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Planar Solid Oxide Fuel Cell Fabricated by Aqueous
Reverse Sequential Tape-Casting of the Anode, Electrolyte,

and Barrier Layer

Laura Parvaix, Sandrine Duluard, Florence Ansart, Pascal Lenormand,*

and Patrick Rozier

A low-cost manufacturing procedure has been developed for the fabrication of
planar anode-supported solid oxide fuel cell including only two thermal treat-
ments. This method is also environmental friendly because slurries are water
based and use nontoxic additives. Slurries are formulated by optimizing the
powder quantity, by minimizing the organic compounds while controlling their
stabilities and their rheological properties. Flexible multilayer green tapes have
been produced by using the reverse sequential tape-casting method. After a
cosintering thermal treatment under loads, planar anodic half-cells have been
produced allowing the deposition of a La,NiO, 5 cathode by screen printing.
After the final consolidation thermal treatment, the cell presents a 30 pm-thick
porous cathode, a 530 pm-thick NiO-YSZ porous anode, and a 80 pm-thick dense
electrolyte with a gradient of composition: 10GDC on the cathode side to prevent
the apparition of the La,Zr,0; insulating phase and 8YSZ on the anode side to
avoid the reduction of 10GDC with the fuel gas. Power densities present
promising performances (319 mW cm 2 at 830 °C) given that electrolyte thick-
ness and electrochemical system measurement may be improved.

commercialization of SOFC is slowed
down due to the still high manufacturing
and material cost. For this reason, many
recent studies have been made to find
cost-effective production methods.™"

To overcome the challenge of obtaining
a dense layer of yttria-stabilized zirconia
8YSZ (electrolyte) on a porous cermet Ni-
8YSZ anode, the commonly followed pro-
cess consists of assembling a full oxide pre-
cursor of the SOFC, the NiO-8YSZ oxide
precursor being selectively reduced during
the warming up to generate insitu the
anodic cermet.

In addition to the electrolyte and the
anode, the all oxide half-cell includes ceria
doped gadolinium (GDC) deposited by
screen printing on top of the electrolyte
and acting as a diffusion barrier layer
(DBL) to avoid the formation of the La,Zr,0;,

1. Introduction

Hydrogen technologies and especially fuel cells are promising
alternatives to achieve a carbon-free energy and an eco-friendly
transition. The solid oxide fuel cell (SOFC) technology is an
energy conversion system composed of a stack comprising a
porous cathode, a dense electrolyte, and a porous anode inserted
between metallic interconnects working at a temperature in the
[600-1000 °C] temperature range necessary to obtain ionic con-
ductivity above 1072Scm™" in the electrolyte. However, the
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insulating phase at the cathode/electrolyte
interface  during the screen-printed
La,NiOy4, 5 (LNO) cathode consolidation thermal treatment.*?!
The shaping of the different components of the oxide precursor
of the full cell is made using the tape-casting process, a widely
used technique at the industrial scale as compared to other pro-
cesses such as chemical or physical vapor deposition. Besides
being low cost and easily scalable, this process also allows con-
trolling the microstructure (dense or porous) and thicknesses
(from 5 to 1000 pm) of produced ceramic layers. The conven-
tional approach consists in casting the anodic and electrolyte
layers individually and assembling them in a second step consist-
ing in lamination and hot-pressing process to form the anodic
multilayer. In a third step, a diffusion barrier layer is classically
sprayed or screen-printed before sintering. The fourth step con-
sists in the deposition of the cathode layer by screen-printing and
the full cell is obtained by a final consolidation thermal
treatment."*! Recently, to decrease the number of steps, the
sequential tape-casting process of anode, electrolyte, and
diffusion barrier layers has been successively proposed. In this
process, slurries of anode and electrolyte are casted on top of each
other with only a quick drying step between each casting and the
stack is cosintered resulting in homogeneous layers and strong
interfaces.l’”1°
Also, the nature of the slurries which are constituted of
organic solvents (toluene, xylene, ethanol), toxic additives, and

© 2023 The Authors. Energy Technology published by Wiley-VCH GmbH


mailto:pascal.lenormand@univ-tlse3.fr
https://doi.org/10.1002/ente.202300020
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.entechnol.de
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fente.202300020&domain=pdf&date_stamp=2023-08-08

ADVANCED
SCIENCE NEWS

Energy Technology

Conversion, Storage, Distribution

www.advancedsciencenews.com

binders which increase the production cost, and the waste
management as well as being harmful for human health
and environment. To solve that, researches of nontoxic and
aqueous-based slurries have been developed and show that, to
counterbalance the polarity of water molecules, the use of acrylic
latex commercial emulsion or polyvinyl alcohol (PVA) as binder
allows optimizing slurry dispersion and stability.!**~*>!

