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°C, for the so-called Intermediate Temperature IT-SOFCs.  

1. Introduction   

Solid oxide cells are important developing technologies for 
energy conversion, with applications including chemical  to 
electrical (fuel cell, SOFC) and electrical to chemical (elec 
trolysis, SOEC). The SOFCs show a high conversion efficiency,  
especially due to the chance to use electricity and heat in co 
generation systems. They are fuel flexible, able to operate  
with low purity hydrogen, produced from natural gas or bio 
fuels reformers. The technology is compact and modular,  
being used in domestic homes, vehicles, or in large-scale en 
ergy servers [1]. In the electrolysis mode, the SOEC devices  are 
attractive because of their electrical efficiency of steam  
conversion (H2O) to H2, but also due to the chance of carbon  
dioxide (CO2) capture by electrolysis or co-electrolysis to CO  or 
H2-CO mixtures [2]. The high operating temperature  could be 
a drawback for the cost of the Balance of Plant ma terials and 
degradation problems shortening the life cycle of  the cell. 
Therefore, a high effort has been done to develop  strategies 
to reduce operation temperatures below 700 °C  by developing 
new materials, processing techniques, and  cell configurations. 
Compared to other technologies, which  main components are 
precious metals, the SOFC/SOEC raw  materials are abundant 
and less expensive. However, the  main challenge is the 
material processing, especially due to  the coexistence of 
ceramic with different microstructural  demands, which means 
for example dense and thin electro lytes with highly porous 
and thick electrodes.   

From the point of view of cell configurations, SOFCs can  be 
classified according to geometry into tubular or planar.  Despite 

the major complexity of the seals, planar cells can  deliver a 
major power density and the processing methods  are easily 

scalable, in this kind of configuration, the mem  

brane-electrode-assembly (MEA) can be classified according to 

the component responsible of the mechanic support as  
electrolyte, electrode or substrate supported. There are dif 

ferent methods involved in SOFC manufacturing: Uniaxial  

pressing, screen-printing, tape casting, slurry coating, spin  
coating, etc. Between them, tape casting is a well-estab lished 

technique for the manufacture of large areas of ce ramic 
sheets with controlled thickness; in addition, it is eco nomical, 

stable, and easily scalable. [3; 4]  

As it was mentioned before, decreasing operation tem 

perature is one of the main aims of SOFC research. One of  the 

approaches is to replace state-of-art electrolytes by ma terials 
with ionic conductivities at least 0.1 S/cm below 800   

La0.8Sr0.2Ga0.8Mg0.2O3-δ (LSGM) is one of the most promising  
materials for the intermediate temperature range. Despite  its 
good electrochemical properties, LSGM exhibits chemical  
reactivity with most common anode materials, with the for  

mation of secondary phases like LaSrGa3O7, which reduce  the 
ionic conductivity of the material [5]. To avoid the reac tivity in 
the anode-electrolyte interphase, a buffer layer,  based on La-
doped CeO2, is usually used for protection be tween LSGM and 
electrodes [6]  

In this work, we analyzed the processing of multilayer  
ceramic based on LSGM as electrolyte and LDC as buffer  layer 

by tape casting. We study different routes for co-sin tering 

with the aim of simplifying and decreasing the pro cessing 
steps. The obtained microstructure and its transport properties 

were characterized along the process.  

2. Experimental  

2.1 Tape casting optimization  

Two slurries were prepared by suspending ceramic pow 
ders of LSGM or La0.4Ce0.6O2-δ (LDC) in 50-50w/w isopropyl  
(ISO)-methyl ethyl ketone (MEK) solvent and organics mix ture. 
Commercial LSGM powder from Fuel Cell Materials  was used 
as electrolyte and LDC, obtained by solid reaction  at 1400°C, 
was used as a protective buffer.   

The slurry composition was optimized with 50 %w/w of  

solid, 5% Binder, 5% dispersant, 10% Plasticizer, and 30%  
solvent (3:2 ISO:MEK). The slurries were ball-milled to ob tain a 

homogeneous mixture, de-aired, and coated on the  substrate 

using a lab-made tape-casting machine with a Dr.  Blade at 1mm 
of height with a speed of 0.84±0.02 m/min.  All tape casting 

process parameters were kept constant ex  

cept the vacuum time during de-airing, which varied from 0  to 
5 seconds. The slurry optimization was made by optical  

inspection of tapes trying to minimize the defects (cracks,  holes, 

bubbles, etc.)  

Before the sintering, a TG-DSC analysis of the organic  
components and the green tapes were done to optimize the  
debinding rate and temperature. The addition of small  amounts 
of Fe(NO3)3 (Sigma-Aldrich) was used to decrease  the sintering 
temperature from 1500 to 1350 °C.
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2.2 Multilayer processing  

Two strategies were used to achieve the multilayer:   

1 – One-stage: co-taping by depositing layer over layer   

of LDC with Fe as aid sintering first, followed by an LSGM  

with Fe layer, and finally an LDC with Fe layer.   

2 –Two-stages: LSGM with Fe and LDC with Fe tapes   

were deposited separately and assembled once they are   

dried.  

The green tapes were laminated and co-sintered in air at   

1350°C for 6 hours. The resulting sintered tapes were   

observed searching macro defects. The microstructure of   

those samples without macro defects was analyzed by scan  

ning electron microscopy (SEM) using an FEI Inspect S50 mi  

croscope.   

