N
N

N

HAL

open science

La0.6Sr0.4Fe0.8C00.203-) electrophoretic coating for

oxygen transport membranes
L. Guironnet, P.-M. Geffroy, F. Jouay, C. Pagnoux, N. Richet, T. Chartier

» To cite this version:

L. Guironnet, P.-M. Geffroy, F. Jouay, C. Pagnoux, N. Richet, et al..
electrophoretic coating for oxygen transport membranes.

pp.100008. 10.1016/j.cesx.2019.100008 . hal-02122673

HAL Id: hal-02122673
https://unilim.hal.science/hal-02122673
Submitted on 22 Oct 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial 4.0 International License

La0.6Sr0.4Fe0.8C00.203-
Chemical Engineering Science, 2019, 1,


https://unilim.hal.science/hal-02122673
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr

Version of Record: https://www.sciencedirect.com/science/article/pii/S2590140019300152
Manuscript_ada72851defb0a2783d5fa530f4eal26

L apeSro.4FepsC0y204.5 €lectrophor etic coating
for oxygen transport membranes

L. Guironnet? P.-M. Geffroy”", F. Jouay, C. Pagnoux N. Richef, T. Chartiet

YRCER, CNRS, Université de Limoges. CEC. 12 Rue Atlantis 87068 Limoges. France
ZAir Liquide CRCD, 1 chemin de la Porte des Loges, BP126, 78354 Jouy en Josas, France
SADEME, 20 rue du Grésillé — BP90406, 49004 Angers Cedex 01, France

*Corresponding Author: Pierre-Marie Geffroy
Affiliation: IRCER, CNRS, Université de Limoges, CEC,
Address: 12 rue Atlantis 87068 Limoges, France,
Phone05 87 50 23 53,

Fax:05 87 50 23 04,

E-mail : pierre-marie.geffroy@unilim.fr

Key words: electrophor etic coating, oxygen semi-per meation, porous layer, mixed conductor

Abstract

This work describes the development of electrophoretic deposition method for the elaboration of a porous
coating on a dense membrane in order to improve its oxygen permeation performance. The dense membrane
material produced from LaSr sFe Gay 3035 perovskite is coated with bgSr sFen C0y 2035 perovskite layer

by electrophoretic deposition method in order to improve the kinetics of oxygen surface exchanges. Then, the
oxygen flux through the l@aSr sFey :Gay 3055 dense membrane is largely impacted by 5& 4/ sC 2035
electrophoretic coating, from 0.5 to 2.61fol.m?s* without and with LgeSr sFe sCay 05 coating after

heating at 900°C, respectively. Besides, a large impact of the thickness of the electrophoretic coating on the
oxygen flux through the membranes is observed. The electrophoretic deposition has shown to be a powerful

elaboration method of membrane to produce gaseous oxygen with high purity.

1. Introduction

The oxygen transport membrane (OTM) are dense ceramic membranes produced from mixed ionic and
electronic conducting materials. One of the advantages of this technology is the high purity of the gaseous
oxygen produced (higher than 99%). The technology could be interesting to use for laser cutting process
[Powell, 2019]. However, oxygen transport membranes must have a high oxygen semi-permeation for industrial
applications. The electromotive force of the oxygen transport through the membranes comes from the difference

of oxygen partial pressure of the two atmospheres on both membrane sides. Unfortunately, the oxygen flux
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through the membrane is usually limited by the @tygurface exchanges [Geffroy 2015, Geffroy 20aiyl a
coating of submicronic particles on the dense mamdbican lead to improve the kinetics of the oxygeriace
exchanges and then improve oxygen flux [HayamizZl42Xu 1999].

In this context, this work is focused on the impattthe thickness of a surface porous layer depdsity
electrophoretic deposition on a membrane, usingngronic particles, on the oxygen flux performance.
Lag sShsFen 7Ga 3035 (LSFGs79) perovskite is used as dense membrane materialubecof its high oxygen
diffusion coefficient, good chemical stability anmechanical properties [Sunaro 2008, Geffroy 2013].
Lag eSho.4sFen sC 2035 (LSFCaqugy) perovskite, with very high kinetics for oxygernrfaice exchanges [Guironnet
2016] but low mechanical properties, is used aginganaterials onto the membrane, in order to imprthe
kinetics of oxygen surface exchanges. The coatmghe dense membrane is manufactured by electrefitior
deposition (EPD). This coating method has a gmrgatest because it can be used for many differenéemals.
The main advantages of electrophoretic deposigam short coating time, easy control of films thieks (from
few microns to several hundred microns), low cestssibility of mass production and suitable for Sdites
with complex shape as tubular [Zhang 2007, Tan 3téulz 2010].

