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Abstract

Strontium-substituted lanthanum ferromanganitess&a.-Mn:-,Fg03.5 (y=0, 0.2, 0.5, 0.8,

1), LSMF2Y (Y=10@) for solid oxide fuel cell (SOFC) cathode applioas have been
synthetized by a polymeric sol—gel route and depdin YSZ substrates by a dip-coating
process. The influence of the sol synthesis parsiémnetal composition, organic and metal
salt concentrations) on the thin film microstruettias been investigated. In this study, it has
been shown that the organic/inorganic ratio, caRedppears as a key parameter to control

the microstructural properties of final coatings.

Graphical abstract

B P - 1

o P

PA R ) - L

TR S Thin films 2 oy Cricde thim
Foe o0y, LT - Far F P
" \\':" Precursaor Filrns
LAt SN B
. SOL
R TS
. CocompoSiCiom s — oo LSFFXY
LS ES
CoRTaE esidus powders

= mowa N ac o i sl sl ol
1 T S STl e

[ L' C'm



Keywords: Lanthanum ferromanganite oxide; LSMF perovskitd:-§el; Thin films

1. Introduction

2. Experimental

2.1. Material preparation

2.2. Characterization

3. Results

3.1. Sol viscosity

3.2. X-ray diffraction of powders

3.3. Thin films microstructural investigations
4. Conclusion

References

1. Introduction
2.

Mixed oxides, particularly those with perovskiteusture, have received much attention as
cathode materials for solid oxide fuel cells (SOFQ$and_[2] Strontium-substituted
lanthanum manganites (LSM) are the usual cathoderiabs, owing to their chemical
stability versus yttria stabilized zirconia (YS#)hich is the conventional electrolyte for
SOFC systems [3]

To improve the cathode material conductivity, ihecessary to optimize both composition
and microstructure of the electrode. For the ogmi@position, the manganese is partially or
totally substituted by iron in LSM, in order to abt both electronic and ionic conductivity

[4]. Simultaneously, the microstructure of the synteet material is controlled by use of a
sol—gel method derived from the Pechini processTbin films of these cathode materials are
deposited on a YSZ substrate by a dip-coating pof] The dip-coating solution is

composed of metal salt precursors dispersed ilyangoizable organic matrix [74nd_[8]

In this work, we present the influence of the soiteesis parameters (oxide composition,
organic compounds and/or metal salt concentratarthe microstructure of the obtained thin

films.

2. Experimental




2.1. Material preparation

This paper reports on the synthesis of 4S1 -Mn1-,F,0s:5 (y=0, 0.2, 0.5, 0.8, 1)
LSMF2Y (Y=10y) thin films and the characterization of their nostructural properties.
According to Kindermann et al. [9he substitution ratio of lanthanum by strontiwas kept
to 20%, optimized value to limit the reactivity veen the two active materials (cathode and

electrolyte). The manganese was partially or tpsuibstituted by iron.

The dip-coating LSMF2Y solution was prepared acitgydo the polymeric method
[7]. Reagent-grade La(N2_—6H,0 (99%), Sr(NQ) (99%), Mn(NQ),— 4H,0 (98%),
Fe(NG);—9H20 (99%), were used as the starting cation saltsy Twere precisely weighted
at the molar composition of LSMF2Y and then disedlin distilled water. After the
homogenization of this solution, a mixture contaghcomplexing and polymeric agents
(hexametylenetetramine (HMTA), acetylacetone (aedn)equimolar ratio—and acetic acid
(CH;COOH)) was added to promote polyesterification polycondensation reactions. The

volume of the initial solution was always adjuste@00 mL by addition of acetic acid.

The metal salt concentration, calculated from tiai solution, was limited by the
manganese substitution ratio. According to previwasks [10] there was a maximum of
metal salt concentration for pH values up to 2u#widiron precipitation in the sol. Higher the
iron content in the required perovskite, smaller itietal salt concentration of the solution. As
the pH is mainly determined by the solvent (acaticl; pH = 3.2), the cation concentration
limit in the sol to obtain a stable solution depgid the iron content. The cation

concentrations used in this work were reportedabld 1
Table 1.

Limit values of cation concentration in the sobafsinction of iron content

LSM20 | LSMF22 | LSMF25 | LSMF28 | LSF210

Cs(mol LY | 0.6 0.6 0.18 0.12 0.08

The variation of the initial metal salt concentoatfor LSMF2Y oxides leads to define
theR ratio as “organic compounds concentration” (CoM[FA + acac] on “metal salt

concentration” (Cs). ThR ratio may be adjusted by modifying one of the @mrations



(organic compounds or metal salts), the secondirengaconstantR values used in this work

are summarized in Table 2
Table 2.

