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The present work combines the results of two simple methods of determination of the Mn3*/Mn** ratio
for La; _xSryMnOs.4 powders, prepared by citrate route, in which the Sr content, x, varies from 0.16 to
0.40. The ratio Mn3*/Mn** was successfully estimated combining the results of Temperature Programmed
Reduction (TPR) analysis and redox titration. Moreover, the possible perovskite chemical formulas were
established and a direct relationship between the Sr content and the Mn** amount was found. Morpho-

logical analyses such as grain size and surface area are also presented to better characterize the powders.
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Gas adsorption by Brunauer-Emmett-Teller method (BET) and scanning electron microscopy (SEM) were
used to evaluate the agglomeration degree of powders and showed the inhibitory influence of Sr content
on the growth of crystallites.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Strontium-doped lanthanum manganites (LSM) are perovskite-
type oxides (ABO3), with lanthanum and strontium in the A-site
and Mn as a transition metal in the B-site. They have been widely
studied mainly due to their interesting catalytic oxygen cath-
ode reduction and mixed electronic-ionic conduction properties
[1-4]. Most of these applications are related to the LSM ability
to perform the adsorption and reduction of molecular oxygen,
and the subsequent transport of the oxide ions formed [5-15].
The partial substitution of the lanthanum in LaMnOj3 by aliovalent
cations, like Sr2*, promotes morphological, chemical and crystal-
lographic changes. The Mn—O bond length and Mn—O—Mn bond
angle, the oxygen distribution, the number of cation vacancies and
Mn3*/Mn** concentrations are strongly affected by the Sr content
[16-19]. For solid oxide fuel cell, SOFC, applications, La; _ySrxMnO3
is the most common material used as the due to its high electri-
cal conductivity and good chemical and thermal compatibilities
with the zirconia electrolytes. The best compositions have x con-
tent varying from 0.1 to 0.5 and according to many authors the
electrical conductivity increases with an increase in the amount of
Sr content [20,21]. For these specific applications, bulk and surfaces
properties of LSM are both important since they control the process
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of adsorption, reduction and transport of oxygen species. Although
the Sr solid solution, La;_,SryMnOs, is known to occur for a large x
extension, the Srenrichment at the LSM surface has been evidenced
by X-ray photoelectron spectroscopy according to the conditions of
annealing (temperature, oxygen pressure) and polarization treat-
ments [22]. The species present on LSM surface can also modify the
catalytic properties and electrical conductivity of these materials.
A recent study identified at least two species, attributed to 02~ and
0,2~ at 873 K on LSM surface.

The electric transport and magnetic properties of these man-
ganites are closely related to the Mn oxidation state, which is
determined by the oxygen content of the sample. Many authors
suggest that the Mn3*/Mn** ratio is a unique parameter for under-
standing the colossal magnetoresistance effect as well as the
transition from the ferromagnetic metal to the paramagnetic. The
accurate characterization of the nonstoichiometric oxide materials,
mainly for the hole-doped manganese perovskites Lnj_yAxMnOs3
(Ln=La-Tb, and A=Ca, Sr, Ba), has been described in literature
[23-32] but the methods used are often complex.

The present work compares the results of two simple methods of
determination of the Mn3*/Mn#** ratio for LSM powders, prepared
by citrate route, in which the Sr content varied from 0.16 to 0.40.
The ratio Mn3*/Mn** was estimated by temperature programmed
reduction (TPR) analysis and by redox titration. As a result, the pos-
sible perovskite chemical formulas are given. Some morphological
analyses such as grain size and surface area are also presented to
better characterize the powders.
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Fig. 1. SEM of samples: (a) LSM1; (b) LSM2; (c) LSM3.

2. Materials and methods

La;_4SryMnO; powders with three different stoichiometry compositions were
obtained from a mixture of monohydrated citric acid (Vetec, 99.5%), strontium
nitrate (Vetec, 99.0%), manganese acetate tetrahydrate (Vetec, 99.0%), and lan-
thanum nitrate hexahydrate (Vetec, 99.0%) by the amorphous citrate route. La, Sr,
and Mn salts were dissolved in distillated water. Citric acid was added to this solu-
tion in a ratio of 1:2 to the metal content. This solution was magnetically stirred
at 343 K until gelation. The obtained gel was ground to a powder, hereafter called
LSM. Next, it was thermally treated at 423K for 1h. Cylindrical pellets were pre-
pared by uniaxial pressing at approximately 390 MPa and subsequent sintering at
1473 Kin air for 4 h. Their final dimensions were about 11 and 4 mm of diameter and
thickness, respectively. LSM1, LSM2 and LSM3 labels correspond to La;_,SryMnOj3
powders with x equal to 0.16, 0.20, and 0.40, respectively.

