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Abstract

Thick films cathodes for Solid Oxide Fuel Cells (SOFC) are prepared by dip-coating slurries made of several lanthanum
nickelate oxide powders onto yttria stabilized zirconia (YSZ) substrates. The processing parameters for the slurries preparation and
the multilayers coating have been optimized to obtain homogeneous, crack-free, thick and adherent films after heat treatment.

Keywords: A. Multilayers; A. Oxides; B. Sol-gel chemistry; C. Electron microscopy; D. Microstructure

1. Introduction

The development of new conversion energy systems like Solid Oxide Fuel Cells (SOFC) requires to drastically
decrease their working temperature from 1000 °C to 700 °C in order to reduce their manufacturing costs and to
optimize materials lifetime. In such systems, the cathode preferentially consists of a MIEC active material (mixed
ionic and electronic conductor) coated onto an oxygen ionic conducting electrolyte, which is commonly yttria
stabilized zirconia (YSZ) [1-5]. Use of MIEC allows to not limit the oxygen reduction to occur at the triple phase
boundaries region. An other way to improve the electrochemical performances of the cathode is to increase the amount
of active material by the deposition of porous films with high effective surface area. In this work, these two approaches
have been combined. Cathode materials were two Ruddlesden-Popper phases, such as La,NiO4,5 and LayNizO.
Previous work showed that the ratio La/Ni influences the cathode conductivity [4,6]. Therefore, cathodes with
different La/Ni ratio have been prepared as monophasic multilayers and graded multilayers. To control the effective
surface area of the cathode, a processing method based on the suspension deposition technique [7,8] was developed to
prepare thick cathodes with graded compositions.

Within this process, the first objective was the obtention of stable suspensions. These suspensions were prepared
from the dispersion of lanthanum nickelates crystallites (La,NiO,4,5 and LayNi3;Oq) [9,10] synthesized by a sol—gel
route, in a solution made of a solvent, a dispersant and some organic additives [11,12]. The stability of the suspensions
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was achieved by adjusting the dispersant concentration [12]. The stable slurries were then used to coat thick cathodic
layers onto YSZ electrolyte, using the dip-coating technique and a controlled withdrawal speed [13].

The second objective was the preparation of different cathodic architectures by depositing several layers of
La;NiOy4,5 and LayNi;O o materials onto YSZ electrolyte. In some cases, the suspensions were also deposited onto a
thin cathodic interlayer obtained by dip-coating in a polymeric sol of La;NiOy4,5 or LayNizO,q precursors [5]. This
duplex microstructure design is expected to enhance the cathode performances due to a more intimate cathode/
electrolyte interface [6,14]. The microstructure of different architectures was investigated by field emission gun
scanning electron microscopy (FEG-SEM) and X-ray diffraction (XRD).

2. Experimental procedure

The raw material, in the form of fine powder, was prepared by a derived sol-gel method [2]. The flow chart of the
powders preparation is reported in Fig. 1. The powders were characterized by X-ray diffraction (BRUKER axs D4
ENDEAVOR diffractometer), thermal analysis (SETARAM TGA 92), Zeta potential and granulometry (Zetasizer
300HS, Malvern Instruments Ltd.), Scanning Electron Microscopy (SEM) (JEOL-6700F) to determine the
morphology of the particles after calcination.

The crystallized powders were dispersed into an azeotropic mixture of methylethylketone (MEK) and ethanol
(ETOH) also containing a commercial dispersant C213 and two additives such as PVB binder and phthalate plasticizer
to achieve adequate viscosity and cohesion in the slurries [10,12]. A 3 min ultrasonic step (SinapTec Power Unit
NEXUS 198) was required to obtain an homogeneous slurry. The composition of the slurries prepared with different
amounts of dispersant is reported in Table 1.

The slurries were characterized by thermogravimetric and thermodifferential analyses in air, during heating with a
rate of 5 K/min from 150 °C to 1000 °C (preliminary evaporation of solvent at 150 °C was achieved in a drying oven in
order to obtain dried mixture). The size and the charge of aggregates were obtained by Zeta potential and
granulommetry measurements, respectively, in diluted MEK/ETOH solutions (0.1 mg/mL). The best compositions for
preparing stable slurries were chosen from these experiments.