Following these principles, Snowdon et al. successfully pro-
duced an anodic half-cell including the DBL layer by sequential
tape-casting." Slurries were composed of oxide powders of
NiO-ScCeSZ for anode, ScCeSZ for electrolyte, and a 10GDC
(Cep.9Gd.10,) as diffusion barrier layer but only the anode slurry
was aqueous with a PVA binder, the others were composed of
commercial binder solutions which are expensive and with a
nonadjustable composition.

To achieve low-cost and eco-friendly process for the whole
manufacturing of the SOFC, this article reports the outcomes
to produce in only two thermal treatment steps, anode-supported
SOFC by reverse sequential tape-casting of the anodic half-cell
including the DBL. The detailed study of the slurries formula-
tion, the elimination of organics, and the cosintering process
allowed reaching the final flat multilayer anodic half-cell with
optimized microstructures and thicknesses. The cell was com-
pleted by screen printing of La,NiO,,s (cathode)-based ink
followed by a consolidation thermal treatment. The characteriza-
tions using X-ray diffraction (XRD), scanning electron micros-
copy (SEM), and operando electrochemical tests of the cell
allow validating both the concept of all oxide precursors and
the efficiency of the sequential tape-casting process to fabricate
eco-friendly and low-cost SOFC.

2. Results and Discussion

To allow the reverse sequential tape-casting of the different com-
ponents of the full anodic half-cell while targeting eco-friendly
process, the nature and amount of slurry components have to
be selected to target, as main criteria, a stable dispersion with
controlled viscosity and a shear thinning mechanical behavior.
These criteria being also largely dependent on the loading of
solid component to be shaped, the electrolyte slurry with the
highest solid/solution ratio has been first optimized. The formu-
lation and architecture of the whole stack have been detailed and
shaped in a second step.

2.1. Electrolyte Slurry Optimization

Yttrium-stabilized zirconia (8YSZ) has been selected as the
electrolyte material. The SEM images (Figure S1, Supporting
Information) show that the morphology corresponds to spherical
particles with a narrow monomodal distribution in the range of
30-100 nm with an average grain size of 65 nm as deduced from
image analysis (Figure S2, Supporting Information).

Zeta potential measurements and sedimentation test were
performed to find out the optimum amount of dispersant needed
to stabilize the aqueous suspension of 8YSZ. The zirconia pow-
der was dispersed in water with ammonium polymethacrylate
(NH4PAA) which is a widely used polyelectrolyte surfactant.!*1¢7*%
This test was performed in a range of 1-4 wt% of dispersant to
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Figure 1. Zeta potential and sedimentation volume of an 8YSZ /water sus-
pension as a function of ammonium polyacrylate dispersant amount.

solid loading which are typical values for zirconia aqueous
dispersions.”**%! As shown in Figure 1, a large increase of
the zeta potential from 27 to 50 mV can be noticed with, respec-
tively, 0.5 and 1 wt% of dispersant and is followed by a small evo-
lution while increasing the dispersant content up to 4%. The
sedimentation volume measured after 24 h drastically decreases
from 55% to 14% with, respectively, 0.5 and 1 wt% of dispersant
and stabilizes around a sediment volume of 10% with an increase
of dispersant up to 4 wt%. The optimal amount of dispersant
leading to highest zeta potential (58 mV) and the lowest sediment
volume (10%) is determined to be 3.5 wt%. However, the actual
gain in performances being low with the increase of the disper-
sant content above 1wt%, and then 1wt% dispersant to solid
loading is selected to minimize the additive content of the slurry
and maintain suitable properties (zeta potential 50 mV, sediment
volume 30%).

A water-based suspension was then prepared by gradually add-
ing the 8YSZ powder in water with the selected optimum amount
of dispersant (1 wt% of dispersant to solid loading). Agglomerates
were eliminated by using an ultrasonic bath during 10 min. Then,
the dispersion was mixed in a planetary centrifugal mixer at
1000 rpm during 7 min and at 2000 rpm during 2 min.

