by

pyrolysis of the thin film and calcination at given temperature.

Table 1 Sample characterization (abbreviations – see text)

Composition Synthesis
Calcination

temp./°C
C/%

SBET/
m2 g–1 XRD Mn4+/Mn3+

LaMnO3.10 SS 950 0.051 0.37 orth 0.25

LaMnO3.13 SG–CA 700 0.108 16.27 rhom 0.35

LaMnO3.15 SGP–PVA 600 0.359 16.56 rhom 0.40

La0.9Sr0.1MnO3.01 SGP–PVA 600 0.437 24.94 cubic 0.14

La0.8Sr0.2MnO3.05 SGP–PVA 600 0.468 21.12 rhom 0.42

La0.9Sr0.1MnO3.07 SG–CA 700 0.302 17.26 cubic 0.32

La0.8Sr0.2MnO3.16 SG–CA 700 0.354 18.07 hex 1.08

The nitrate–citrate gels which were obtained from the reaction of metal nitrates

and citric acid exhibited a self-propagating combustion behavior. The combustion

rate is associated with the molar ratio nitrates:citric acid. The most rapid combustion

was observed for the gel with 1:1 ratio, and decreases with increasing amounts of cit-

ric acid [19]. The direct transformation of an amorphous gel during combustion into

crystalline La1–xSrxMnO3+� seems to be due to the higher degree of compositional ho-

mogeneity and the greater heat generated by the exothermic reaction of nitrates and

citric acid. As the carbon chains in citrates are decomposed during combustion, adja-

cent atoms which are homogeneously distributed throughout the matrix can easily

come into contact and form crystal lattices at a considerable rate. In addition, the

crystallite size of the obtained powder depends on the molar ratio of nitrates to citric

acid, which determines the combustion process and rate.
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Sample characterization

The main results characterizing the investigated samples are summarized in Table 1.

The values for the BET surface area exceed those reported for the conventionally pre-

pared samples by ca one order of magnitude. The influence of the calcination temper-

atures on the BET area can be clearly noticed.

For instance, changing the synthesis type from SS to SG–CA for the same pre-

cursor yielded a sample surface of 16.27 m2 g–1, which causes a higher catalytic activ-

ity (see below). As for the present study structural properties were preferentially in-

vestigated, simple surface effects had to be avoided. Therefore, only samples without

an amorphous background in X-ray diffractograms were selected for polythermal 18O

exchange experiments, and the sample mass was varied in such a way that the avail-

able surface area was approximately the same.

The X-ray powder diffraction patterns of the La1–xSrxMnO3+� (Fig. 1) proved that

in all cases well-crystallized, single phase perovskites were formed. LaMnO3.13

�SG–CA) LaMnO3.15 (SGP–PVA) and La0.8Sr0.2MnO3.05 (SGP–PVA) are rhombo-

hedral, La0.9Sr0.1MnO3.01 (SGP–PVA) and La0.9Sr0.1MnO3.07 (SG–CA) are cubic,

whereas LaMnO3.10 �SS) is orthorhombic and, finally, La0.8Sr0.2MnO3.16 (SG–CA) is

hexagonal. Note that there is an increase of the orthorhombic splitting for the treat-

ment at 950°C in air. These conditions lead to a Mn4+ content of 20% in LaMnO3.10

�SS). Lower calcination temperatures (600 and 700°C) yielded a slightly increased

Mn4+ content (26%) and the rhombohedral phase was stabilized. On the other hand,

La0.9Sr0.1MnO3.07 is cubic for both calcination temperatures. This agrees with litera-

ture informations indicating that, at room temperature, a symmetry change from

orthorhombic to rhombohedral occurs for Mn4+ concentrations �21% (i.e.

