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Abstract  

 

This study describes the development of a shaping process involving GDC10 (Ce0.9Gd0.1O1.95) as an 

electrolyte for Solid Oxide Cells operating at low temperature (500-600°C). The goal is to build a single 

cell of porous/dense/porous GDC10 layers while adapting the porous layer thicknesses, which are 

infiltrated by catalysts to prepare efficient GDC-base composites. Two shaping processes were used to 

make the cell. The first process is die pressing of the electrolyte powder followed by the infiltration of 

a screen-printed porous backbone. The second shaping process consists of preparing a 

porous/dense/porous (30 µm/≈ 400 µm/30 µm) cell in a single step by combining tape-casting and 

screen-printing processes followed by the infiltration of the previous catalyst. 
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1) Introduction  

 

Yttria-stabilized zirconia (YSZ) is commonly used as the electrolyte of conventional Solid  Oxide Fuel 

Cells (SOFCs) due to its high ionic conductivity and good stability in reducing and oxidizing atmospheres 

[1]. However, conventional SOFCs operate at high temperature (> 800°C) [2], and the main critical 

challenges for the commercial development of SOCs (Solid Oxide Cells) (including SOFCs and Solid  

Oxide Electrolysis Cells, SOECs) is their long-term chemical stability [3] at these operating 

temperatures. Indeed, several degradation mechanisms have been reported after a long operating 

period, which can also depend on whether the SOFC or SOEC modes are considered [4]–[7]. For 

example, considering the usual oxygen electrode (i.e., La0.6Sr0.4 Co0.2Fe0.8O3- (LSCF) composition), a 

diffusion of strontium towards the electrolyte generally occurs at high temperature [8]. In addition, Co 

element is volatile during high-temperature sintering, and its cost is relatively high [9]. Moreover, in 

the SOEC mode, a demixing of the air electrode material and the formation of oxygen bubbles at the 

grain boundaries are often observed [5]. The possible reversible use of SOCs at reduced operating 

temperature must also be carefully considered [10].  

An efficient route to prevent the cation diffusion is to coat the YSZ electrolyte with an ionic conducting 

barrier layer, typically gadolinium-doped ceria, i.e., GDC10 and GDC20 for Ce0.9Gd0.1O1.95 and 

Ce0.8Gd0.2O1.9, respectively. However, to fully densify this thin GDC layer, temperatures as high as 

1400°C must be used [11], [12]. The last step of this process is the preparation of the oxygen electrode 

side by screen-printing a porous LSCF layer and a subsequent heat treatment at T  1150°C [13]. 

Finally, the manufacturing of SOCs requires treatments at high temperature, which is a detrimental 

point to maintain an efficient electrode microstructure with the large specific surface area and 

appropriate porosity. Moreover, as described above, operating the cell at high temperature increases 

its thermo-chemical degradation. 

A method to limit such degradation effects is to operate the SOCs at reduced temperature, i.e., 500 < 

T°C < 600. This temperature range also enables the use of conventional low-cost stainless-steel 

materials for the interconnects. For this purpose, GDC10(20) is an appropriate electrolyte due to its 

high ionic conductivity in this low temperature range [14], [15]. However, at such low temperatures, 

the electro-activity performances of both air and fuel electrodes must be increased. Another important 

point to consider is the thermo-mechanical compatibility between electrolyte and electrodes. 

The surface modification of porous electrodes through the infiltration route of catalysts is effective to 

address these two points. Thus, the active catalysts are generally infiltrated as a solution into a porous 

backbone of the ionic conductor (while the reverse process, i.e., infiltration of an ionic conductor in a 

backbone with MIEC properties, is also possible) to prepare an efficient composite, as developed by 

several groups in recent years [16], [17]. Indeed, the ionic conductor used as a backbone generally has 
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higher ionic conductivity than electrode materials, especially on the air electrode side [17]. Thus, the 

efficiency of such nano-structured electrodes is improved due to enlarged surface areas, but thermo-

mechanical issues may occur [18]. This fabrication process usually requires lower temperatures than 

the value needed to sinter a screen-printed electrode, which limits the problems of cationic inter-

diffusion among various cell elements.  