The LSM powders were analyzed using a XRD (Rigaku model Geigerflex-3034
and a Siemens model D5000 diffractometers) with a Cu Ka radiation source. XRD
data were treated by the Rietveld refinement method. Microstructural analyses were
performed on the surface of LSM pellets.

An electron microprobe apparatus (JEOL model JXA-8900) was used in scanning
electron microscopy (SEM) analysis. Particle grain sizes were estimated from SEM
using image analysis software [33]. The specific surface area measurements were
made by B.E.T. (Autosorb-Quantachrome model NOVA 1200).

Mn, Sr and La elements were quantified by ICP-MS and/or inductively cou-
pled plasma atom emission spectrometry (ICP-AES) using a spectrometer, model
Spectroflame (Spectro Analytical Instruments, Kleve, Germany).

The reduction behavior of samples with different Sr-concentration has been
evaluated by temperature-programmed reduction (TPR). The experiment was car-
ried out on a Quantachrome Chembet 3000 under 80 mLmin~" H; (5%) and N,
mixture gas flow. The measurement was carried out in the temperature range
373-1173K, at a heating rate of 10 Kmin~! using 53 mg of powder samples. Quan-
titative analyses were performed by using CuO as standard.

The percentage of Mn** was also estimated by a redox back titration in which
the powder sample was dissolved in a sulfuric acid aqueous solution containing an
excess of sodium oxalate that was titrated with a permanganate standard solution.
Details of the procedure are given in reference [34].

3. Results and discussions

Scanning electron micrographs of the pellets sintered at 1473 K
reveals homogeneous and uniform aspect for all studied samples, as
showninFig. 1. From these images the particle sizes were estimated
using the quantikov image analyzer [33] and the average values are
presented in Table 1.

LSM1 exhibits a grain size about 10 times higher than those
obtained for LSM1 and LSM2 for which grain sizes are constant and
measured about 0.8 wm. Higher Sr concentration seems to inhibit
particle growth.

The superficial area of LSM powders seems not to be influenced
by the strontium content. The values are about 3 m2 g~! and this is
characteristic of not porous materials. These results are also given
in Table 1.

Fig. 2 shows XRD diffractograms, obtained for LSM1 and
LSM2 powders, sintered at 1473 K. The synthetic route used pro-
moted the total crystallization of perovskite and no other phases

Table 1
Some LSM parameters obtained from BET and DXR analysis.
LSM1 LSM2 LSM3
Grain size (um) 6(3) 0.9(3) 0.8(3)
Specific superficial 3(1) 3(1) 4(1)
area (m?g!)

a(A) 5.5278(7) 5.5214(1) 5.5114(2)
b (A) 5.5278 5.5214 5.4565(2)
c(A) 13.3660(2) 13.3653(3) 7.7305(3)
Volume (A3) 353.69(1) 352.86 (1) 232.48(1)
Density (gcm—3) 6.5838 6.5411 6.1609
Perovskite (%m/m) 100 100 94.19(2)
La(OH)3 (%m/m) 0 0 5.8(1)

were detected by the method used. XRD diffractograms of LSM3
powders sintered at the same temperature are also shown in Fig. 2.
Despite the relatively high sinterization temperature (1473K),
peaks attributed to La(OH)3 were observed.

In fact, several authors [37,41-43] identified the presence of a
small amount of La, 03, La(OH)3 or other secondary phases in sim-
ilar studies. They suggested that, since the ion La3* ionic radius is
1.46 A while that of the ion Sr2* is of 1.54 A, the substitution of La3*
for Sr2* in the structure type perovskite of LaMnOs is limited [37]
and stronger Sr doping on LSM systems favors the formation of
secondary phases.

Bell et al. [42], also suggested that the lower temperatures or
lower calcinations duration are responsible for La,O3 formation.
The presence of La,03 in sample LSM3 could be associated to
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Fig. 2. XRD patterns of samples in which the symbols (*) denote perovskite peaks,
and (O) denote La(OH); peaks.
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Table 2
ICP-MS results. Weight percent values of the elements in the sample and molar
La:Sr:Mn ratio of the perovskite structure.