Electrophoresis coating method requires to prepatespersed suspension of ceramic particles. Tbesenic
particles should exhibit electrical surface chamenove in a solvent under an electric field applietween the
electrode and the substrate. Then, particles catgohto the substrate to form a layer. The naifitbe surface
charges on the ceramic particles determine if thetiog is cathodic or anodic. The properties of ¢bating
mainly depend on the characteristics of the ceraugpension [Boccaccini 2002, Zhitomirsky 2000, e
1990, Hammaker 1940].

The electrophoretic coating shows recently a giatdrest for the preparation of thin porous coating
electrochemical systems, in particular for the etabon of electrode in solid oxide fuel cell [Mag011]. This
work shows the impact of electrophoretic coating tbe electrochemical properties of mixed conductor

membranes.

2. Experimental

2.1 Materials

The powders used in this study are synthesized bglid state reaction synthesis [Etchegoyen 2006] f
LagsShhsFen:Ga 3035 (LSFGs79 powder and by a citrate route [Xu 2004] for ok8r sFeeC0y 2055

(LSFCausy) powder.



LSFGss73 powder used for the membrane preparation is syméftefrom pure oxides (L&; (99.99 %, Alfa
Aesar), FgO; (98 %, Alfa Aesar), G®; (99.999 %, Alfa Aesar)) dehydrated at 100°C. Tlwaides and
carbonate (SrCgX{99.9 %, Sigma-Aldrich)) precursors are weighegroper amount, mixed and attrition-milled
at 600 rpm in ethanol. The attrition is performesthg zirconia balls of 800 um diameter. After 3te mixture
is separated from the balls with a 200 um sievéeeddand calcined 5h at 1100°C until perovskite phas
formation. Then, the powder is once again attriiciied in ethanol. Each 15 minutes during theitain
milling, a granulometry analysis is done using setagranulometer (Horiba LA950), in order to obt#ie
desired monomodal grain size distribution with eamdiameter close to 1 um.

LSFCaug, powder used for the electrophoretic suspensiopragluced by citrate route [Xu 2004]. The
stoichiometric amount of metal nitrate (Sr(NOE 99.0 %, Sigma-Aldrich), Fe(N{.9H,O (98+ %, Alfa
Aesar), La(NQ)s.6H,O (99.9 %, Alfa Aesar) and Co(NJ2.6H,O (98.0-102.0 %, Alfa Aesar)) are mixed and
dissolved in deionized water. Then, solid citridda®9+% Alfa Aesar) is introduced into the mixeawtion and
under magnetic stirring. The molar ratio of ciicid to metal nitrate is fixed at [CA]/[M]=1.5. Adit 30 minutes,
a 28% ammonia solution is introduced in the mixelditton in order to reach a pH around 9.5 (the ipigation
point is exceeded). The solution is heated at 2Qfitil a gel is obtained which is then heated 2@ 3C to
provoke the auto-combustion. The powder obtainézt afuto-combustion is calcined at 1100 °C forté have
an as pure as possible perovskite phase. The pgwolduced is characterized by Scanning Electrondgwopy
(SEM, Cambridge instrument) and by laser granulem@toriba LA950). The mean grain size (Diffusioaser
Scattering, DLS) and the density of powders (gaspsneter, Accupyc Il 1340, Micormeritics) are repdrin
Table 1. .

For each powder, the formation of a perovskite phsagonfirmed by X-ray diffraction (Siemens D50QW-

K,1) and chemical composition is verified by inductiveoupled plasma atomic emission spectrometer.
2.2 Preparation of the substrate by tape casting

Dense membranes are elaborated by tape castingtigeHE094]. An LSFCgyg, slurry is prepared from the
powder obtained by solid state synthesis, an ocgaalvent, a dispersant (phosphate ester), a biadera
plasticizer. Powder, organic solvent and disperaaafirst ball-milled for 1 h, then the binder ahe plasticizer
are added to obtain a slurry with an adapted rtggolor tape casting. A green tape of 150 um thiskrie tape-
cast, dried and punched into disks of 30 mm diamdtieen, those disks are stacked (to obtain 1 miok th

membrane after sintering) and thermo-laminated uB@®Pa at 70 °C. The green membranes are debgnu2d



sintered to 1350 °C at a rate of 5 °C/min with aeliwf 4 h to obtain a relative density higher tt#59%. The

relative density of the membrane is measured usingimedes method.
2.3 Electrophoretic coating procedure

