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Abstract

Monophase nanocrystalline powdéslonging to thd.a; ,SrkMnO 345 system (8x<1)
with a perovskite structure have been obtained bghanochemistry synthesis using a
planetary ball milling equipment from k@s;, SrO, and MpO3; mixtures. The solid state
reaction was complete after one hour of millingatneent. For all the compositional
range, the diffraction domain was very small and structure appeared as a pseudo
cubic perovskite. After annealing at 1100°C undetis air, the symmetry evolution
due to the La substitution by Sr was analyzed Ibgyxand electron diffraction. Samples
with x = 0, 0.25, 0.5, and 0.75 were assignedRt8c space group (167) in the
rhombohedral system and perovskite structure. Hewelie symmetry of the last term
of the system (x=1), SrMn{ sample, changed tB6s/mmc space group (194) in the
hexagonal system. The terms with x = 0.8, 0.85,&figpresented mainly rhrombohedral

symmetry.
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1. Introduction

The perovskite structure oxides have been widelgstigated during the last sixty
years [1, 2] and they have special relevance reganteir applications, using their
electric, magnetic, and catalytic properties amotigers [3,4]. In the last fifteen years
they have been studied as components for solidedkidl cells (SOFCs) [5, 6]. They
have been synthesized using several techniques, the most common and ancient
method -as the ceramic [7] -to the newer and stipated ones—as the hydrazine
method [ 8] or the combustion synthesis [9].

Solid solutions based on lanthanum strontium maitgmha SKMNOs.; (LSM)
are promising materials for oxygen cathodic elet#s0[10-19] and it is well known that
its final properties depend on the La/Sr ratio al s on the oxygen stoichiometry [20,
21]. However, the cathode microstructure is alscriical factor in determining the
activity and is controlled by several synthesisialdes. Thus, the particle size of
electrode materials, the heating condition for tetele adhesion, and the cell operation
conditions must be considered. J.H. Choi et al] [Ze shown that higher activity is
expected with smaller particle sizes and a higloeogity. Because the smaller particles
are, however, more vulnerable to sintering undex kiigh temperature electrode
adhesion and cell operation conditions, their use ©ot always guarantee a higher
activity. Particle growth leads to a loss of actsres. A trade-off is thus expected at a
certain range of particle size between the two ledinfg factors, namely, the number of
active sites and particle sintering.

This LSM system has been synthesized by severahigpees [11-23]; however
there are very few works [24-29] regarding theimtbgsis by mechanochemical
method. Zhang et al. have synthesized LaMa@d La ;SrpsMnO; after 3 hours of

milling, and Bolarin and co-workers have studied thechanosynthesis of calcium



doped lanthanum manganites, however the long milimes used, 10 and 20 hours,
could introduce high quantity of grinding media umipies.

The aim of this study is to synthesize by a vemypde methodd¢ne hour using a
planetary ball milling equipment at room temperajueight phases belonging to the
system La,SrMnOsy (x=0, 0.25, 0.5, 0.75, 0.80, 085, 0.90, and 1) andlyze the
structure before and after annealing at 1100° §atic air. The evaluation of how the x
value affects the final structure and symmetry, how far- in terms of the x value- the

solid solution is kept were considered.

2. Materials and methods

Powders of La,SrMnOsss (0<x<1) were prepared using a mechanochemical
method from stoichiometric amounts of ;0, SrO, and MpO3; according to the
following reaction:

(1-x)/2ALay03 + xSrO + 1/2MN 03 =y L3 .,SrkMNO 345

Strontium carbonate (Panreac, 98% in purity), lanttm oxide (Fluka, 99.98% in
purity) and manganese (lll) oxide (Aldrich, 99% purity) powders were used as
starting reactants. The Srg@as first heated at 1100° C to obtain the SrO.
For each experiment, seven WC balls together vititclsiometric quantities of powder
reactants (to get 2 g of the perovskite samplelewsaced in a tempered steel vial
(67Rc) and milled in a planetary ball mill (modeldvb-Mill Pulverisette 7, Fritsch) at a
spinning rate of 600 rpm. The volume of the viabwi® ml. The diameter and weight of
the balls were 15 mm and 26.4 g, respectively. ptwder to-ball mass ratio (PBR)

was approximately 1:92.



The milled powder sampled() were heatedH) at 1100° C under static air
during 12 hours using a chamber furnace with aimgatte of 10°C/min and free
cooling.