Sample La (%wjw) St (%wjw) Mn (%ww) Molar ratios
La:Sr:Mn
LSM1 50.8(5) 5.7(3) 22.2(5) 90:16:100
LSM2 48.4(5) 7.4(3) 22.9(5) 83:20:100
LSM3 40.6(5) 15.5(3) 24.9(5) 58:39:100

insufficient calcination time. Marques et al. [43] noted that La;03
exposed to laboratory atmosphere absorbs water forming La(OH)3
which may explain the presence of La(OH)3 in sample LSM3 even
after thermal process at 1473 K. In a more recent paper, Fleming
et al. [44] described the reactivity of various lanthana powders in
air and concluded that these materials rapidly hydroxylate to form
a stable hydroxide, La(OH)3, at room temperature.

LSM1 and LSM2 presented a trigonal structure with the sym-
metry group R-3ch and LSM3 presented a orthorhombic structure
and a Pbnm symmetry group [35,36]. The lattice parameter errors
for Rietveld analysis (results not shown) agree with those found in
literature [37]. The lattice parameters of manganites doped with
different strontium concentrations are given in Table 1. The unit
cell volume decreases with increasing strontium concentration. As
the parameter a is related to the distance of the Mn—O bonds and
Mn** ions (0.530 A) are smaller than Mn3* ions (0.645 A), the charge
density of Mn?* favors the contraction of Mn—O bonds [15,37,38].
Another factor that could contribute to this result is the presence
of cationic vacancy in the Mn site.

The comparison of the results of the different crystal systems
reveals that bond length decreases by approximately 0.020 A (from
1.964 A for LSM1 to 1.945A for LSM3) and that the bond angle
increases by approximately 3° (from 164° for LSM1 to 167° for
LSM3). The decrease in the Mn—0O bond length with the increase
in strontium content in the crystalline lattice indicates that part
of the Mn3* oxidizes to form Mn**. Probably, oxidation does not
occur in the same extent as the increase in doping because the
decrease in Mn—O is smaller than the variation in the average radius
expected with doping for the B site. This indicates that the increas-
ing in doping content not only oxidizes Mn, increasing the amount
of cationic vacancy in the Mn site, but it probably also decreases the
oxygen over stoichiometry found in LaMnOs. These effects should
contribute for stabilizing the charge defects and explain the XRD
results [35,37].

Table 1 also presents the relative amounts of the phases present
in the sample obtained by Rietveld refinement.

ICP-MS results obtained for LSM1, LSM2 and LSM3 samples are
given in Table 2. The La, Sr and Mn percent values (%y,m) are asso-
ciated to the total amount of those elements in the sample, and the
elements ratio (mol)is given only for the elements in the perovskite
structure. Even if the perovskite sample presents second phases, it
is possible to determine its stoichiometry by Rietveld refinement
process, as was observed with sample LSM3.

The reduction profile (TPR) of LSM samples is presented in
Fig. 3. At least two reduction stages were found: the first at range
573-823 K and the second stage in the wide temperature interval
of 923-1073 K. As Mn is the only reducible species in the case of
lanthanum manganate doped strontium, this profile indicates the
existence of two distinct manganese sites, Mn3* and Mn#*, in which
the Mn** state reduces at alower temperature as compared to Mn3*
[39,40]. It has been observed that reduction temperature decreases
with strontium concentration increase, denoting the A site influ-
ence on Mn—O energy bond. The higher the strontium doping, the
easier it is to break the Mn—O bond. Table 3 shows the area values
and the corresponding reduction temperatures which were taken
at the maximum of the each peak.
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Fig. 3. TPR profile of samples synthesized by citrate route.
Table 3

Results of TPR analysis for LSM samples.

Reduction (K) Total areas (au)

LSM1 7932 1119 29,739
LSM2 7812 1108b 30,273
LSM3 779° 1019b 27,321
CuO (standard) 621 42,696

2 Peaks at lower temperatures (<873 K).
b Peaks at higher temperatures (>873 K).

After the reduction process, all initial manganese species (Mn3*
and Mn**) change into a bivalent state. In this case, it is not possible
to determine the Mn3* and Mn** ratio using the peaks area ratio as
was done in other papers with different oxide [45] because some
amount of Mn3* can be reduced in the first reduction peak [39].
Then, it is necessary to take into account the standard sample (CuO)
and the total area of the reduction peaks.

In this case it is indispensable to associate TPR and ICP results
to quantify Mn3* and Mn** using the following system:

X + 2y is the total area of TPR profile
X + yis the total manganese amount given from ICP results
where x is Mn3* amount and y is Mn** amount.

A similar system was used to estimate Mn** percentage from
redox titration method. The results are given in Table 4.

The Mn** percentages obtained from these two different meth-
ods are quite close, which suggests that both methods are viable to
quantify the Mn3* and Mn** species.

