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Abstract — The performances of anode-supported Intermediate Temperature-Solid Oxide Fuel Cells
(IT-SOFC), obtained by tape casting, are investigated. The tested cells are composed of four layers:
cathode, electrolyte, anode and Anode Functional Layer (AFL). The AFL has to ensure mechanical
compatibility between anode and electrolyte and to increase the output power. First performance
tests are conducted in the 500°C — 600°C temperature range to determine the maximum power
density. In a second time, other parameters are investigated: cathode and electrolyte thickness. For
each modification, the performance, in terms of power density, is measured. These results lead to
the production of optimised cells which are used to realise long term ageing tests under working
conditions. First reactivity results are then discussed.

Résumé — Optimisation des performances d’une pile a combustible a température
intermédiaire. Les performances de cellules supportées anode pour piles & combustible a
température intermédiaire de fonctionnement sont présentées. Ces cellules, obtenues par coulage en
bande, sont composées de quatre couches: une cathode, un électrolyte, une anode et une couche
fonctionnelle (Anode Functional Layer, AFL). L'AFL assure la compatibilité¢ mécanique entre le
composé¢ anodique et 1'électrolyte permettant d’accroitre la puissance de sortie de la cellule. Dans un
premier temps, des tests de performance sont menés entre 500°C et 600°C afin de déterminer la
température de fonctionnement optimale. L’ impact d’autres paramétres (épaisseur de la cathode et
de I’électrolyte) est ensuite présenté. Pour chaque modification, les performances, en termes de
densité de puissance, sont mesurées. Ces résultats conduisent a la production de cellules optimisées.
Ces cellules optimisées sont finalement utilisées pour réaliser des essais de vieillissement dans les
conditions de travail. Les premiers résultats de réactivité, obtenus suite a ces vieillissements de
longue durée, sont présentés et discutés.

1. INTRODUCTION

In recent years, much effort has been devoted to developing intermediate temperature solid
oxide fuel cells (IT-SOFCs) operating at 500-600 °C in order to improve the material compatibility,
the durability and to reduce SOFC costs. However, the reduction of operating temperature is
followed by a decrease in the electrochemical performance of each material constituting the
“classical” solid oxide fuel cell. Therefore, the choice of the cell materials is restricted to those
electrochemically active at this temperature range. Gadolinia-doped ceria (Gdy;Cep90;) is a
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promising candidate for SOFCs electrolyte at intermediate temperatures thanks to its high ionic
conductivity [1], its low activation energy and its chemical stability from room temperature to its
melting point (approximately 2300 °C). D. J. L. Brett and al. have mentioned the thickness of
electrolyte as a key point in improving the performance of the cells. By reducing the size layer of
Gdo.1Cep 90, (GDC), the electrical performance could be kept constant even if the working
temperature decreases. Considering electrical conductivity and performance working in the
500-600 °C temperature range, the electrolyte thickness must be lowered to 15-20 pum [2], in that
case the electrical performance could reach 0.6 W.cm™ [3]. For the cathode material, lanthanum
strontium cobalt iron oxides, with the specific composition LagSrg4Cog2FeqsOs; (LSCF48), is
largely used because of its active electro-catalytic properties in the working temperature range.
Moreover, its thermal expansion coefficient is in accordance with the GDC electrolyte [4, 5]. To
reduce polarization problems at the cathode side a mix between LCF48 and GDC is recommended.
The mass ratio could be comprised between 50:50 and 70:30 for the cathode and the electrolyte
materials [6, 7]. Even if new materials have recently been developed for the anode [7, 8], the
Ni/GDC cermet shows excellent electrochemical performances in the case of the use of pure H; as a
fuel [9].

Presently, IT-SOFC cells could be obtained by different techniques such as spin coating [10],
chemical vapor deposition [11], dip coating [12] or screen printing [13]. These methods involve
high initial capital costs and many steps of sintering at high temperature which increase the cost and
time of fabrication and thus lead to costly processes. On the contrary, tape casting process was
widely used to fabricate electronic devices [14, 15, 16] and is also an attractive process to obtain
planar anode supporting SOFCs because of its low cost for mass production [17, 18, 19].

By following these investigations different IT-SOFC cells were realized following a patented
process [20]. To increase the performances, these cells are composed of four layers: anode,
electrolyte, cathode and an Anode Functional Layer (AFL). The AFL is normally used to maximize
the three-phase boundary length and to restrain the activation polarization at the anode side [20].
The goals of this work are twofold. The first objective is to define the optimum temperature which
permits to reach the maximum performances, in terms of power density, for these cells in the
500 °C — 600 °C temperature range. The second objective is focused on the optimization of the
power performances based on cathode and electrolyte modification. Finally, ageing tests are
conducted and performance degradation is explained in terms of morphology and structure
modification.