R values versus metallic salt concentrati@rand organic compound concentrat@n

Co=1.85 mol L'*
C.(molL'Y) 0.08 0.12 0.18 0.6

R=C,/Cs 234156 104 3.1
C=0.18 mol L*
C,(mol L' 1.85 1.44 0.9  0.81 0.56

R=C,/Cs 1048 5 45 |31

After heating at 80—90 °C, the solution became m@eous and the viscosity

(measured at 25 °C) was adjusted by controllingitied volume of the sol.

Starting from the sol, both fine powders or thim8 were prepared. Powders were obtained
by the sol calcination at 400 °C in air followed at treatment of the combustion product at
1000 °C in air during 2 h to form the LSMF2Y oxidéhin films were prepared by dipping
yttria stabilized zirconia (YSZ) ceramic substratea LSMF2Y polymeric solution of
viscosity adjusted to 40 mPa s, and then pullingiat a constant speed (1 to 5.5 cmin
Before coating, YSZ substrates were previouslyraean an ultrasonic bath successively
with acetone and alcohol and dried in an oven &G80The layers were heat treated up to
1000 °C for 2 h with a heating rate of 100 °@.h

Powders and thin films were elaborated for vario8MF2Y compositions anR ratios. The

synthesis process is summarized on Fig. 1

Fig. 1. LSMF2Y powders and thin films synthesisthg polymeric method.
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2.2. Characterization

Viscosity measurements of polymeric solutions &sation ofR (Co/Cs) were performed
with a Tve-05 Lamy viscometer at 25 °C.

X-ray powder diffraction of samples treated at 1000wnere recorded using CusKadiation
source (Siemens D501). The thin layer crystallaratvas studied using a D5000
diffractometer (Siemens) operating in an asymm&asbye—Scherrer mode with a grazing

incidence angle of 1°.

Both surface roughness and thickness of the fileewletermined by an optical profilometer
(Zygometer) operating as a Perrot—Fabry interfetemd&he microstructures of LSMF2Y
thin films were observed by Scanning Electron Mscape (SEM JEOL; model JSM-35 CF).

3. Results

3.1. Sol viscosity

Sol viscosity was measured for various relativeateoms of reduction volume defined as
[(Vinitia—Viina)/ Vinitial] X 100. In_Fig. 2was reported the viscosity of the sols LSMF22, IF249
and LSMF28 synthesized with a constant organic @amg concentratiof,=1.85 mol L*
corresponding t&®=3.1, 10.4, 15.6, respectively. The initial mett soncentration was kept
at the previously determined limit value. Whatether chemical composition and the metal
salt concentration, the sol viscosity increasetthénsame way, according to the relative

variation of reduction volume.



Fig. 2. Viscosity of the sol versus reduction voki@,=Cs.e=1.85 mol L.
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In Fig. 3was reported the viscosity of LSMF25 with fixedtadesalt concentration

(Cs=0.18 mol %), theR ratio valuesR=5.2, 10.4, 15) resulting from change in organic
compound concentration. The sol viscosity was nreasior various relative reduction
volume. The viscosity sharply increased accordintpé organic content of the sol. The final

sol rheology was only controlled by the organic posmd amount.

Fig. 3. Viscosity of the LSMF25 sol versus redustimlume Cs=Cse=0.18 mol LY.
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3.2. X-ray diffraction of powders

LSMF2Y powders synthesized from solutions wh@gevas kept at a constant value (1.85
mol L™*) andCs at the previously defined limit value (corresporgiioR=3.1, 10.4, 15.6 and
23.4) after two hours heating at 1000 °C were itigated by XRD. For each composition,



the pure perovskite phase was obtained. [EQtthermore, LSMF2Y powder chemical content
were controlled by Inductively Coupled Plasma (I@RJl were in good agreement with the

starting composition of the sol [10]

In Fig. 4 LSMF25 X-ray powder diffraction patterns weregested for variouR values
(Cs=0.18 mol L°%). The perovskite phase was always obtained bltR¥i8, the simple oxides
La,O3 and MnO,4 were also present. As it was previously obserwe@dudon et al., the pure
LSM20 mixed oxide C=0.6 mol %) was only obtained fdR up to 3.1 [3] Whatever the

metal salt concentratidds and the mixed oxide composition, a minirRalalue (3.1) was
required to obtain the pure perovskite phase. Rhialue seemed to be an intrinsic parameter
in this synthesis process; so, it was necessantrimduce a minimal quantity of organic phase

to promote a good dispersion of the metal catiarthé polymeric matrix.

Fig. 4. XRD patterns of LSMF25 powders heat treatieti000 °C-2 h for variouR values
(Cs=Cse=0.18 mol LY.
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3.3. Thin films microstructural investigations

Microstructures of LSM20, LSMF25 and LSF210 thim& were shown in Fig.. 3 hese thin
films were obtained from the sol by dip-coatingtfwirawal speed of the substrate = 1.2

cm min ) and heat treated at 1000 °C in air during tworkowhatever the iron content,
these thin films were homogeneous, continuous eexckeree, some defects observed on the

surface being due to the YSZ substrate surfachight magnification, there was no evidence



of a grain size variation according to the metél@antent or the oxide composition. But, a
less porous microstructure was observed for higbarcontents or smaller metal

concentrations.