The X-ray diffraction (XRD) patterns of all the spims M and H) were
obtained in a Panalitycal X'Pert Pro instrumentipged with a goniometer using Cu K
radiation (45 kV, 40 mA), a secondary K filter, and X'Celerator detector. The
diffraction patterns were scanned fromr 20 150 (20) at a scanning rate of 0.00637
min~'. Lattice parameters of samples were calculatan ffee whole set of peaks of the
XRD diagram using the FullProf free-software inrafile matching mode [30] .
High-temperature X-ray powder diffraction diagramere recorded on the previous
mentioned instrument, which was equipped with artoAnParr high-temperature
attachment (HTK 1200). The diffraction diagrams @vebtained under air atmosphere
at temperature intervals of 100 °C (up and downl, @ maximum temperature of 1100
°C was investigated. The heating rate was set t€/min, and a scanning rate of
5.4°min’ was applied. In total, theB2range was scanned from 20° to 70° for 12 min
and 18 s.

Thermogravimetric measurements were performed gnsef a TGA equipment
developed on the basis of a Cl Robal electrobal&@de Electronics Ltd.) attached to
the support frame of a high-temperature verticahdae (1500 °C; Severn Furnaces
Ltd.) and connected to a system of flowing gasestau@a total pressure of 1 atm.
Samples were placed into an alumina crucible, whiels centered inside an 8 mm
inner diameter ceramic tube in order to minimize Buoyancy. The absolute oxygen
content was determined by reducing the samplesrumdeductive mixture atmosphere
of He/H, (1/1 ratio) controlled by a digital rotametter ®®ym. A heating rate of 10

°C/min from room temperature to 1200 °C was useati raintained the time required



to ensure complete reduction. The total weight lwas recorded and oxygen content
was calculated taking into account that;.JarMnOs.; samples were reduced to a
mixture of oxides where the lanthanum, strontiung emanganese oxidation states are
3+, 2+, and2+, respectively.

Microstructural characterization was carried out lbging scanning and
transmission electron microscopy (SEM and TEM) neghes. Powder samples were
dispersed in acetone and droplets of the suspemsom deposited onto a holey C film.
The SEM images were obtained on a Hitachi S-480MM-EEG microscope.
Transmission electron microscopy (TEM) images dedten diffraction (ED) patterns
were taken on a 200 kV Philips CM200 microscopeimspd with a supertwin

objective lens and a LaBilament (point resolution] = 0.25 nm).

3. Results and discussion

A first set of experiments was conducted for the0.25 composition
(Lap.75510.29MIN0345, M2 sample) to determine the optimum milling time tonplete the
solid state reaction under the conditions descriledve. The products obtained at
increasing time were analyzed by x-ray diffractiand the results are presented in
figure 1. It is easy to observe how the reactiamgpessed significantly after 15 minutes
of milling and after half an hour was nearly fingsh After only 45 minutes, no reactant
peaks were detected and the solid state react@nexkto be complete.

To be sure of achieving full conversion, the mecdthemical synthesis of the
powder samples was then carried out using one bbunmilling. Figure 2 shows the
difractograms corresponding to the eight sampldsngeng to the La,SrMnOsys
(0=<x<1) system M samples). All of them present a single phase wgbudo-cubic

symmetry and perovskite structure. The shift obesgrin the XRD reflections was



attributed to different La and Sr ratio in the pd@cubic structure. In the inset of figure
2a (x=0, 0.25, 0.5 and 0.75) can be observed a displacement to smaller spacing
when x value increases. However in the inset afrég2b can be appreciated that the
peak displacement is not so clear, probably dubdsmall x discrepancy (x=0.8, 0.85,
0.9 and 1).

Fullprof computer program was used from the whae of peaks of the XRD
patterns (Fig. 2a and b) to calculate unit cell ehsions for each phase in the system,
assuming (pseudo) cubic unit cell, the found resaitid the average crystallite sizes (D)
are presented in table I, the cell parametersedsed with increasing substitution of La
by Sr. As can be deduced from the large broadeningeflections in figure 2 the
crystalline domain is very small, around 20 nntah be corroborated in the SEM and
TEM micrographs showed below (Fig. 7 and 8). ,

The X-ray diffraction diagrams of powder samplesated at 1100°C under air
atmosphere are presented in figurdH3s@mples). It is clear that a higher crystallinity
and a well defined symmetry took place. As obsemwvedhe M samples, the XRD
reflections are shifted to smaller d-spacing asomasequence of the La substitution,
which is very clear from x=0 to x=0.8, accordingiwihe cell parameters. For samples
with x=0 and 0.25, some of the maxima are cleaght showing a structure very
similar to L& ¢gViNg 9503 (reference pattern-01085-1838) calculated by Vaosfialen
et al [31] with rhombohedral celR{3c, 167 space group). However, the diffraction
lines (enlarged in the inset for the main one)sfamples with x=0.5, 0.75, 0.8, 0.85, and
0.9 were not split that could be due to a diffesgmmetry or different lattice parameter
and same symmetry. To elucidate this feature atmlilese the lattice parameters the
Fullprof computer program was used from the wheleo peaks of the XRD diagram,

assuming a rhombohedral symmetry or cubic strucfline results showed a better fit



when rhombohedral symmetriR3c space group) was used (table 1) for samples in the
range of (< x < 0.90. Nevertheless, when the x value is equah&(8rMnQ), another
perovskite structure with hexagonal symmetry &&d/mmc space group (194) was
observed. This term is excluded from the J3MnOs.; solid solution as the symmetry
and cell parameters change, bemgery similar butc smaller with respect to the
rhombohedral structure.