The suspension for electrophoretic deposition &ared by adding to the LSF£g powder to the ethanol
solvent and 1.5 wt.% of dispersant (phosphate Jestbe LSFCgus, powder concentration is 5 wt.% in slurry.
The suspension is ball-milled at 260 rpm for 1 lhdanogenize the suspension. Then, 2 wt.% of bi(degalan
51/07, Degussa, Germany) is added to the suspeasitrball-milled again 12 h at 130 rpm. The additad

binder improves the cohesion of the green electigift coating after drying.

The electrophoretic cell present&ture 1 consists in an anodic substrate centered betweerparallel
copper cathodic electrode plates (50.1*41.4*0.4°nrfihe electrodes are movable, they can be spadtbd w
distances from 0.5 to 5 cm. For this experimerg, distance is set at 3 cm and the submerged suofaite
electrodes is 18.5 cm2. A very slow stirring by metic stirrer prevents from the sedimentation o th
suspension. A generator allows to adjust the velfagm O to 84 V between the electrodes. After iogateach
membrane is taken out of the suspension and thesddp dried at room temperature at least durirg Zhen,
the membrane with the dried coating is heated 801°C for 2 h at a rate of 1 °C/min to remove afjamic
components and to further consolidate the poroasip The remaining porosity in the coating isdieable to
the diffusion of the gas through the thicknesshef ¢oating, which makes it possible oxygen adsomptin each

perovskite particle on the pore surface in thekiféss of coating.

Powders, substrate and coatings are observed bytS8EMaluate the morphology and the size of théngra

but also the uniformity and the thickness of thatoa.
2.4 Electrochemical characterizations
2.5.1. Oxygen semi-permeation measurements of raeesor

Electrochemical performances i.e. oxygen semi-patioe flux and oxygen activities at the membrane
surfaces are measured using a specific setup espiorEigure 2 and described in previous work [Vivet 2011].
The membrane sealed between two alumina tubes ldyriggs separates three chambers. In the firsinblea,
recombined air is injected (100 mL/min, oxygen-ratmosphere), in the second chamber, argon istéd€@00
mL/min, oxygen-lean atmosphere). The two differgat flows generate an oxygen partial pressure gmadi

through the membrane which is the driving forcedrygen diffusion through the membrane. The lasinuber



is used to avoid transversal leak. An argon flwalso injected in this chamber. The tightness betwihe
chambers are checked at high temperature (900°@rebéhe measurements of oxygen semi-permeation.

Measurements are performed from 970 °C to 600°6€ avitinterval of 10 °C between each measure.
2.5.2 Oxygen semi-permeation measurement

The oxygen flux through the membrane is calculaisidg the following equation:

_ Dar (P2out—P2in)
Jo, = Vo A . s (Eq. 1)

WhereJ,,is the oxygen flux through the membrane in mdlsh, D, the Argon flow in 1.8, Vi, 4y the

molar volume of argon in |.md| S the apparent membrane surface in m2.

P,,.: andP,;, are the oxygen partial pressure in the outletrafgox and the oxygen partial pressure in the
argon flux (in atm), respectively. They are evataairom the electromotive forcgghoys thanks to YSZ-oxygen

sensors, following the Nernst law:

RT P
Eg)20ut = El"%:t (Ea.2)

Where R is the universal gas constant, F the Fgradastant and T the temperature and iB the oxygen

partial pressure in the air (= 0.21 atm).

3 Reaultsand discussion

3.1 Characterization of the perovskite powders anchefdense membrane

Table 1 andFigure 3 A and B show the main characteristics of the LSk/gpowder produced by solid state
reaction and LSFGgs, powder produced by citrate route before millindheTmean grain size of LSEk&z
powder is close to 1 micron which is adapted tcetapsting process (Table 1). The mean grain size of
LSFCaqus, powder (i.e. 0.4 um) is smaller than that of Lg&&powder. The low grain size of LSFGe
powder is favorable to a high exchange surfaceledt®phoretic coating to improve the kinetics ofygen
surface exchange of the membrane. Powder stoictipnebecked by ICP-AES analysi3dble 2) show a
chemical composition of LSk&y; and LSFCegyg, powders close to the chemical compositions exgedtable

2.