According to recent publications, efficient composite electrodes can be prepared by impregnating 

electro-catalysts in a thin and porous GDC backbone. Prior to infiltration, the backbone is screen-

printed on a dense electrolyte, which is usually YSZ [19], [20] or GDC [21], and subsequently sintered 

at high temperature. 

Regarding the above issues, this work focuses on the use of the same material for both electrolyte and 

backbone, i.e., GDC. The main goal is to make a single cell of porous/dense/porous GDC layers, which 

are subsequently infiltrated by catalysts. In the first step, symmetrical cells are considered, and the 

porous parts are infiltrated to prepare Pr6O11/GDC composite oxygen electrodes. Note that GDC10 was 

used in this study instead of GDC20 only because of the availability of the powder with appropriate 

characteristics; however, the GDC20 composition is also convenient. In the second step, an innovative 

process combining tape-casting/screen-printing and infiltration using GDC as a unique electrolyte is 

developed. The main advantages of this process combining tape casting and screen - printing are the 

shaping of cells in one-step, the accurate thickness control and the interface quality between 

electrolyte and electrodes. This shaping process allows preparing an asymmetric architecture including 

a thin dense electrolyte and a thick porous support, likely corresponding to the best compromise 

between good mechanical properties and high electrochemical performances of the cells. In addition, 

only one high temperature sintering is required, which allows reducing costs in terms of electrical 

energy. 

The Pr6O11/GDC composites were selected based on our own experience on the corresponding 

electrodes deposited on YSZ electrolytes, which yield excellent electrochemical performances at low 

temperature, i.e., 600°C. Indeed, the simple oxide Pr6O11 is an excellent electro-catalyst for the oxygen 

reduction reaction despite its quite poor electronic conductivity [22]. For instance, at 600°C the oxygen 

diffusion coefficient value is as high as 3.4×10-8 cm2.s-1, and that of the surface exchange coefficient is 

5.4×10-7 cm.s-1, which are in agreement with excellent electro-catalytic properties. The development 

of different fabrication steps and their optimization are detailed. Two different and low-cost cell 

shaping processes are necessary before reaching the goal. These processes are described with the 

corresponding electrochemical characterization. In the second step, the preparation of the GDC-based 

porous layer support (thickness approximately 200 µm)/dense (thickness approximately 10-20 
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µm)/porous (thickness approximately 20-30 µm) will be described, which paves the way to prepare a 

single cell. 

To the best of our knowledge, this process, which is dedicated to the shaping of Solid Oxide Cells, is 

completely innovative. 

 

 

2) Experimental  

  

2.1.) Preparation of GDC-based solid oxide symmetrical cells 

 

Two manufacturing routes are successively described in the following sections. The first one is die 

pressing associated with screen-printing (2.1.1). Die pressing was used to prepare a reference sample. 

The second route is tape-casting with the aim to obtain an optimized thin electrolyte in terms of ionic 

conductivity (2.1.2). The parameters of the tape casting process were optimized to obtain the best 

electrochemical performances of this electrolyte, close to those obtained for the die pressed pellet.  

 

Figure 1 shows the two shaping processes in this work: 1) Pressing/Screen-printing/Infiltration and 2) 

Tape-casting/Infiltration. 

 

 

a) 
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b) 

Figure 1: Schemes of the shaping processes: a) Shaping process 1 (pressing/screen-

printing/infiltration and b) Shaping process 2 (tape-casting/infiltration) 

 

 

2.1.1) Cell shaping by die pressing associated to screen-printing 

 

The selected solid electrolyte was gadolinium-doped ceria GDC10 (Ce0.9Gd0.1O2-δ) due to its high ionic 

conductivity (𝜎i = 0.0095 S.cm-1 at 500°C) [14]. A commercial powder (provided by Solvay) was 

uniaxially pressed to obtain a green pellet with 25-mm diameter and 0.8-mm thickness before 

sintering. The pellets were sintered at 1500°C in 3 h to reach a relative density of approximately 95% 

(Archimedes’ method). Subsequently, a porous skeleton GDC10 and an LaNi0.6Fe0.4O3- (LNF) collecting 

layer [23] were successively screen-printed on the dense pellet. The diameters of the backbone and 

collecting layer were 16 mm. The backbone was 30 µm thick, and the collecting layer was 10 µm thick. 