Results in table 1 show how substitution of La by r8odifies the lattice
parameters of the rhombohedral structure in suslayathat the volume of the unit cell
decreases with thevalue. This trend was observed in bbthandH samples as shown
in figure 4. The term x=1 is not presented as redomg to the rhombohedral solid
solution. The volume diminution is due to the ¥Mformation at the same time that’fa
is substitute by $f in the cationic subcell for keeping electroneityal This is
consistent with the fact that the ionic radius ofi*f(53 pm) is smaller than that of
Mn®* (65 pm), and indicates that the manganese iodiasas in fact the determinant of
the unit cell volume. This is significant since®t 136 pm) has a smaller ionic radius
compared with $f (144 pm). The ionic radius values are taken frotrarhon
considering the coordination number for each catiothe perovskite structure [32].
Moreover, it is worth noting that the presence af‘fiwhich increases with increasing
strontium content, reduces the John-Teller effleat was favoured by the Mhcation.
This fact can explain the absence of the splitthgKRD peaks when the x values
increase because of a higher symmetry of the sireicThe intensity of some peaks in
the difractogram is as also changing with the Uasttution. The intensity is decreasing
with the increasing Sr quantity. This effect is egmpated very clearly in the first peak
which correspond to (012) from the rhombohedrdl (@e&rked in the figure 3a), which

corresponds to (100) in the pseudocubic cell, whezd.a and Sr atoms are located.



To quantify the oxygen composition (delta valuegl #ime oxidation state of the
manganese (% M), thermogravimetric analysis were performed in th# heated
samples ). All the results are presented in table | andifgg5. It was found that the
amount of MA" increased linearly with &t to reach the electroneutrality in the
structure, while the oxygen stoichiometry approdaduoethe value of three.

With the purpose of studying the crystallizatiord aymmetry change of milled
samples M pseudocubic symmetry) after annealing (hombohedral symmetry),
experimental XRD measurements as a function ofe¢hmerature (up and down) under
air atmosphere were carried out. XRD difractogragmsry 100°C, from 30°C till
1100°C and vice versa were recorded. A summariebbtained results are presented
in figure 6 corresponding to M2 sample. When theeexnent rises in temperature
crystallization process could be observed and 041 a small peak (aproxf235°,
marked with an asterisk) appears -which could be tlu a formation of an
orthorhombic phase [33]-. Lowering down in temperatthe small peak stays till
800°C and below this temperature disappears. BB@YC some of the reflexions start
to split (see inset of figure 6) and a small peafote D=40° appears (marked with a
cross), indicating the formation of the rhombohégtase. This fact indicates that the
rhombohedral phase stabilizes at low temperatute cam be explained in terms of
oxygen composition. The orthorhombic phase stableigh temperature (1100°C) its
able to accommodate less quantity of oxygen in stmicture [33] than the
rhombohedral one, that stabilize below 500°C wdtlh oxygen composition of.
Lag.7551h.29VIN03 11 (See table 1)

The microcharacterization ® andH samples were analyzed by SEM, TEM and
ED techniques. Figure 7 presents the SEM microgrdpbnd for some of the milled

and heated materials, which are representativbebtained results. AM samples



(pseudocubic perovskite structure) had a similacrosiructure characterized by
aggregates of small particles. As expectédamples were composed of larger faceted
particles, being very similar in shape as can lea s8H1 andH2 (same rhombohedral
symmetry); howeveH8 sample (with a different symmetry, hexagonal) enésd very
round particles and smaller in size.

Figure 8 shows the TEM and ED representative resiltheM andH samples.
The TEM micrograph corresponding kil sample (x=0) showed quite large particles
formed in fact by agglomerated small crystallitasthe nanometric range (Fig.8a) as
evidenced by the presence of rings in the ED pat#&lt the rings could be indexed in
the pseudocubic structurBri-3m). TEM micrographs oH1 (fig. 8b) andH3 (fig. 8c)
samples also showed the presence of aggregatefobned by submicrometric
crystallites of several hundred nanometers as wbdein the enlargements of two of
these crystals. The corresponding EDPs were tal@eg dahe [001], [211] and [210]
zone axis. All maxima could be indexed in the rhohdxral structureR-3c).