PVA is selected as a binder and PEG400 as a plasticizer to
decrease the glass temperature transition of PVA and increase
the flexibility of the tape by breaking the close alignment and
bonding of PVA chains.'"*'*2”] PEG400 was used with a 1:1
plasticizer to binder ratio. Slurries were achieved by mixing
the suspension with PVA and PEG400 in the planetary centrifu-
gal mixer at 1000 rpm during 7 min and at 2000 rpm during
2 min and the excess of bubbles was outgassed in the machine
during 2 min at 2000 rpm. As shown in Figure S3a, Supporting
Information, the slurry including 10 wt% of PVA to solid loading
leads to tape with cracks appearing during the drying process,
indicating an insufficient amount of binder. Several tests per-
formed by gradually increasing the amount of PVA (Figure S3Db,
Supporting Information) lead to determine that a minimum of
18 wt% of binder to solid loading is necessary to obtain a contin-
uous polymer phase and a flexible tape with enough stiffness to
be easily handled.
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Despite the outgassing process, large bubbles were observed
in the tape (Figure S3c, Supporting Information) and created
porosity after a sintering treatment at 1600°C during 2h
(Figure S3d, Supporting Information). To decrease the amount
of bubbles with a better dispersion of ceramic particles, a surfac-
tant was added. The mainly used surfactants in aqueous slurries
are coco diethanolamide!'*?*252628] and 2 .4,7,9-tetramethyl-5-
decyne-4,7-diol ethoxylate (TDDE)!*>*” but to avoid health toxic-
ity of TDDE and for reasons of availability, polyethylene glycol
sorbitan monolaurate (TWEEN20) was chosen. The coupling
of NH4PAA and TWEEN20 surfactants combines electrostatic
and steric repulsion mechanism, decreasing the amount of bub-
bles.'®?* The weight percentage of TWEEN20 to solid loading was
adjusted by testing its effect in a range from 0.3 to 2 wt% as selected
based on reported results.*” The amount of bubbles in green and
sintered tapes is reduced whatever the selected amount of
TWEEN20. Without a clear effect of an increase in the
TWEEN20 content, to minimize the amount of additives, the
0.3wt% TWEEN20 content is selected. The dissolution of PVA
in water creates bubbles which could not be fully eliminated during
the outgassing process, implying the use of an antifoam among
which octanol is selected and its effect tested in a range from 2
to 10 wt% of antifoam to binder.'>'>17#7:283% The optimal value
allowing to obtain a bubble free tape after sintering is found to
be equal to 5 wt% of antifoam to binder (Figure S3e,f, Supporting
Information). However, it could be noticed that the addition of
octanol induces slightly curled edges of the tapes after drying.

2.2. Slurries Preparation and Co-Tape-Casting

In addition to 8YSZ as electrolyte, NiO is selected as the oxide
precursor of the anodic cermet with a composition 40 wt% of
8YSZ and 60wt% of NiO. The SEM images (Figure Slc,
Supporting Information) show that NiO is constituted of cubic
grains with some sintering bridges and monomodal distribution
with an average grain size of 194nm (Figure S2c, Supporting
Information). 10GDC is selected for the diffusion barrier layer.
It has a spherical morphology (Figure S1b, Supporting Information)
and a monomodal distribution with an average grain size of
91 nm (Figure S2b, Supporting Information).

The characterization of the influence of the nature and
amount of the different additives on the behavior of the anode
and DBL slurries (not detailed for reason of conciseness) shows
that the composition already optimized for the electrolyte slurry
can be transferred to the corresponding slurries. However, the
loads of NiO/8YSZ and 10GDC have to be optimized to insure
achieving porous anode and dense DBL.

The anode layer must be porous so the powder quantity in the
slurry has to be reduced while a dense DBL is requested implying
that the amount of powder should be maximized. The investiga-
tion of the effect of the amount of powder on the stability of the
different slurries leads to define optimal composition of 45.8 wt
% for NiO/8YSZ below which the viscosity of the slurry was too
low and 49 wt% for 10GDC above which agglomerates starts to
be formed. The optimized formulation of each of the different
slurries is summarized in Table 1.

Figure 2 shows rheological characterization of the diffusion
barrier layer, electrolyte, and anode slurries. The decrease of
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Table 1. Formulation of the diffusion barrier layer, the electrolyte, and the
anode slurries.