In each case, the prepared inks contained a pore-forming agent (“Carbon Super P”, TIMCAL, France, 

mean particle size=1.6 µm). To dry each layer, a heat gun (T  200°C) was used.  

Then, the backbone and current collecting layer were co-sintered at 1150°C for 1 h in air (Figure 2). 

 In the third step, the catalyst was injected into the backbone.  
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Figure 2: Scheme of a symmetrical cell (oxygen side) before infiltration  

 

In the final step, the symmetrical cells were heat-treated at 600°C under air flow to obtain the required 

catalyst.  

 

2.1.2) Cell shaping by tape casting (GDC10-based porous/dense/porous)  

 

The tape casting process enables us to manufacture a thin GDC10 porous/dense/porous support in a 

single step with a given porosity of the backbone, which can be controlled by the amount of pore-

forming agent in the slurry and the sintering conditions. Indeed, the sintering temperature must be 

optimized to simultaneously maintain a high porosity ratio, sufficient mechanical cohesion of the 

porous backbone and a relative density of the electrolyte above 95%. 

  

Elaboration of green ceria tapes 

The suspension for the tape casting process was of the GDC10 powder, a solvent, and organic additives 

(dispersing agent, plasticizer and binder) to obtain homogeneous green tapes without cracks, which 

can be easily handled. The ceria powder was milled by planetary milling for 5 h in the azeotropic 

mixture (60% vol. MEK/40% vol. ethanol) with the addition of the dispersant agent (phosphate ester) 

and zirconia or alumina balls. The addition of the dispersant agent led to a good dispersion of the 

GDC10 particles in the solvent. Then, a binder (polyvinyl butyral, PVB B90, Brenntag or 

polymethacrylate D51/07, Degussa) and a plasticizer (dibutyl phthalate, DBP) were added to the slurry, 

with a subsequent low-speed ball-milling of 12 h. The addition of a binder and a plasticizer yielded 

cohesive and flexible green tapes after drying [24]–[26]. The viscosity of the suspension containing 17 

vol% ceria powder was close to 1 Pa.s-1, which was adapted to the casting of thin sheets (i.e., 50 µm in 

thickness for the porous layers). In order to elaborate porous electrode layers, carbon particles of 

approximately 1.6-µm diameter were introduced as the pore-forming agent. Approximately 80 vol. % 

of carbon pore former with respect to GDC10 powder was added in the suspension. The obtained 
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green tapes, containing or not pore forming agent, with a thickness of approximately 100 µm for the 

dense layer were punched into 25-mm-diameter disks.  

 

Elaboration of porous/dense/porous stacks of disks 

Then, according to the desired sequence (porous/dense/porous) and thickness, stacks of disks with 

and without the pore-forming agent were laminated at 110°C under 54 MPa to obtain the required 

total thickness of approximately 400 µm. The debinding of green stacks were performed at 800°C 

during 2 h in air to remove organic additives and finally sintered at high temperature (approximately 

1500°C). 

 

2.1.3) Infiltration of porous electrodes 

 

On the oxygen side, the selected catalyst was Pr6O11 [22]. Therefore, a concentrated solution of 

praseodymium nitrate was infiltrated (under vacuum) in the porous GDC layer until the mass ratio of 

infiltrated material to backbone material was approximately 30 wt. % of the porous layer.  

 

2.2) Chemical and physico-chemical analyses of GDC10 electrolytes 

 

Several physico-chemical analyses were performed on the samples prepared by tape casting and on 

the organic additives for the suspension to help understanding the origin of possible differences in 

electrochemical performances compared to a pressed electrolyte. 