Fig. 2 TG-DSC of the LSGM electrolyte done by tape casting.  

2.3 Electrical characterization  

The electrical properties of the electrolyte were ana  

lyzed as a function of temperature in air by conductivity   

measurements and by electrochemical impedance spectros  

copy (EIS) using an Agilent multichannel and a potentiostat   

Autolab PGSTAT30 with FRA module, respectively.  

3. Results 

Figure 1 shows different defects observed in LSGM  green 

tapes. A good slurry composition and processing are  
fundamental to achieving defect-free green tape. For exam ple, 

an excess of solvent produces big cracks (Fig. 1a),  whereas 
insufficient de-aired slurry generates holes over  the tape once, 
the micro air bubbles collapse (Fig. 1b). Figure  1c shows a 
defect-free and homogeneous green tape ob  

tained with 50%w/w ceramic to solvent slurry after de-airing  

for 4 seconds.  

 
Fig. 1 Slurry preparation effects on green tapes conformation: a)  
cracks due to excess of solvent, b) holes produced by insufficient  

de-airing, and c) defect-free tape.  

The thermal treatment for ceramic conformation was  

selected once the debinding condition was analyzed. TG DSC 
curve of green tape (Fig. 2) shows that at 600°C the or ganic 

components were removed. Then the thermal treat ment 
selected involves a slow heating (1°C/min) followed by  a dwell 

time at 600°C of 6h, before continuing with faster  heating 

(3°C/min) up to sintering temperature, which was  adjusted by 
analyzing the effect of Fe (III) salt. Fig. 3 shows  a comparison 

of microstructures of LSGM electrolytes ob tained with and 

without Fe as additive. The density of ce ramic is notably 
higher when Fe is used as a sintering aid (Fig. 3c). Note that the 

temperature of sintering is reduced  around 150°C, from 

1500°C (LSGM sintering temperature) to  1350°C, but in this 
case, the grain size is significantly smaller (∼1µm at 1350°C 

compared to ∼30 µm at 1500°C).  

Fig. 3 SEM image of the LSGM electrolyte sintered at 1350°C for 6h.  
a) LSGM sintered at 1500°C; b) LSGM sintered at 1350°C and c)  
LSGM with Fe(III) sintered at 1350°C. 

The comparison of the ceramics obtained after the two  

strategies applied for multilayer LDC/LSGM conformation  
shows that the one-stage strategy of co-taping layer by layer  
produces deficient electrolyte: the LDC/LSGM interfaces  peeled 
off (Fig. 4a), and the ceramic presents big cracks and  curvatures 

(Fig. 4b). On the other hand, the two-stage strat  

egy allows for obtaining multi-layered electrolytes up to  40mm 
diameter, as Fig. 4c shows. Fig. 5 shows an SEM image  of the 

cross-section of the multi-layered electrolyte. The in terfaces 
are visible and do not look detached. An EDS line  scan shows 
the distribution in the electrolyte of Ce and La.  Ce only remains 
in the LDC layers, and there is no diffusion  to the LSGM layer.  

 
Fig. 4 a) Multilayer electrolyte did by co-tape after sintering  
process: the layers peeled off; b) SEM image shows the interphases  
and the big cracks in the co-taped electrolyte; and c) multilayer  
electrolyte done in different steps without macroscopic defects or  
big cracks. 
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case, if we estimate the expected conductivity of the multi  

layer by considering the layer thicknesses from Fig.5 and the   

ion conductivities of LDC [8] and LSGM+Fe (this work), we   

found that these values are higher than those obtained ex  

perimentally. As the activation energy is comparable with   

those of LSGM, we assume that the main responsible for the   

lower conductivities should be the higher porosity (see Fig.   

5). The asymmetric Bruggeman model estimates the true   

conductivity as �� = ����(1 − ��)−3/2, where ���� is the conduc  
tivity measured in a porous material and p is its porosity.   

Thus, the porosity observed by SEM explained the lower   

conductivity measured. Then in the next stage, we planned  

to improve the electrolyte density by increasing the time of   

sinterization.  

5. Conclusions 

Fig. 5 SEM 

image of the interphases at the multilayer electrolyte  with tapes 
coated in different stages. The linescan above the  picture shows Ce 

an La distribution through the electrolyte.  

Electrical conductivities were analyzed from EIS data in  

order to separate electrolyte contribution from elec 
trodes/current collectors. Fig. 6 compares the total conduc 

tivity (bulk+grain boundary) in an Arrhenius plot for LSGM 

tapes processing under different conditions. Literature data  
are included for comparison. The conductivity of LSGM tape  

sintered at 1500°C is comparable with the literature values and 
higher than those found for the electrolyte with Fe (III)  as an 

additive and the multi-layered electrolyte.  

 
Fig. 6 Arrhenius plot of electrolytes conductivities obtained from  
EIS data and compared with literature values. The activation  
energies are included. 

4. Discussion  

The lower conductivity for the LSGM+Fe electrolyte  with 
respect to that sintered at 1500°C could be a conse quence of 

the smaller grain size, which must contribute to a  stronger 
grain size effect on the conductivity  

In the case of the multilayer LDC-LSGM conductivity,  two 
effects could be responsible for its lower values: the LDC  

contribution or the higher porosity. However, in the first   

In this work, it was developed a successful strategy to  build 
multilayer ceramic electrolytes based on LSGM and  LDC by tape 
casting, lamination, and co-sintering for  SOFC/SOEC devices.   
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