2. EXPERIMENTAL PROCEDURE

2.1. Fuel cell preparation process

To obtain IT-SOFC unit cells the materials are selected based on their electrochemical
properties in the temperature range 500 °C — 600 °C. Accordingly, for the cathode, a mix between
the perovskite compound LSCF48 and the electrolyte GDC is used (respectively 65:35 mass ratio).
LSCF48 is synthetized by solid state reaction [21] at the ICB laboratory. GDC (provided by Neyco)
is used as well as electrolyte material and a mixture of NiO (Sigma-Aldrich 99.99 % purity) and
GDC (Neyco) is used as anode material (respectively 65:35 mass ratio). The shaping process is
realized by tape-casting by following the recommendations given in a previous patent [22]. Finally,
rectangular cells with an active area equal to 10 cm? are obtained.

2.2 Electrical performance determination
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The power density is measured by using an open flange set-up device. This commercial
system, sold by Fiaxell, gives the opportunity to realize experimentations under real conditions.
Indeed, its design allows the introduction of different gases at the anode and the cathode side. NiO
foam coated with NiO powders are used as anode current collector and gold grid is used as cathode
current collector. Heating of the cell is started with air on both sides. The electrochemical
performances are measured with air as oxidant and fuel starting with No/H, (92/8) gas mixture then
replaced, step by step during the experiments, by humidified hydrogen (3 vol.% at room
temperature). During the experiment hydrogen and air flow rates are kept constant at 210 and 600
ml min~'. NiO in the anode layers is then totally reduced to Ni during the hydrogen flow [21].

2.3 Structural and microstructural characterizations

All the presented cell pictures are realized using scanning electron microscopy Hitachi SUI
510. The reactivity between electrolyte and electrodes is characterized by using an X-ray
diffractometer (D5000 X-Ray diffractometer, CuK,;, 6-260 mode) at a scanning rate of 1.2 ° min”'
and a 58° < 20 < 85° range. The obtained diffraction diagrams are treated by EVA software to
determine the nature of the observed microstructures.

3. EXPERIMENTAL RESULTS

3.1. Impact of different parameters on cell performance

3.1.1. Working temperature influence. Different I-V curves are realized between 500 °C and 600 °C
with a temperature step equal to 25 °C. The objective is to determine the best working temperature
in terms of power density. The maximum power density is then determined by drawing the P = f(I)
curves (figure la). Figure 1b compiles all these results by showing Pp.x versus Temperature. The
OCYV values decrease from 1.04V at 500 °C to 0.92 V at 600 °C. This can be explained by the
Gibbs free energy formation of the water which tends to be less negative at high temperature. The
OCYV value, measured in this temperature range, is closed to the theoretical one and demonstrates
that there are no leakages between the anode and cathode compartments.
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Figure 1. Temperature impact on the electrical performance a) electrochemical curves at different
temperatures b) Maximum power density obtained at different temperatures.
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The cell exhibits a maximum power density of 274 mW.cm? at 550 °C. Below this
temperature, the measured power is lower. Indeed, O ionic diffusion is thermally activated and its
diffusion coefficient follows an Arrhenius law. So, the 0% diffusion coefficient value decreases
with the temperature.

Above 550°C, the cerium reduction can be observed in reductive atmosphere. This has been
demonstrated by RV Wandekar [23] and can be explained by the following reaction 1 (in Kroger-
Vink nomenclature):

2Cece + 200 © Oy(gy +2Cepe +Vp" (1

The presence of Ce®" in the GDC crystallographic structure leads to electronic conduction
apparition between Ce*" and Ce®". Thus, the electrolyte loses its insulator role and the performance
is degraded.

3.1.2. Electrolyte layer influence. The electrochemical performances are correlated to the electrolyte
thickness. The electrolyte layer has to be as thin as possible to reduce the length to cross for ionic
oxygen. However, there are two limits concerning the electrolyte size. The first one is related to the
shaping technique. Indeed, by using tape casting it is not possible to obtain a thickness below 10 pm
after sintering. To produce thinner layers, physical deposition methods have to be employed. The
second limit concerns the minimum thickness for the electrolyte to insure its insulating role. Below
1 or 2 pm, short circuits may occur between anode and cathode. By following these limits, two cells
are produced, with an electrolyte thickness equal to 20 pum and 40 um. For each cell, the size and
morphology of the electrodes are kept constant.

Figure 2 presents the electrochemical tests realized on each cell. The OCV (Open Circuit
Voltage) measurements give two close values: 911 mV for 20 um and 920 mV for 40 pm. That
means there is no leakage in the electrolyte and no hydrogen can be in direct contact with oxygen.
As expected, the maximum power density is obtained for an electrolyte thickness equal to 20 um. In
this case, the maximum power density reached is 227 mW.cm™.
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Figure 2. Electrochemical tests realized on two different cells — Electrolyte layer: 20 and 40 um.
Dashed lines correspond to Cell Voltage vs Current Density.
Full lines correspond to Power Density vs Current Density
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3.1.3. Cathode layer influence. The same kinds of experimentations are conducted to determine the
thickness influence of the cathode layer. In this case, two cells are produced with a cathode
thickness equal to 10 um (called: Tcjo) and 50 um (called: Tcsg). For each cell, the electrolyte and
the anode present the same size and the same morphology.