Considering the ICP, TPR and redox titration results the
perovskite chemical formulas have been estimated. The main
assumptions concerned: (i) the oxygen amount needed for the
charge electro neutrality and, (ii) the proportion of the elemen-
tary species, considered without excess at all sites. Many authors
simplify the perovskite chemical formula by writing LaSrMnOs.,
with an excess in the oxygen site but it must be emphasized that
the real situation is the occurrence of vacancies at the cationic sites.

Table 4
Manganese percentage estimated by redox titration and TPR.
LSM1 LSM2 LSM3
% Mn** Titration 55 59 33
TPR 58 65 34
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The probable perovskite chemical formulas obtained after normal-
ization can be represented as follows:
From TRP results:

LSM1:
MM =227 g mol~!
LSM2:
MM =223 gmol-!
LSM3:
MM =220 g mol~!

(Lag.82Sr0.1500.03)[Mn* g 36Mn** ¢ 5,000,09]03.00

(Lag.76Sr0.1800.06)[Mn>* g 32Mn** ¢ 6000,08103.00

(Lag585r0.3900.03)IMn3* 66 Mn** 0 34]02.93000,07

or/and
Considering redox tritation results:

LSM1:
MM =228 g mol !
LSM2:
MM =224 g mol~!
LSM3:
MM =219 g mol-!

(Lag.2510.1500.03)[Mn3* g 41Mn**( 50000,09103.00
(Lag.77510.1900.05)[Mn3* g 33Mn**( 55000,07103.00

(Lag.58Sr0.3000.03)[Mn3* g 67Mn**( 33102 93000.07

In these formulas the symbol O denotes vacancy sites, and, MM
is the compound molar mass. The occurrence of vacancies at other
sites besides those mentioned here is possible, but it has not been
considered.

The Mn** amounts found for LSM1 and LSM2 are much greater
than those expected from the doping reaction, probably due to the
high concentration of cationic vacancies. Contrarily, the LSM3 sam-
ple has less Mn*" amounts than expected, less cationic vacancies
and it is substoichiometric in oxygen. It seems that the trigonal
phase has a Sr-host behavior better than the orthorhombic one.

It is known that when lanthanum manganite is doped stron-
tium, the electroneutrality of the LSM is preserved with manganese
oxidation or oxygen vacancies creation. Both processes can occur
simultaneously, but one of them can predominate depending on the
synthesis route, calcinations process and other preparation condi-
tions [46,47]. The overall reactions are written in the Kroger-Vink
notation:

(a) 2Sr0+ %oz(g)“‘ﬂ%zsz +Mnj, + 30}

(b) 25r0"¥5%2sr, + Mnj + 507 + Vi

It is noted that the Sr concentration increasing for samples LSM1
and LSM2 increased Mn** from 0.52 to 0.60 and from 0.50 to 0.55
for TPR and titration results, respectively. The first process predom-
inated in LSM1 and LSM2 and the second had a greater influence
on LSM3.

4. Conclusions

The lanthanum manganites prepared by amorphous citrate
route present a granular morphology after calcination at 1473 K
which seems to be the ideal calcination temperature for sam-
ples prepared by citrate route. Monophase perovskite was found
for LSM1 and LSM2 samples but one additional La(OH); phase
was observed for LSM3. Rietveld analysis showed that the weight
percentage of this hydroxide phase is about 6%. Both oxides and
hydroxides phases are described to be found in previous works
mainly when crystallographic data are more accurately treated.
Rietveld refinement provides the concentration of the secondary
phases, therefore enables to determine the perovskite stoichiom-
etry. The crystallographic structure of lanthanum manganites is
dependent on the strontium content and although the system
La;_,SrxMnOs3 has a larger x range of formation of solid solution,
the crystallographic structures are not the same for all x ranges.

XRD results also show that the insertion of strontium on lantha-
nium manganite structure causes the oxidation of Mn3* into Mn#*
producing lattice modifications mainly for the parameter a which
is related to the distance of the Mn—O bonds that decrease with
the Sr content. As the Mn#* ions (0.530A) are smaller than Mn3*
ions (0.645 A), this parameter can also be used to indicate to what
extend Mn3* oxidation occurs during Sr doping.

The ratio Mn3*/Mn*" estimated by both temperature pro-
grammed reduction and redox titration decreases with the
Sr-concentration for LSM1 and LSM2 samples. A Mn3*/Mn** ratio
closer to 1 was obtained for LSM1 which indicates the higher
application potential of these sample compositions for using as
SOFC-cathode materials since this ratio gives, at least theoretically,
the best electronic conductivity.
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