DBL Electrolyte Anode

Wt%]  [vol%]  [wt%] [vol%]  [wt%] [vol%)]

Powder 8YSZ 0 0.0 47.3 13.8 18.3 5.8
Powder NiO 0 0.0 0 0.0 27.5 8.1
Powder 10GDC 49.0 12.5 0 0.0 0 0.0
Solvent 32.1 55.1 34.0 57.7 35.6 56.2
Dispersant 1 (NH4PAA) 0.8 0.8 1.2 0.6 1.4 0.7
Binder 8.8 13.7 8.5 121 8.3 12.8
Plasticizer 828 14.4 8.5 12.7 8.3 13.5
Dispersant 2 (TWEEN20) 0.2 2.5 0.3 2.2 0.4 2.3
Antifoam 0.2 1.1 0.2 0.9 0.2 1.0
10 = 10GDC
® NiO-8YSz
08 A 8YSZ
: ® 10GDC-8YSZ
w
g 06
2
= R
3 04 ©
@ m A
>
o A
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029 : g A, A
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Figure 2. Variation of the viscosity as a function of shear rate of the diffu-
sion barrier layer (10GDC), composite (10GDC-8YSZ), electrolyte (8YSZ),
and anode (NiO-8YSZ) slurries.

the viscosity with the increase in shear rate shows that all slurries
have a shear thinning behavior adequate for tape-casting as it
allows an easy casting of the slurry which maintains shape
and thickness during drying. At rest, anisotropic particles and
long chains of molecules of additives create a high resistance
against flow explaining the high viscosity of slurries. During cast-
ing, with increasing shear rates, all anisotropic particles and mol-
ecules are orienting toward the direction of the flow and
agglomerates, if any, are split, which improve the fluidity and
decrease the viscosity of slurries.?*?! At high and low shear rate,
the viscosity of DBL slurry was higher than the electrolyte one;
itself higher than the anode slurry viscosity. At low shear rate,
slurries viscosities are in the range of 0.2-0.7 Pa.s and decrease
from 10 mPa s to 100 mPa s at high shear rate. This is in good
correlation with the evolution of the solid content in the different
slurries.[*1!

The reverse sequential tape-casting process consists in casting
first thinner layers, composed of 10GDC and 8YSZ slurries with
a gap, respectively, of 30 and 40 pm. Thanks to the small thick-
nesses of the first layers and consequently a fast evaporation of
water at ambient air, the anodic layer precursor can be quickly
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cast with a 1200 pm gap. The multilayer tape was dried during
10h at ambient air leading to 60% reduction of the thickness
mainly due to the elimination of the water and obtaining of
500 pm-thick dried multilayer.

2.3. Cosintering, Warpage, and Interfaces Control

2.3.1. Organic Decomposition Thermal Profile

During the heat treatment, all organics must be removed and
above all, the pores must be eliminated in the electrolyte part
to obtain a dense layer. To determine the decomposition behavior
of organic components, tapes have been first dried for 10h in
ambient conditions to remove the solvent and analyzed using
TGA experiment. The TGA curve (Figure S4a, Supporting
Information) shows, besides removal of remaining solvent at
low temperature, two mass losses at 290 and 410 °C allowing to
define the thermal profile (Figure S4b, Supporting Information)
used for the sintering of the tape enlisting slow heating rate and
intermediate dwells below 410 °C prior to reaching the sintering
temperature.

2.3.2. Anodic Half-Cell without Composite Layer

Figure 3 shows the SEM image of the cross section of an anodic
half-cell treated following the thermal profile described in Figure
S4b, Supporting Information, with a sintering temperature of
1450 °C maintained during 2h. The examination of the SEM
image shows a very low amount of close porosity, indicating a
dense and gas tight electrolyte layer with a thickness of 20 pm.
However, the delamination between the electrolyte and the DBL
layer is also observed making the cell unusable because of the
generated ohmic resistance. Snowdon et al. explained that a com-
posite layer composed of the electrolyte and DBL materials is
needed at the interface to avoid any delamination during the
cosintering treatment.!'*! The difference of thermomechanical

Figure 3. SEM image in BSE of the cross section of the anodic half-cell
sintered at 1450 °C without composite layer.
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behavior of the two materials and particularly the difference
between their thermal expansion coefficients (3.12 x 107 °K™")
explains the mechanical stress induced during thermal treatment
sometimes leading to delamination.