The TEM results corresponding 8 sample (x=1) are presented in fig 8d, which
shows an image where crystals with different scaasbe appreciated. All the found ED
could be indexed in the hexagonal structui?ésfnmc) confirming the XRD results.

The ED pattern presented was taken along the [26Xi¢ axes.

4. Conclusions

Mechanochemical method is a good alternative toth®gize phases with
perovskite structure belonging to the ;L8rMnOsy System, which is a proper
candidate for cathodes in SOFCs. The rhombohednalse R-3c), found after
annealing theM samples, is kept along the solid solution in thege of 0< x < 0.90

and is a low temperature stable phase, neverthelbsn x=1 (SrMn@), appears



another perovskite structure with hexagonal symyretid P6s/mmc space group (194).

From XRD data, it could be observed that the Sssuition has influence on the cell
parameters, and the volume decreases when x iestedkhough L:; (136 pm) has a
smaller ionic radius than 2S+r(144 pm), Sr substitution implies I\A>I+nformation, which
is smaller (53 pm) than I\/SIF1(65 pm).

The microstuctural characterization showed that gwvder samples after

mechanical milling have nanometer character. After temperature treatment the

crystallite size increases, but is still quite draald suitable for the future application.
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Figure captions

Figure 1. Time evolution by X-ray diffraction ofdlsolid state reaction to synthesize

La; xSKMnOss; (x=0.25) sample by mechanochemistry.

Figure 2. X-ray diffraction diagrams correspondiogthe La xSKxMnOs.; System (a)
x=0, 0.25, 0.50 and 0.75, and (b) x=0.80, 0.85,00&nd 1, obtained by
mechanochemical synthesiM (samples). The inset shows an enlargement of the
highest maxima to reveal the displacement indtepacing due to the La substitution.

Figure 3. X-ray diffraction diagrams correspondiaghe heated sampled) at 1100°C
under air, belonging to the Lg5rMnOs,5 system (a) x=0, 0.25, 0.50, and 0.75 and (b)
x=0.80, 0.85, 0.90 and 1. The inset shows an ezhaegt of the highest maxima.

Figure 4. Unit cell volume variation with x valuethe La «SKMnOs.s system. (aM

samples and () Samples.

Figure 5. (a) Oxygen stoichiometry (delta value)l &m) Mri** content (%) versus X, in

the LaxSKMnOs4; system foilH Samples.

Figure 6. Thermal evolution of the XRD diagramM® sample (Lga75Sf.2sMnNOsss )
under air atmosphere from 30°C to 1100°C and varsas from 1100°C to 30°C. The

inset shows an enlargement of the highest maxima.

Figure 7. SEM micrographs corresponding to samplésandH1(x=0), M2 andH2
(x=0.25) anaM8 andH8 (x=1).

Figure 8. TEM micrographs and ED patterns corredpmnto M1 (a), H1 (b), H3 (c)
andH8 (d) samples.
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Table I. Structural and chemical parameters fortladl synthesized samples in the
La;xSMnOsy;s system, in the first step after milingM samples) and after heated at
1100 °C under air atmosphere during 12 hodrsgmples).

Sample Compound ad) c(A) D (hm) | Mn** |  value
(%)

(x=0) LaMn@;

M1 (Pm-3m) 3.9114 16

H1 (R-3c) 5.5306 | 13.5668 | 88 34% | 0.17

(x=0.25) L&y, 75510.29MNO3:3

M2 (Pm-3m) 3.9013 23

H2 (R-3c) 5.5237 | 13.3790 | 176 47% | 0.11

(XZO. 5) LasSio sMNOass

M3 (Pm-3m) 3.8883 22

H3 (R-3c) 5.4499 | 13.3799 | 88 74 % | 0.07

(x=0.75) LatosSto.79MN0Oz4s

M4 (Pm-3m) 3.8686 16

H4 (R-3c) 5.4353 | 13.3120 | 110 79% | 0.02

(x=0.80) La20S10.80MNO3.5

M5 (Pm-3m) 3.8585 20

H5 (R-3c¢) 5.4226 | 13.3007 | 38 82% | 0.01

(x=0.85) Lat2oS10.80MNOsz45

M6 (Pm-3m) 3.8502 18

H6 (R-3c) 5.4268 | 13.3253 | 56 80% | 0.025

(x=0.90) La20S10.80MNO3.5

M7 (Pm-3m) 3.8416 16

H7 (R-3c) 5.4287 | 13.2991 | 61 92% | 0.02

(x=1) SrMNGsss

M8 (Pm-3m) 3.8511 21

H8 (P63/mmc) 5.4572 | 9.1076 76 100 %/ 0.00
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