LaMn03.105) [20]. The maximal Mn4+ content (52% in La0.8Sr0.2MnO3.16) was obtained

by applying the SG–CA preparation method. It exceeds the values obtainable by
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Fig. 1 XRD patterns of La1–xSrxMnO3+� (x=0, 0.1, 0.2) for various preparation routes
(for the abbreviations – see text): 1 – LaMnO3.15 (SGP–PVA); 2 – LaMnO3.10

�SS); 3 – LaMnO3.13 �SG–CA); 4 – La0.9Sr0.1MnO3.01 (SGP–PVA);
5 – La0.8Sr0.2MnO3.05 (SGP–PVA); 6 – La0.9Sr0.1MnO3.07 (SG–CA);
7 – La0.8Sr0.2MnO3.16 (SG–CA)



usual high temperature synthesis as reported for LaMnO3.12 (calcination in air at

1100–1200°C) [20]. Furthermore, it was reported that the distortion both of the unit

cell and the MnO6 octahedron, which is caused by replacing the Mn3+ by Mn4+, may

be partially recompensated by an equivalent substitution of La3+ cations by A2+ [13].

Therefore, with respect to the catalytic properties of the samples, the formation of

various types of defect sites (cation vacancies or interstitial excess oxygen) has to be

taken into consideration.

Concerning the formation of oxygen vacancies, various descriptions of the de-

fect structure of LaMnO3+� were given in literature. The strontium substitution, taking

place on the La3+ positions [22], was reported to effect the formation of oxygen va-

cancies [21]. Other sources concluded that the defect chemistry of LaMnO3+� is better

described with randomly distributed La and Mn vacancies in equal amounts, rather

than with oxygen excess interstitials [23]. Furthermore, a description of the defect

structure of LaMnO3.12 was given based on La and Mn vacancies with three times

more La vacancies than for Mn [20].

The results presented here do not favor either one of the cited descriptions. At any

rate, they show that the amount of Mn4+ increases with x=0.2. As mentioned above, the

formation of oxygen vacancies as a result of cationic substitution occurs only if no Mn4+

is formed which is obviously not the case. It appears probable, therefore, that cation va-

cancies in the manganese sublattice present for x=0 were filled gradually by the strontium

cations and at a certain x value the structure becomes oxygen-deficient. This means that

both substitution phenomena are overlapping: filling of cation vacancies in the A

sublattice without changes in the oxygen stoichiometry as well as substitution in the B

sublattice without formation of BIV but with changing oxygen content. This would quali-

tatively explain the trend of the TPIE data observed for low temperature oxygen uptake,

as well as the trend of the catalytic activity (see below).

Oxygen exchange behavior

The aim of the 18O isotope exchange experiments was to study the dependence of ox-

ygen mobility on temperature and the Mn4+/Mn3+ ratio both being related to the defect

structure of the solid. The results of isotopic equilibration and exchange over

La1–xSrxMnO3+� presented in Figs 2 and 3 yielded the following statements.

For LaMnO3.10 (SS), the s coefficient remains nearly constant proving that no ox-

ygen uptake/release processes occur. For all other samples, between 152–300°C, the

increasing s coefficient indicates that oxygen escapes from the solid. The 16O2 content

of the gas phase increases whereas the 18O2 content (m/e not shown) decreases simul-

taneously. For the La1–xSrxMnO3+� samples, this can be assigned to oxygen desorption

accompanied by the reduction of Mn4+ to Mn3+.

The complete heteromolecular oxygen exchange is the isotope exchange process

occurring on all these samples La1-xSrxMnO3+� under the measuring conditions. Dur-

ing 18O isotope exchange measurements on La1–xSrxMnO3+� considerable quantities of
16O18O were formed by homomolecular and partial heteromolecular exchange [5].

Moreover, traces of 16O18O were detected during the measurements, with a maximal
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partial pressure of 16O18O at 650°C for LaMnO3.10 (SS). The 16O2 curve on LaMnO3.10

(SS) exhibits a maximum at 500°C and a plateau between 500–510°C (Fig. 3), indi-

cating hereby that homomolecular exchange is the predominant process. The starting

temperatures of the partial heteromolecular exchange process are 417°C for

La0.8Sr0.2MnO3.16 (SG–CA), 429°C for La0.9Sr0.1MnO3.07 (SG–CA), 440°C for

LaMnO3,15 and LaMnO3,13, 450°C for La0.8Sr0.2MnO3.05 (SGP–PVA), 460°C for

La0.9Sr0.1MnO3.01 (SGP–PVA) and 600°C for LaMnO3,10 (SS). This means that

La0.8Sr0.2MnO3.16 (SG–CA) which has been prepared by the citrate method exhibited

the highest 18O exchange activity.