The films were dip-coated according to the following procedure: YSZ substrates were immersed into the slurry and
withdrawn at a controlled speed (3 cm/min). In order to avoid cracks during annealing, the heating treatment of the
monolayer was defined according to the thermal decomposition profile of the slurry. Thick layers were obtained by
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Ni(NO;),, 6H,0 *  Acetylaceton
H,0 *  Acetic acid
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Fig. 1. Flow chart of powder preparation.



Table 1
Slurry composition

Composition (€)) 2) 3)
4 8 8
Powder (La;NiOg4,s0r LayNizO4¢) 1.00 1.00 1.00
Solvent (MEK/ETOH) 1.00 1.00 1.00
Dispersant (C213) 0.02 0.04 0.06
Binder (poly vinyl butyral, PVB) 0.12 0.12 0.12
Plasticizer (dioctyl phthalate) 0.02 0.02 0.02

La2: LayNiOys
La4: La4Ni3010

I.L. Interfacial layer

Number of layers
3 Architecture IL. 1 2 3
2 1 X La2 La2 La2
I1nterfacia1 - - i
layer 11 La2 La2 Lad
v Lad Lad La2
\Y Lad Lad Lad La2

Fig. 2. Layer array.

repeating the dip-coating and thermal treatment steps. After three deposits, various cathode architectures were
prepared as illustrated in Fig. 2.

One architecture was also built on a cathodic interlayer obtained by dip-coating YSZ electrolyte in a precursor
lanthanum nickelate oxide sol, heated slowly up to 700 °C (50 °C/h), then annealed at 1000 °C for 2 h with an heating

rate of 100 °C/h [5].

The cathodes thickness was measured by optical interferometry (Dektak 3030 ST).

3. Results and discussion

The powders were obtained as single phases of La,NiO4,5 and LayNi3;O;( oxides. The corresponding patterns
are reported in Fig. 3 and are in good agreement with literature data [3,9]. The crystallite sizes were calculated from
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Fig. 3. X-ray diffraction patterns of powders.
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Fig. 4. SEM micrographs of La,NiO4,5 and LayNiz;Oo.

XRD pattern using Williamson and Hall diagram obtained by peak diffraction modelisation. Both powders
calcined at 1000 °C in air for 2 h (Fig. 3) have a crystallite size of about 280 nm for La,NiO,, 5, while discrepancies
in the 3D dimensions were found for La,;Ni;O;q leading to a crystallite size of about 150 nm L to c.js and
550 nm||c,yis-

La,NiOy4,5 powder has spherical grains shape (Fig. 4). The mean grain size determined from SEM micrograph was
approximately 250-280 nm. These values are in good agreement with the crystallite size determined from XRD
analysis, indicating that the grains are monocrystalline. LayNi3;O particles are platelet shaped grains with dimensions
of about 200 nm long and 600 nm large; these values are also in good agreement with those determined from XRD
analysis, allowing similar conclusion than for La;NiOy4,5 to be drawn.

Preliminary granulometry measurements performed on diluted suspensions made of powder dispersed in solvent,
indicated a mean particle size of 1000 nm and 385 nm for La,;NiOy4, 5 and LayNi3 O, respectively. Considering our
previous results, one may thus conclude that La,NiO,4,; particles were more aggregated in suspension than
La4Ni3010.

In order to improve the dispersion state of powders and to optimize the stabilization of the suspensions, an
increasing amount of dispersant ratio (2, 4, 6 wt.% of powder) was added in the suspensions, as detailed in Table 1.
Suspensions granulometry and Zeta potential measurements are reported in Fig. 5. Accordingly, the best dispersant
concentration which corresponds to smaller aggregates and negative surface charge of particles, is 4% for La;,NiOg4, 5,

La,NiO,,; La,Ni;Oy,
_ 0 i 550 2 = O i 550 2
-g -10 0 450 8 € 0 . 450 5
§_ ®0 5= £ b+ as0 E