Fig. 5. SEM micrographs (2 magnifications) of LSMFRoatings on YSZ substrates after
annealing at 1000 °C—2 B4=C=1.85 mol !, =40 mPa s).

LSM20 LSMF25 LSMF28
Cs=0.6moll - R=3.1 Cs=0.18moll - R=10.5  Cs=0.12moll - R=15.6

Fig. 6showed XRD patterns of LSMF2Y thin films depositedYSZ substrates as a function

of iron content. All the peaks were attributed eitto the perovskite phase or to the YSZ
polycrystalline substrate. Even under a weak inadeangle (1°), the recording of the

diffraction peaks of the YSZ substrate was unavaleladue to the low thickness of the

LSMF2Y layer. In addition, the films were polycrgiine with a random orientation. Because

of an extensive X-ray diffraction line broadeningedo the grazing incidence apparatus, it
was not possible to determine precisely the phasenetries of the films, however, any

impurity was detectable.

Fig. 6. XRD patterns of LSMF2Y films heat treated @00 °C for various iron content.
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The thickness of the thin films measured by optirafilometry were reported in Table 3

The layer thickness decreased as a function ahtttal concentration.
Table 3.

LSMF2Y layer thickness verstisvalues C, constant = 1.85 mol )

LSMF2Y LSM20  ISME22 LSMFI5S LSMF28

R=0Cy/Cs 3.l 3.1 10.5 15.6 LSM20 | , o5 28 0
Thickness (nm) 240 £ 10° 230 £10" 70 £10° 45 +£10°

LSMF2Y

Cs (mol LY 0.6 0.6 0.18 0.12 0.08
R=C,/Cs 3.1 3.1 10.5 15.6 23.4

240 +10 230 +10| 70+10 | 45+10 | 30 £10

Thickness (nm) & " * " #

* This accuracy corresponds to the intrinsic roughrd the substrate after polishment.

For an application as SOFC cathodes, the layekribgs must be optimized to 500 nm
approximately. To reach the optimal thickness \aifow metal salt concentration it would be

necessary to deposit several layers.

An other parameter (withdrawal speed) may be irsgeao raise the initial thickness of the

layer (i.e. before heat treatment). The amountrgéieic compounds to remove is then so



important that a severe cracking of the layer apgubduring the thermal treatment step. For a

fixed Cs, the ratioR must be reduced to its minimal value Re3.1.

Fig. 9. SEM micrographs of LSMF25 coatings on Y$Bs&rates after annealing at 1000 °C—
2 h (C<=Cs=0.18 mol %, =40 mPa s).
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For LSMF25 C=0.18 mol '%; R=3.1), the layer thickness was reported as a fonaif
withdrawal speed (Fig.)7it increased as a power function according &ltandau and
Levich law, with an exponent value of about 0.88][Until 3.5 cm min®, the layers
obtained after heat treatment were continuous, lgemeous and crack-free. For this
withdrawal speed the thickness was about 220 mmof.a similar value than those obtained
with C<=0.6 mol L. The metal concentration lowering has been bathbyehe increasing

of the withdrawal speed, tiratio being optimized to preserve the qualityraf final layer.



Fig. 7. Layers thickness versus withdrawal speed 8MF25 after annealing at 1000 °C-2 h
(Cs=Cs=0.18 mol *; R=3.1).
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LSMF25 layer microstructure was investigated asretion ofR ratio with Cs constant
(Cs=0.18 mol L°%). The SEM micrographies (Fig) &r R varying from 4.5 to 10.5 shown an
homogeneous distribution of the particle size wihiieased from 120 to 250 nm

approximately.

Fig. 8. Layers thickness versus viscosity of tHed@oLSMF28 after annealing at 1000 °C-2
h (Cs=Cste=0.12 mol L} R=8).
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4. Conclusion

The strontium substituted lanthanum ferromangartit&8/1F2Y) have been synthetized by a
polymeric sol—gel route and deposited on YSZ sabs$rby a dip-coating process. e
ratio, defined as organic phase concentration daltitephase concentration, is the main sol
parameter governing both the purity of the obtaipledses and the microstructure of the
films. The amount of organic compounds must enaareomogeneous dispersion of the
metal cations in the polymeric matrix. As a funotwf the metallic salt concentration, tRe

ratio always must be upper than 3.1.

The rheology of the polymeric sol is only relatedtie organic compound amount and must
be controlled to obtain continuous, homogeneouscaack-free thin films. For iron rich
compounds, a minimd&t ratio allows to deposit an equivalent quantityraitter by increasing

the withdrawal speed. In this case, crack-freedithoptimized thickness are prepared.
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