 

2.2.1) ICP analyses 

 

The ICP analysis (ICP/OEC, Varian ICP/OEC 720 ES) enables us to determine the qualitative and 

quantitative amounts of elements in the solution. The suspension in the tape-casting process includes 

many organic additives (i.e., dispersant, binder, plasticizer), all of which can introduce pollution, which 

can be detrimental to the electrochemical performances as later discussed in the paper.  

Based on preliminary experiments performed using an X (Castaing) micro-probe (line scanning) on 

tape-casted GDC10 layers, the following elements were analysed: Na, Al, Si, K and P. Al and Si should 

come from the milling step, while Na, K and P can be introduced via the organic additives of the tape-

casting suspensions. 

The chemical analysis of binders was performed on ashes obtained after the pyrolysis of binders at 

400°C for 1 h to improve the detection limit of possible impurities in the binders.   
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2.2.2) Auger analyses 

 

Auger analysis (nanoprobe Auger Phi 710, Feder) provides high-resolution images of a sample area 

and helps us determine the local elemental chemical composition (the surface area of analysis is 

approximately 0.05-0.15 µm²). Moreover, it is possible to obtain the depth profile of each element 

concentration. 

 

2.3) Electrochemical Impedance Spectroscopy (EIS) measurements on symmetrical cells 

 

Electrochemical impedance spectroscopy was used to characterize the GDC10 electrolytes and 

symmetrical cells electrode/GDC10/electrode. For the measurements, the electrolytes were simply 

painted with platinum paste, while the symmetrical cells (including the current-collecting layer) were 

placed between two gold grids supported by channelled alumina ceramics. In both cases, a weight was 

applied to improve the current collection. The impedance diagrams were recorded every 50°C between 

200°C and 800°C in the frequency range from 1 MHz to 0.1 Hz. The series and polarization resistances 

(Rs and Rp, respectively) were calculated from the impedance diagrams, which were fitted using an 

equivalent circuit made of a series resistance and R-CPE equivalent elements. A detailed description of 

the fitting process was given in a previous work, e.g., [27].  

The series resistance Rs primarily characterizes the total electrical conductivity of the electrolyte 

(which includes the bulk and grain boundary contributions) according to relation (1):  

 σT =
1

Rs
⋅
t

S
                                                                                  (1) 

where t and S are the thickness and surface of the pellet, respectively. 

 

3) Results and discussion  

 

This section concerns the development of a GDC10-based porous/dense/porous cell, which was made 

in one step (tape casting) followed by the infiltration of Pr6O11 catalyst in the porous layers of this 

architecture (namely, “symmetrical SOC”). Finally, this cell is characterized by electrochemical 

impedance spectroscopy (EIS) to show the following: 

- the sintered dense electrolyte made by tape casting has an ionic conductivity close to the 

standard value of the literature for GDC10 (this one being close to the reference cell one 

shaped by die pressing in this work, see below).  
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- the electrochemical measurements on the infiltrated (Pr6O11) symmetrical SOC show similar 

polarisation resistance values to those that we previously measured (Rp  30 m cm² at 600°C 

[22]). 

 

 

For this purpose, our strategy involves two successive steps: 1) optimization of the shaping of the 

dense part of the architecture by tape-casting and characterization of its ionic conductivity by EIS using 

Pt electrodes and 2) manufacture of the porous/dense/porous architecture in one step by optimized 

tape casting, infiltration of the Pr6O11 catalyst and EIS characterization of the symmetrical SOC using a 

current-collecting layer (LNF). 

 

Figure 3 is an example of a tape-casted cell architecture prior to the infiltration step. The relative 

density of the electrolyte is approximately 98%, while the skeleton porosity is 38%, which is only 

slightly lower than that of the screen-printed electrode (45%).  

 

 
Figure 3: a) Porous/dense/porous sample manufactured by tape-casting/lamination/sintering before 

infiltration and b) zoom-in view of the porous backbone layer (38% porosity) 

 

The final step was the infiltration of the porous layers by praseodymium nitrate, as described later. 