Table 1.Characterization of perovskite powders

Synthesizec Mean ¢rain  Powder densit

route size (um) (g.cm®)

Solid state
LSFGs573 reaction 0.9 5.94
LSFCQuz (ig[ft‘;e 0.4 6.00

Table 2.Chemical elementary analysis of LSEfzand LSFCeyg, powders obtained by Induced Coupling

Plasma (ICP)

stoichiometry stoichiometry

Elements measured by ICP desired
L SFGss73 (solid statereaction)

La 0.52 0.5
Sr 0.4¢ 0.5
Fe 0.71 0.7
Ga 0.29 0.3

L SFCogyg, (Citrate route)
La 0.59 0.6
Sr 041 0.4
Fe 0.78 0.8
Co 0.22 0.2

Figure3 C1 and C2 shows SEM micrographs of the surface and fractaotion of LSFGs73 dense membrane.
The bulk mean grain size is around 2 pum and a t§easi95%. The grain size has a significant impactthe
electrochemical performances. Indeed, recent whdws that large grain size (up to 1-2 microns) 9sally
favorable to ionic conduction through the membriunkk [Reichmann 2016].

Figure 4 shows the X-ray diffraction patterns of LSk powders produced by citrate route, LSE@powder
produced by solid state reaction and Lg§&sintered membrane. The LSRG® powder has a well-defined
perovskite phase without apparent secondary pi&sel SFGs,3 powder synthesized by solid state reaction has
the expected perovskite phase but also two secpmplases determined has,0g and SrLaGgO,. After the
shaping of the powder by tape casting and the raigteof the obtained pellets, the A-secondary phase
disappears but the SrLages-secondary phase still remain. This secondary phasea low impact the oxygen
diffusion coefficient, but it could have a largepatt on the oxygen surface exchange kinetics. pagt of

secondary phases on oxygen transport mechanismgthrhela; .Sr,Fe.,GaOs5 perovskite membrane the

will be discussed in a further study.



3.2 Impact of the electrophoretic parameters on thetioga

3.2.1 Impact of the applied voltage on the coating thé&ds

Figure 5 and 6 shows the influence of the applied voltage oncitegting thickness for an electrophoretic coating
time of 120 s. From O to 5 V, a very few particle® scattered (patchy) on the membrane surfacethend
coating thickness is less than 10 um. From 5 t¥/ 6ere is a linear relation between the coathigkness and
the voltage. Above 60 V, the growth rate of thetitgahighly decreases with the voltage. Besides thiickness
homogeneity of the deposits decreases when thédpglltage increases in agreement with the resefisrted
by Besra et al. [Besra 2007]. The homogeneity efabating is likely linked to the migration speddarticle in
suspension. When the applied electrical field ghhihe migration speed of particles is high in $hepension,
that is likely not favorable to obtain a well-padkayer. However, if the voltage is low (below 243 there is
not electrophoretic coating because the electiodtates on the ceramic particles are too lowamparison to
the forces linked to mechanical agitation (or Br@wnagitation) in the suspension during the elgdtovetic
coating.

Then, the voltage will be fixed to 20 V in the faling sections of this study, which correspond tgoad

compromise between a compact layer and suitableatiog rate of ceramic particles in the suspension.

3.2.2 Impact of the coating time on the deposit thickness

Figure 7 shows the evolution of the coating thickness iiatien with the electrophoretic coating time. The
coating thickness linearly increases with the tiineen 30 to 300 s. Above 300 s, the depletion ofopskite
particles in suspension leads to a significant dimmn in the growth of the electrophoretic coatiBgg$ra 2007].
The maximum thickness of electrophoretic coatintaiied in this study cannot be exceed 220 um, lsecthe

growth of coating is too low above 200 pm due ®dkpletion of perovskite particles in the suspEmsi

3.3 Electrochemical performances

Electrochemical performances were studied for sseldiSFGs73 membrane without coating, and three dense
LSFGss,3 membranes coated with different thickness of LSg&@orous layer on both surfaces of LSEG

dense membrane.