2.3.3. Anodic Half-Cell with 10GDC-8YSZ Composite Layer

A composite slurry composed of 50 wt% of 8YSZ and 10GDC was
then formulated by using the same organic ratio than the DBL
slurry as summarized in Table 1. This 10GDC-8YSZ slurry exhibits
a shear-thinning behavior and a viscosity matching the character-
istics of the other slurries (0.65 Pa s at a low shear rate (1s ') and
50 mPa s at high shear rate (1000s™%), as illustrated in Figure 2.
The reverse sequential tape-casting is then adapted to include
this extra composite intermediate layer and the layers are casted
as thin as possible. The 10GDC slurry is first casted with a 5 pm
gap followed by the 10GDC-8YSZ slurry with a 10 pm gap, next
the 8YSZ slurry with a 40 pm gap, and finally the 8YSZ-NiO
slurry is casted with a 2400 pm gap. One has to note that while
these gaps are adapted to reach targeted thickness of the sintered
layers, the achieved thicknesses above requested ones for appli-
cation are limited by the equipment used in this study. After
drying, a flexible tape was obtained (Figure S5a, Supporting
Information) and punched to obtain disks with 20 mm diameter
and a total thickness of 1050 pm (indicating a decrease of 55%
during the drying process). As shown in the SEM image in
Figure S5b, Supporting Information, the green tape exhibits nei-
ther delamination, cracks nor trapped bubbles. The electrolyte
(Figure S5c, Supporting Information) and anodic (Figure S5d,
Supporting Information) layers exhibit porosity and all oxide par-
ticles are coated by the binder and plasticizer, forming the 3D
polymer network linked to the observed tapes flexibility.

2.3.4. Electrolyte Density and Cell Flatness Optimization

For stack assembly, cells must be flat but the mismatch of ther-
mal expansion coefficients of individual layers leads to mechani-
cal stresses and warping of the cell during the cosintering
process (Figure S6, Supporting Information). The cell flatness
and densification were controlled by using homemade (see
Supporting Information) porous zirconia loads applied on sam-
ples during the thermal treatment. The use of loads helps main-
tain sample flatness without preventing shrinkage due to
densification. Loads of different mass were prepared to apply
a pressure in a range from 1.6 to 3.8 gcm 2. As observed in
Figure S6, Supporting Information, cracks appear in the sample
prepared using a 2.3 gcm > load while the samples obtained
using 2.7 and 3.8 gcm 2 loads were both split into two pieces.
The experiment with a 1.6 g cm ™2 load is the only one driving to
an intact and deformation free sample so that this load is selected
to produce planar half cells.

SEM images of the cross section and the surface of the opti-
mized anodic half-cells cosintered at 1450 or 1500 °C during 2 h
are presented in Figure 4. In both samples, the composite layer
fulfilled its intended purpose of decreasing the risk of delamina-
tion between the electrolyte and DBL layers. A dense electrolyte
of 20 um thick is obtained for both treatment temperatures. The
difference was the thickness and the microstructure of the DBL
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Figure 4. SEM images in BSE of the a) cross section and c) surface of the sample cosintered at 1450 °C 2 h, and the b) cross section and d) surface of the

sample cosintered at 1500 °C 2 h.

layer: the higher the cosintering temperature, the denser is the
DBL layer, avoiding porosity and consequently decreasing ohmic
resistance. The average grain size, calculated by the intercept
method, was about 1.51 + 0.04 pm in the sample cosintered at
1450 °C during 2 h and 1.94 + 0.06 pm in the sample cosintered
at 1500 °C during 2 h, resulting in an increase of 29% of diameter
size. A cosintering treatment of 1500 °C during 2 h would then be
preferred to minimize the ohmic resistance by decreasing grain
boundaries volume and closed porosity. With both cosintering
temperature, the NiO-8YSZ layer was 530 pm thick, a decrease
of 78% from the green tape, reflecting the loss of organics and
layers shrinkage. The shrinkage is then anisotropic (radial
shrinkage of 20%).