The interaction between 18O2 and CH4 under static conditions

The previously discussed changes in both the oxygen partial pressure and the isotope

composition of the gas phase directly reflect the oxygen mobility in the solid. If a fur-
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Fig. 2 Variation of the s coefficient indicating 16O desorption from the solid

Fig. 3 IC curves for m/e 32 (16O2) for differently prepared La1–xSrxMnO3+� (x=0, 0.1,
0.2) (For this and all further figures: numbers correspond to the substance for-
mula as indicated in Fig. 2)



their reactant is present in the gas phase, e.g. CH4 in our case, an attribution of isotope

exchange phenomena to reactivity changes should be possible. Therefore, the meth-

ane oxidation with 18O2 has been studied under the same conditions as described

above, i.e. under static conditions. Figure 4 depicts the characteristic IC curve shape

of the essential mass numbers allowing description of the interaction of a rather ac-

tive catalyst, here La0.8Sr0.2MnO3.16 (SG–CA), with gaseous 18O2. The 16O2 content in

the gas phase increases due to complete heteromolecular 18O exchange. The onset

temperature for the 16O2 release (180°C) is the lowest one for all investigated catalysts

of this group. After the uptake of 18O2 above 300°C, the CH4 content decreases

whereas CO2 (m/e 44) and H2O (m/e 18) appear. Summarizing these findings, it can

be deduced that both the catalytic combustion of CH4 and the oxygen isotope ex-

change occur via a complete heteromolecular mechanism. This means that the oxy-

gen for the methane oxidation originates from the solid.

As the gas phase originally consists only of 18O2 , the absence of this isotope 18O

in the primary oxidation products (no formation of e.g. C18O2, C16O18O, H2

18O in sig-

nificant amounts) clearly suggests that the oxidizing agent in the reaction is the metal

in the high oxidation state, i.e. the oxygen liberated from the solid as a result of the

change in oxidation state (Eqs 5–7).

CH4 (g)+416O2–
(s) �C16O2 (g) +2H2O (g)+8e– (5)

8Mn4+
(s)+8e–�8Mn3+

(s) (6)

8Mn3+
(s)+218O2 (g) �8Mn4+

(s)+418O2–
(s) (7)

It should be noted that for prolongated reaction times, of course, the 18O incorpo-

ration into the solid via the mentioned mechanism becomes more and more impor-

tant. It begins with a very weak increase of the IC for m/e 46 (C16O18O, Fig. 4).

The lowest onset temperature for the methane oxidation (318°C) was detected in the

case of La0.8Sr0.2MnO3.16 (SG–CA) in Fig. 5. For the non-substituted LaMnO3+� samples,

J. Therm. Anal. Cal., 69, 2002
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the highest activity in both the 18O exchange and oxidation reactions was found for the

CA synthesis method. A comparison of the activity changes caused by the strontium sub-

stitution in the La1-xSrxMnO3+� phases shows that the amount of oxygen liberated from the

solid phase increases with increasing x. This means that the strontium replaced MnIII thus

increasing the MnIV content or decreasing the oxygen content.

It is noteworthy that phases with identical XRD pattern (e.g. the rhombohedral

LaMnO3.15 (SGP–PVA), LaMnO3.13 (SG–CA), and La0.9Sr0.1MnO3.05 (SGP–PVA)

from Fig. 1) differ considerably in their capacity of oxygen sorption and, conse-

quently, their isotopic exchange behavior.