Figure 8 A shows the evolution of the oxygen semi-permeaflor versus the temperature for different
thicknesses of the porous layer deposited on tHeG$; dense membrane surfacé$gure 8 B shows the

oxygen semi-permeation flux at 900°C versus thektiess of the porous layer. The oxygen flux inaesasith



the thickness of the coating. The highest oxygex (2.6x10° mol.m™.s* at 900 °C) is obtained for a membrane
with a porous layer of 115 um in thickness. Morgptee oxygen flux shows a quasi-linear evolutiagthwhe
thickness of the coating. The previous work sholearty that the oxygen flux of dense LS§s& membranes is
mainly governed by the oxygen surface exchangel9®0]. Then, the surface developed by the opensiigro
in LSFCaug coating is likely proportional to the thicknesstbé coating. Then, it could be interesting to study
larger thickness of the porous coating to deterntivee optimum. Unfortunately, the electrophoretiatoay
method described in this work does not allow toesgc100-120 microns in thickness after sintering tuthe

delamination of the electrophoretic coating dutimg calcination step.

Arrhenius plot and activation energies of the fdifferent membranes are reportEtgure 9 and Table 3,
respectively. The activation energy (Ea) decreagesn the thickness of the electrophoretic coatimggdases.
This trend is linked to the evolution of the limig step of the oxygen transport through the mengvemen the
thickness of porous coating increases. Indeedsentavork shows that the oxygen flux through a ddr8Gs73
membrane is mainly governed by the kinetics of @xygurface exchanges [Xu 1999]. Then, the kineftic o
oxygen surface exchanges increases with the cod#tiogness or the surface developed by the porasity
electrophoretic coating. An increasing of the aogthickness leads to an evolution of the limitstgp and then
the apparent energy activation of oxygen flux tiglouhe membrane. This suggests that the oxygenilux
mainly governed by bulk diffusion through the mear® when the thickness of porous coating is langetd

100 microns in this work).

Besides, a previous work [Vivet 2014] reported ativation energy of oxygen flux governed by oxygen
diffusion in the bulk through Ll@aSr FesGay0s; (LSFGassq) dense membrane close to 70 kJ ‘ol
suggesting that LSFGss; material has similar oxygen transport propertiemtLSFGaue, material. Also, the
energy activation of the oxygen flux through LSE&adense membrane with a porous coating of 115 pm in
thickness is close to 60 kJ.ritpland corresponds to the energy activation of tygen flux through LSFGaes

membrane when the oxygen flux is governed by oxyljffasion the bulk (i.e. close to 70 kJ. rifpl



Table 3.Activation energy calculated from Arrhenius pdétoxygen flux through LSFEz;3 dense membrane

without and with porous coating.

Temperature (°C) Ea (kJ.md) Temperature (°C) Ea (kJ.md)
0 um 970 to 820 120 820 to 640 155
5 um 965 to 835 130 835 to 695 160
75 pm 966 to 790 100 790 to 620 129
115 pm 960 to 800 51 800 to 620 60

Table 3 shows that the evolution of activation energyetation with the range of temperature. The actorati
energy increases at lower temperature. The figtraption is that the evolution of energy activati®tinked to

the evolution of the predominant limiting step withie temperature. Indeed, the oxygen flux through t
membrane is mainly governed by surface exchandewatemperature and by oxygen bulk diffusion athhig

temperature (usually up to 1000°C), as previousported [Vivet 2011].

The coating thickness does not have the same inopattte kinetic coefficient at the oxygen-rich sate at the
oxygen-poor side because the oxygen concentrafitineogases and consequently the migration kirgdtithe
oxygen through the coatings are very different leefwthe two faces of the ceramic membrane Indéwed, t
oxygen migration flux in the gaseous phase thrahghcoating is proportional to its concentratioreapressed

by the Fick law (Eqg. 8):

(Eq. 8)

With e the thickness of the porous coating, e oxygen permeation coefficient (depending ongbeus

coating) and\Py, the gradient of oxygen partial pressure.

In opposite, the oxygen migration flux in the bofkthe dense membrane is proportional to the gradiElnR,,

(and not to By), which is expressed by the Wagner law (Eq. 9):

CoDp AlnP
Jo, =222 (EQ.9)



With L the thickness of the dense membrang, tle oxygen concentration in the material of thesage

membrane Qthe oxygen diffusion coefficienAin Py, corresponds to the gradient of oxygen chemicamal.

The Fick law assumes that the gradient of oxygetigbgpressure through the porous coating on thbke and
poor-oxygen sides are similar, because the oxylgenis constant through the membrane and the tleis&rof
the porous coating is similar on both side of trenthrane (see eq.8). However, the similar gradiEoiggen
partial pressure has not the same impact on theéngdrforce of oxygen flux or gradient of oxygen afieal
potential through the membrane. Indeed, the oxyyenis proportional to the gradient of oxygen chieah

potential through the dense membrane, as repor&opsly by the Wagner law in eq. 9.