=~ 2E B O SE
85 203 2% 250 3§
SE - 150 8~ @= 0 150 §=
g -40 [ s0 @ 3 -0 50 &

50 50 -50 50
2% 4% 6% 2% 4% 6%
% Dispersant % Dispersant

Fig. 5. Granulometry and Zeta potential measurements performed on powders dispersed in suspensions prepared with different amounts of
dispersant.
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Fig. 6. Layer thermal profile and TG-TD curves.

and 2% for LayNiz;Oy. It is also worthwhile to notice that, for these ratio, the mean aggregate size of both oxides
(about 250 nm for La,NiO4 and 350 nm for LasNizO,) is in good agreement with the values determined from SEM
and XRD analyses on powders. Thus, this shows that both powders were successfully dispersed in the suspensions
while using an optimal amount of dispersant.

Suspensions decomposition in air was followed up by thermogravimetric (TG) and thermodifferential (TD)
analyses as a function of increasing temperature in order to determine a suitable treatment for the annealing of
La;NiOy4,5 and LayNizO4q films (Fig. 6). Accordingly, the decomposition of both suspensions is exothermic with
critical step occuring in between 200 °C and 400 °C. Above this temperature, no more signal is observed. On this basis,
an appropriate thermal profile was defined for the films annealing, as described in Fig. 6. A low heating rate was used
below 500 °C during the burnout of organics in order to avoid cracks formation in films.

Surface and cross section micrographs of the different architectures I to IV are shown in Fig. 7. Their thickness
is reported in Table 2. Accordingly, the multilayers are homogeneous, crack-free and adherent to the YSZ
substrate.

The average thickness after three layer depositions is about 3.5 wm. As expected from the peculiar morphology of
La,NiO4,s and LayNizO;q grains, thick films exhibit different microstructures depending on the selected
architecture. The deposit of ceramic suspensions and the subsequent annealing of the films did not alter the shape of
the grains. Indeed, Fig. 7 evidences the spherical and platelet shapes of La;NiO4,5 and LayNi3;Oq grains in the
electrodes (architectures I and II, respectively). Architectures III and IV made by combining La,NiO4,5 and

Table 2

Architectures Characteristics

Architecture Thickness for 3 layers (& 0.2 wm)
I 4.1 pm

11 3.6 pm

111 3.8 pm

v 3.3 pm
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Fig. 7. SEM micrographs of architectures I to IV.

LayNi3zO,¢ layers exhibit both peculiar shapes with grains disposed in accordance with the stacking of the different
layers (see Fig. 2).

The porosity of these architectures consists of small pores of few hundred nanometers homogeneously distributed
within the electrodes. Work is currently in progress for quantitative analysis of the porosity.

Cross section micrograph of architecture V is shown in Fig. 8. It can be seen that the thick cathodic layers are well
adherent to the thin interlayer and exhibit a distinct microstructure, allowing us to define a “‘duplex microstructure”
architecture for this cathode. The thin interlayer of nanoscale dimension exhibits an intimate contact interface with
YSZ substrate, which is expected to reduce polarisation resistance by increasing the number of contact points at the
cathode/electrolyte interface.
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Fig. 8. SEM micrograph of architecture V.

4. Conclusion

We synthesized La;NiO4,5 and LayNizO,( oxides via a sol—gel route and the X-ray powder diffraction analysis
revealed single phases without impurities for both oxides. Both powders were shown to exhibit different morphologies
(shape and size of grains). These lanthanum nickelates powders were mixed in an organic solvent using different
dispersant ratio and additives to prepare stable slurries. An optimum concentration of dispersant was determined by
means of several relevant characterization techniques. The stable slurries were used to dip-coat graded or monophase
multilayered cathodes. After annealing, homogeneous, adherent and crack-free cathodes were obtained, exhibiting
different microstructures in accordance with the peculiar morphology of the raw powders and the stacking of the
layers. Duplex microstructure electrodes were designed by combining sol—gel route and slurry deposition technique. A
thin interlayer of nanoscale dimension was coated onto the YSZ electrolyte in order to achieve intimate contact
between the electrolyte and the cathode, and thick micro-scaled layers of tailored microstructure were added to
increase the amount of active surface materials. The average thickness of the cathodes in this work was in the range of
3—4 pm.
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