2.3.5. Composition Profile and Structural Analysis

An energy-dispersive X-ray spectroscopy (EDS) analysis was per-
formed in the cross section of the sintered anodic half-cell from
the diffusion barrier layer to the anode (Figure S7, Supporting
Information). A gradual composition is observed and there is
no diffusion of NiO in the electrolyte layers. This analysis does
not show interdiffusion, notably the absence of (Zr, Ce)O,_, solid
solution with low ionic conductivity reported to be frequently
observed during sintering above 1200°C.**”) The DBL and
anode surface of anodic half-cells sintered at 1500°C during
2h are analyzed by XRD (Figure 5a,b). On the DBL side, the
Cep.9Gdg 101 95 cubic phase (PDF: 01-075-0161) is indexed without
any secondary phase. On the anodic side, the cubic phase
Z1984Y01602_s (PDF: 00-030-1468) and the NiO cubic phase
(PDEF: 03-065-2901) are also indexed without any secondary phase.

Energy Technol. 2023, 11, 2300020 2300020 (5 of 9)

The behavior of the oxide precursor during the selective reduc-
tion of NiO to obtain the Ni-8YSZ anode is investigated
by annealing the half cell at 750°C during 30 min under
100 mLmin~" of H,. As shown in Figure 5c, 8YSZ is intact
and all the NiO is reduced down to the metal state. One has
to note that despite a loss of oxygen, both cohesiveness and size
of the half-cell are maintained during the reduction step.

2.3.6. Cathode Deposition—Complete Cell

The cathode is deposited using widely used process without fur-
ther optimization.®® La,NiO, s is selected as the cathode mate-
rial. The investigation on the LNO powder using SEM (Figure
S1d and S2d, Supporting Information) shows the presence of
some sintering bridges between particles with an average size
of 276 nm. An ink vehicle was prepared by dissolving 6 wt% of
ethyl cellulose in 94 wt% of terpineol at 60 °C during 30 min
under stirring. Then, the La,NiO,, s powder was added to the
ink vehicle to obtain a solid loading of 60 wt% and mixed during
1min at 2000 rpm. The cathode layer was then deposited by
screen printing through a 325 mesh on an anodic half-cell pre-
pared as described above (previously cosintered at 1500 °C during
2'h), dried at 40 °C during 1 h followed by a consolidation thermal
treatment at 1150 °C during 2 h.

2.4. Electrochemical Testing

The behavior of the as-obtained all oxide precursor full SOFC
is tested in a temperature and atmosphere controlled bench

© 2023 The Authors. Energy Technology published by Wiley-VCH GmbH
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Figure 5. XRD patterns of a) the electrolyte side after the sintering treatment, b) the anode side after sintering, c) the reduction test and d) after the
electrochemical test and e) of the cathode side after the electrochemical test.

(Fiaxell). The cell with 16 mm diameter and 650 pm thick is
placed in the electrochemical setup with gold and nickel current
collectors on the cathode and anode side, respectively. The cell is
heated up to 730 °C with a 200 °Ch™" rate under N, flow on the
anode side. After temperature stabilization, gas flow of
400 mLmin~" of air at the cathode side and 100 mLmin™" of
H, at the anode side are used during the I/ V measurement per-
formed at 730, 780, and 830 °C. The evolution of the current—
voltage (I-V) reported in Figure 6 shows linear evolutions with
decreasing slopes with increasing temperature in agreement
with expected enhancement of the conductivity. In addition,
the current-power density (I-P) curves for button cells measured
from the OCV (1.05V) to 0.1V shows that the power density
increases until it reaches 145, 227, and 319 mW cm 2 at 730,
780, and 830°C respectively. These performances are in the
range of reported ones for anode-supported Ni-YSZ SOFC con-
sidering the thicknesses of the barrier layer-composite-electrolyte
used for the studied sample.l*”!

Figure 5 shows the XRD patterns collected on the different
parts of the cell after the electrochemical test. On the cathode
side (Figure 5e), the tetragonal phase of La,NiO4, s (LNO, PDF
01-072-1241) and 10GDC was indexed without any other phase
which demonstrates the efficiency of the as-integrated 10GDC
diffusion barrier layer. On the anode side (Figure 5d), there is
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Figure 6. |-V and /-P curves at 730, 780, and 830°C.

the presence of 8YSZ, a cubic phase of Ni, and remaining
NiO, indicating that the reduction occurring during the warm-
up is not complete.