For instance, the oxygen partial pressures on tite and rich-oxygen sides are™@nd 0.21 atm. at 900°C,
respectively. The gradients of oxygen partial presshrough both porous coatings are similar, extioh here to
AP =5. 10 atm. This leads to a very low gradient of oxyglemical potential through porous coating at rich-
oxygen side Qlo; gicny= RT In 0.21/(0.21AP))= 23 J.mot) and large gradient of oxygen chemical potential
through the porous coating at poor-oxygen sid®i§, poon= RT In (10°-AP)/(10% = 3.9 18 J.mol*>> Ao,
(ich), @s reported on figure 10. It is then possiblednclude that the oxygen migration step throughpgbrous
coating at the poor-oxygen side can limit the oxyfiex through the dense membrane, when the paroasng

is very thick. The higher coefficient of oxygen fawe exchanges is obtained for the membrane withiHicker

porous layer in the thickness range tested (i.eoud5 pm) but an optimum thickness will likelyigx

4 Conclusions

A dense LSFG7; membrane has been coated by electrophoretic goatathod, with LSFCqQs, particles of
0.45 pm diameter. This selection of materials wassen wisely because it combines high oxygen ddfus
coefficient for LSFGs;3 material used as the dense membrane and highideradt oxygen surface exchanges
with LSFCaqug, materials used as porous coating. This associatidhe two materials leads to a very high
oxygen semi-permeation, i.e. 2.6%l@nol.m*s* at 900 °C, which corresponds to the high oxygerx fl
performances in the literature. However, these eryfux performances are lower than the oxygeneffux
obtained with Ba,SrFe ,C0,0s; perovskite membranes, i.e. from 1 to 20% t8ol.m?.s* at 900 °C, which are

among the best performances ever reported in theatire for membrane materials [Ge 2008, Ge 2009].



However, LgsShsFeGas0s; perovskite membranes have a better chemical #yalihd mechanical

properties than BaSrFe,.,C0a,055 perovskite membranes in working conditions.

The impact of the electrophoretic voltage on thgration rate of particles has been established.g¥ew when
the coating thickness is large (up to 100 microthe migration rate of particle decreases signifiga Then, the
maximum coating thickness obtained by electroplorepating is limited to 100-120 microns due to the

delamination of coating during the calcination step

The higher oxygen flux is obtained with the memleraoated with the thickest coating possible to iabtice.
115 pum. This suggest that the oxygen flux is magdyerned by the oxygen surface exchange at thebmzers,

but not by the oxygen bulk diffusion through thexsie membrane.

Finally, this study shows that the electrophoreti@mting is interesting method to obtain very honmuges
porous coating from 2-5 pum to 115 pum thickness. iierostructure of electrophoretic coating is addpto
obtain a perovskite coating with high electrocheahjerformances. This should be particularly irgéng for

the elaboration of cathode materials for SOFC apfithn.
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Figure captions
Figure 1. Electrophoretic coating cell
Figure 2. Oxygen semi-permeation setup

Figure 3. Micrographs of A) LSFGs; perovskite powders (solid state reaction) and BFCqug, perovskite
powders (citrate route), of the LSEkx dense membrane C1) surface and C2) cross section.

Figure 4. XRD patterns of LSFGgg, citrate powder, LSFg3,3 dense membrane and LSEg solid state
reaction powder

Figure 5. Micrographs of the coating obtained by electroptiorcoating during 120s with a voltage of A) 5V,
B) 40V and C) 80V

Figure 6. Impact of the applied voltage on the thickness amdthe homogeneity of coating for an
electrophoretic coating time of 120s

Figure 7. Impact of the coating time on the coating thicleydsr an applied voltage of 20V

Figure 8. Evolution of the oxygen semi-permeation A) as fiorc of the temperature and B) as function of the
thickness of the porous layer at 900°C

Figure 9. Arrhenius plot of oxygen flux trough LSEg3; dense membrane without and with porous coating
obtained by electrophoretic method.

Figure 10. Hypothesis on the profile of oxygen chemical pa@r{RT InRy,) through the dense membrane with
porous coating on poor and rich oxygen side.

Table captions
Table 1. Characterization of perovskite powders

Table 2. Chemical elementary analysis of LSkf and LSFCeyg, powders obtainetdy Induced Coupling
Plasma (ICP)

Table 3. Activation energy calculated from Arrhenius pldtaxygen flux trough LSF&7; dense membrane
without and with porous coating
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