The reaction between 16O2 and CH4 or CO in a flow reactor

The catalytic behaviour of La1–xSrxMnO3+� (0�x�0.2) in both CO and CH4 oxidation with

normal oxygen 16O2 under steady flow conditions is illustrated in Fig. 6. For temperatures

between 25 and 150°C, the rate of carbon monoxide oxidation was highest over

La0.9Sr0.1MnO3.07 (SG–CA). For a degree of 50% CO conversion, the activity order is

La0.9Sr0.1MnO3.07 (SG–CA)>La0.8Sr0.2MnO3.16 (SG–CA)>

LaMnO3.13 (SG–CA)>LaMnO3.15 (SGP–PVA)>LaMnO3.10 (SS)=

La0.8Sr0.2MnO3.05 (SGP–PVA)>La0.9Sr0.1MnO3.01 (SGP–PVA).

The changes of the catalytic activity for the oxidative and related properties

which were brought about by the Sr substitution of LaMnO3+� are compared in the

same figure. Increasing x in the compounds La1–xSrxMnO3+� leads to an increased oxy-

gen release [24, 25]. In the present case, the maximum activity is achieved for 20%

substitution of Sr for La. Indeed, oxygen vacancies are directly connected with the
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Fig. 5 IC curves for m/e 16 (CH4) during CH4 oxidation with 18O2 on differently pre-
pared La1-xSrxMnO3+� (x=0, 0.1, 0.2)



oxygen mobility. The higher the number of anion defects (the higher the value x), the

higher is the oxygen mobility.

However, a too high oxygen release is accompanied by lowering the surface

reoxidability [26], thus leading to a less active catalyst. This indicates that, as the x
value increases, surface oxide ions tend to desorb, forming hereby coordinatively un-

saturated B-site ions at the surface. The easier desorption of oxygen increases the oxi-

dative power of the catalyst. These results totally confirm the conclusions of an ear-

lier study [27] which stated that the controlling factor of the catalytic oxidation activ-

ity is (i) the oxidative power of the catalyst itself (expressed by the % CO conver-

sion), (ii) the amount of oxygen which is easily adsorbed or desorbed and (iii) the ca-

pability of the surface for supporting the dissociation.

Figure 7 depicts the CH4 conversion upon oxidation. A differentiation of the cat-

alytic activity in this series yields the following sequence of decreasing activity:
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Fig. 6 Temperature dependence of the CO conversion for differently prepared
La1–xSrxMnO3+ (x=0, 0.1, 0.2)

Fig. 7 Temperature dependence of the CH4 conversion for differently prepared
La1–xSrxMnO3+ (x=0, 0.1, 0.2)



LaMnO3.15 (SGP–PVA)>La0.8Sr0.2MnO3.05 (SGP–PVA>

La0.9Sr0.1MnO3.07 (SG–CA)=La0.8Sr0.2MnO3.16 (SG–CA)>

LaMnO3.13 (SG–CA)>La0.9Sr0.1MnO3.01 (SGP–PVA)>LaMnO3.10 (SS).

A comparison of Figs 6 and 7 shows that the CH4 oxidation exhibits the differ-

ences in the conversion rates less than does the CO oxidation. A possible explanation

is that higher temperatures are required for initiating the CH4 oxidation and to main-

tain the reaction via a sufficient oxygen supply from the lattice. In the CO oxidation,

on the other hand, the oxygen supply from the gas phase is considerable at tempera-

tures which are too low for lattice oxygen diffusion within the catalyst.

Conclusions

It can be concluded that the predominant reaction occuring during the interaction of

gaseous oxygen with La1–xSrxMnO3+� phases of different preparation is not the reac-

tion with dioxygen from the gas but with the nucleophilic oxide ions from the solid.

The oxygen release is a consequence of the change in oxidation state of the manga-

nese which can be influenced by cationic substitution taking place both in the lantha-

num and/or the manganese sublattices.

Sol–gel related preparation routes that differ from the usual high-temperature

synthesis allow the formation of crystalline perovskites as well. Both the higher MnIV

content and, to a certain extent, the enlarged surface contribute to the higher catalytic

activity of the La1–xSrxMnO3+� phases.
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