Figure 7a shows the cross section of the cell after working
cycle. All layers are intact without any delamination or cracking
and all interfaces are well demarked, indicating the stability of
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Figure 7. SEM image of the cross section of the cell after the electrochemical testing of c) the entire cell with secondary electrons, with a zoom on a) the
cathode and electrolyte layer with secondary electrons and on b) the interface between the electrolyte and the anode with backscattered electrons.

the different layers and of their interfaces. Figure 7a,c shows a
continuous and porous 30 pm-thick cathode layer on a homoge-
neous 80 pm-thick electrolyte (GDC, composite GDC-8YSZ and
8YSZ layers). The backscattered image of the electrolyte and
anode interface (Figure 7b) shows two phases in a 530 pm-thick
porous anode layer containing agglomerates of Ni in an 8YSZ
porous scaffold. Microstructures are typical for SOFC and com-
ply with electrodes and electrolyte specifications.

Postmortem analyses confirm that the manufacturing of
anodic half-cell including the barrier layer in only one heat treat-
ment leads to obtain a cell with standard electrolyte and electro-
des microstructures. While performances and stability of the cell
have been assessed, it appears that NiO reduction was not com-
plete and that despite adequate to the cell characteristics,
performances can be improved by tuning the thickness of, in par-
ticular, the electrolyte layer. Both remaining issues are, respectively,
related to size mismatch between the cell and electrochemical
setup inducing bad sealing and possible leakage (inducing low
OCV) and for the second point to the too low accuracy of the setup
used for the tape-casting in this work which does not allow tuning
the multilayer electrolyte thickness lower than 80 pm.

Tape-casting being a widely used technique for industrial
manufacturing, the process developed in this work can be easily
scaled up to produce, e.g., 400 x 400 mm? cells™*” and the

Energy Technol. 2023, 11, 2300020 2300020 (7 of 9)

decrease of the barrier layer-composite-electrolyte layers thick-
nesses can be easily achieved by using a more accurate tape-
casting equipment to approach the electrolyte thickness
(10-15 pum) of the most performing SOFC cell.[*”!

3. Conclusion

The optimization of the formulation of slurries allows to propose
a low-cost and environmental-friendly manufacturing process of
SOFC. While the cathode is deposited on top of the anodic half-
cell using conventional screen-printing method, the anodic half-
cell is obtained via a single cosintering process of a multilayer
tape including anode, electrolyte, and diffusion barrier layer.
To insure appropriate interfaces between 8YSZ electrolyte and
10GDC DBL, an intermediate 8YSZ-10GDC composite has been
added. Four different layers with mastered microstructures and
thicknesses have been successfully assembled by the use of
reverse sequential tape-casting process and sintered in only
one step. The four different slurries are based on aqueous solvent
and includes besides adequate oxide materials, nontoxic addi-
tives. Their formulation has been optimized resulting
in high stability and shear-thinning behavior suitable for tape-
casting application. The control of the thermal treatment
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parameters applied on the multilayer tape leads to master the
thickness of the different layers, the planarity, and homogeneous
adhesion at the interfaces as well as to adjust the relative density
of each layer from fully dense for electrolyte and DBL to porous
for the anode while preventing the presence of defects, delami-
nation, or interdiffusion. The use of aload during the cosintering
treatment of the anodic half-cell demonstrated its efficiency for
flatness control. The characterization of the obtained SOFC in
functioning conditions shows that besides remaining issues
associated to the experimental setup used (leakage in the electro-
chemical setup and low accuracy of the tape-casting setup), the
oxide precursor is selectively reduced during the warm-up while
maintaining the integrity of all interfaces, leading to performan-
ces (319 mW cm™2 at 830 °C) perfectly matching expected ones
considering the electrolyte thickness. Knowing that the later can
be easily optimized with adequate tape-casting equipment and
that the cell size has to be adjusted to the setup, one can conclude
that this optimized low cost and eco-friendly process based on
techniques widely used at the industrial scale is a promising
strategy to produce next generation of SOFC.