Figure 3 presents the electrochemical tests realized on each cell. The OCV measurements
give an expected value for Tcso: 911 mV. In contrast, for Tcyo the measured value is very low: 862
mV. Similar observations can be made for the maximum power density. Indeed, even if for TCs, the
maximum power density reached 227 mW.cm™ for Tei, this value does not exceed 81 mW.cm™.
OCV degradation observed for Tc can be explained by two different factors: presence of porosity
in the electrolyte layer or reduction of Ce*" contained in GDC10. SEM observations (not presented
here) are conducted to check the electrolyte morphology. No trough-porosities are detected. So, the
low performances are not due to a direct contact between hydrogen an air. Concerning Ce**
reduction, as it is explained in section 3.1.1., the electrolyte is very sensitive to reductive
atmosphere. The reduction reaction, which conducts to Ce>" formation and electronic conduction, is
driven by temperature and atmosphere composition. In this part, the anode material and thickness
and the working temperature are similar for Tc;o and Tcso. So, thermodynamic conditions are the
same in the two cases and cannot explain the low OCV values. Finally, an explanation may be
found by considering the electrochemical test bench. A thicker cathode layer can improve the seal
integrity during the measurements [24].

For the maximum power density evolution, these experimentations show a relation between
maximum power density and cathode size layer. A thicker cathode layer presents a large amount of
Triple Phase Boundary (TPB). By considering the pathway model [25], this leads to a better
integration of ionic oxygen in the electrolyte and gives better performances.
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Figure 3. Electrochemical tests realized on two different cells — Cathode layer: 10 and 50 pm.
Dashed lines correspond to Cell Voltage vs Current Density.
Full lines correspond to Power Density vs Current Density

3.1.4. Optimized cell morphology. By following the previous observations, a complete optimized
cell is produced. Figure 4 shows a SEM picture of this cell. It is composed of four layers: cathode
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(thickness around 50 pm), electrolyte (thickness around 20 um), Anode Functional Layer (around
30 pm) and anode (around 300 um).

Figure 4. SEM picture of an optimized cell.

3.2. Long term ageing tests results

The cell produced by following the optimized morphology is then used for long term ageing
tests. This experimentation consists in placing the cell in real working conditions and in following
the power density evolution. This test is stopped after 133h when 10 % of the initial power density
value is lost. Analyses realized on the cathode and electrolyte parts show no modification on either
the morphology or the microstructure.

On the contrary, the anode is largely modified. Some cracks are visible by SEM observations
(figure 5). These cracks can conduct to performance degradation by changing the atmosphere at the
AFL/electrolyte interface. Indeed, a large amount of hydrogen gas can place GDC10 in a reductive
atmosphere and lead to Ce®" formation.

Figure 5. SEM picture realised on the anode side after 133h under working conditions.

XRD analysis is then realised on the anode side (figure 6). Before ageing test, NiO and

GDCI10 are clearly visible. These compounds are expected due to the fabrication process. After
ageing test GDC10 is detected as well as Ni which is formed after NiO reduction. Nevertheless, an
unwanted phase is observed at 37° and 43°: NiO. As explained in section 2.2. during the
experimentation all NiO is reduced under Ni form during the increasing temperature step.
Apparition of NiO can cause cracks appereance because its lattice parameter (4.178 A) is larger
than that of pure Ni (3.53 A).
Oxygen that integrates Ni metallic structure, to form NiO, comes from the electrolyte and due to
low H, gas concentration can react with Ni. One way to avoid the appearance of cracks could be to
change the pore-former, to form larger porosities, or to increase the pore-former amount, to increase
the number of porosities.
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Figure 6. XRD pattern obtained on the anode side before (a) and after (b) ageing test under working
conditions.

4. CONCLUSIONS

The electrical performances of Intermediate Temperature Solid Oxide Fuel Cells are
optimized by studying the influence of the working temperature and the impact of the thickness of
the cathode and the electrolyte. It has been demonstrated that the optimum working temperature is
550°C. This allows to increase ionic oxygen diffusion and to prevent formation of Ce**. As
expected, better results are obtained for a thin electrolyte layer (20 pum). However, a surprising
observation has been made for the cathode. Indeed, a thicker cathode layer (50 pm) gives a higher
power density. Actually, the reason for this observation is not really well understood and could be
due to the electrochemical test bench. By following all of these results a maximum power density of
227 mW.cm? is achieved. At end, one optimized cell is produced to realize ageing test under
working condition. After 133 h, the power density has lost 10 % of its initial value. This
performance degradation is due to NiO appearance in the anode part and to direct contact between
electrolyte and H; gas.
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