4. Experimental Section

Methods: 8 mol% yttria-stabilized zirconia 8YSZ (TZ-8, Tosoh) was
used as the electrolyte and 10 mol% gadolinium-doped ceria 10GDC
(Marion Technologies) was used as diffusion barrier layer. Nickel nitrate
hexahydrate (CAS: 13478-00-7, Sigma-Aldrich) was dissolved in deionized
water and the solution was progressively heated in air up to 800 °C main-
tained during 2 h to synthesize NiO. La,NiO,4 5 powders were prepared
using a Pechini route! in which lanthanum nitrate La(NOs);-6H,0
(CAS: 10277-43-7, Sigma-Aldrich) and nickel nitrate Ni(NO3),—6H,0
(CAS: 13478-00-7, Sigma—Aldrich) were used as cationic precursors salts.
Stoichiometric amount of metallic salts were dissolved in DI water.
A liquid polymeric matrix, composed of hexamethylenetetramine,
acetylacetone (in equimolar ratio), and acetic acid, was then added.
The polyesterification and polycondensation reactions were activated with
a thermal treatment at 90 °C during 20 min. A decomposition treatment at
400 °C during 7 h in air eliminated organic compounds and the crystallized
oxide was obtained with a final thermal treatment at 900 or 1000 °C during
2 h. This final annealing temperature was selected to control the crystallite
size of the powder in order to obtain a specific surface allowing an easy
dispersion in the solvent while permitting a further consolidation treat-
ment of the layer.

The binder solution used in slurries was prepared by dissolving 30 wt%
of PVA (CAS: 9002-89-5, Sigma—Aldrich)) in water at 80 °C during 30 min.
Ammonium polymethacrylate NH4PAA (CAS: 30875-88-8, Vanderbilt
Chemicals) and TWEEN20 (CAS: 9005-64-05, Polyethylene glycol sorbitan
monolaurate, TWEEN 20, Sigma Aldrich) were used as dispersants,
PEG400 (CAS: 25322-68-3, poly(ethylene glycol), Sigma—Aldrich) as plasti-
cizer, and octanol (CAS: 111-87-5,1-Octanol, Sigma-Aldrich) as antifoam.

The screen-printing ink vehicle contained ethyl cellulose as a binder
(CAS: 9004-57-3, Sigma—Aldrich) and terpineol as a solvent (CAS: 98-55-5,
Sigma-Aldrich).

An ultrasonic bath (Bandelin) was used to deagglomerate oxide par-
ticles in suspensions. Slurries and inks were prepared by using a planetary
centrifugal mixer (SK-300SlI, Kakuhunter) for its mixing and outgassing
functions.

An automatic film applicator (AB3655, TQC Sheen) and a micrometer
adjustable doctor blade were used to apply slurries. The bar spread
the slurry at a chosen constant speed of 10mms™' on a 75 pm-thick
silicone-coated polyester sheet (PET SRF 121, HiFi Industrial Film) fixed
on the automatic film applicator.

Characterization: The rheological behavior of slurries was characterized
through a rheometer from 1 to 10005~ shear rate (Physica MCR 301,
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Anton Paar) with parallel discs and a 25 mm diameter module. The organ-
ics elimination temperature was determined with thermogravimetric anal-
ysis (Setaram TG DTA 92) by heating in air dried tapes from 20 to 800 °C
with a 1°Cmin~" heating rate. The dried tapes were cut in discs and the
optimum cosintering temperature was then determined. XRD was per-
formed using a BRUKER D8 Endeavor diffractometer operating in
Bragg-Brentano mode with a Cu Ka X-ray source with wavelength of
ke = 1.5406 A and Age = 1.544 A. All scans were collected in the 26
range 10°-100° with an angular step 26 =0.0157°. The electrical charac-
terization was performed with a FIAXELL bench test!*? on button cells with
a 16 mm diameter half-cell and an effective area of 0.79 cm* A gold grid on
the cathode side and a nickel foam on the anode side were used as current
collectors. Electrochemical performances were measured (with IVIUM
Technology) with 400 mLmin~" of air as oxidant on the cathode side
and 100 mL min~" dry H, as fuel on the anode side. The sealing of the
cell was obtained by the pressure differential of the O, and H, flow.
The cell was heated under N, flow on the anode side with a 200°Ch~’
rate until it reached the testing temperature. After 30 min of temperature
stabilization, the N, flow was progressively substituted by the H, fuel gaz.
The I/V measurement was then performed after 30 min to obtain the cer-
met anode. SEM was used to observe powders with carbon metallization
using with JSM-7800F and the surface and cross-sectional microstructure
of the cells with Au/Pd metallization using Tescan Vega3. EDX measure-
ments were performed to characterize the elemental distribution through-
out the thickness of cells.
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