 

3.1) Ionic conductivity of the GDC10 electrolyte shaped by different processes 

 

The shaping process affects the electrolyte conductivity. Indeed, the pressed electrolyte has higher 

conductivity than the casted sample (e.g., at 800°C σT pressing = 8.10-2 S/cm, close to reference values 

reported in the literature, while σT casting  2.5.10-2 S/cm in average (depending on the milling conditions, 

see below). To understand the origin of this difference, the following parameters regarding tape-

casting were studied in three successive sections, with the aim to i) find appropriate ball milling tools 
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(jar and balls) avoiding additional pollutions, ii) use different tape-casting organic constituents, and, iii) 

adjust the debinding conditions. 

 

3.1.1) Effect of the milling media on the chemical pollution of ceria electrolyte obtained by the 

tape-casting process 

 

Several preliminary experiments were performed in order to prepare dense electrolytes using 

powders milled during 5h using two materials for jars and balls (alumina or zirconia), as well as 

involving different milling times. The using of agate was avoided as material milling, because the SiO2 

impurities at the grain boundaries of ceria electrolyte leads to increase the electrical resistivity [14]. 

The nature of the balls has a large influence on the ionic conductivity of the GDC10 electrolyte: 1.4 

x 10-2 < σT (S/cm) at 800°C  < 5.4 x 10-2 which, obviously, can be likely due to some pollution during the 

milling step. For instance, Figure 4 shows a comparison of the ToF-SIMS analysis results obtained on 

the GDC10 electrolyte made by die pressing (without milling) and by tape casting, which involved a 

milling step using alumina balls and jar. The alumina pollution in ceria electrolyte due to ball milling 

formed alumina clusters in the sample, which significantly decreased the total ionic conductivity. The 

same conclusion was drawn by Nicholas et al. regarding 3 mol% Al-doped GDC10 [28]. Alumina then 

clearly appears as detrimental. Conversely, the possible zirconia pollution associated to the use of 

milling zirconia balls and jar could not be evidenced by ToF-SIMS, probably because of the solubility of 

zirconia in ceria (Zr-doped ceria being O2- conductor). 

Finally, the conductivity measurements (not shown here) performed on the dense electrolyte 

prepared after milling steps did not clearly evidence that the couple zirconia jar / zirconia balls will be 

for sure the best compromise as expected. However, for the following experiments we decided to use 

them to prepare the suspensions, the optimised milling time being 5h. 
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Figure 4: ToF-SIMS analysis of Al in the GDC10 electrolyte obtained by die pressing (on the right) and 

tape casting with milling by alumina balls (on the left) 

 

3.1.2) Effect of the binder and dispersing agents in the tape-casting suspension on the electrical 

properties of the GDC10 electrolyte 

 

Table 1 shows the chemical analysis of possible pollutants (Al, Si, Na, K, P) from the organic additives 

and GDC10 powder in the tape-casting suspension. The organic additives contain notably low 

concentrations of polluting elements, except for dispersing agents. In particular, dispersing agent C 

contains larger contents of K (8% wt.), Na (0.08% wt.) and P (6% wt.) than the other two dispersants.   

 

Function Chemical nature 
and references 

Al 
(% weight) 

Si 
(% weight) 

Na 
(% weight) 

K 
(% weight) 

P 
(% weight) 

Powder Ce0,9Gd0,1O2-δ 0.14 0.39 < 0.01 < 0.01 < 0.01 

 Phosphate ester 
(A) 

< 0.01 < 0,01 < 0.01 0.02 0.3 

Dispersing 
agent 

Phosphate ester 
(B) 

< 0.01 < 0,01 0.03 0.01 3 

 Phosphate ester 
(C) 

< 0.01 < 0.01 0.08 8 6 

 Dibutyl phthalate < 0.01 < 0.01 0.01 0.01 < 0.01 

Plasticizer Polyethylene 
glycol 200 

< 0.01 < 0.01 0.01 0.04 < 0.01 

 
 
 

Binder 

Polyvinyl Butyral 
(A: PVB Butyral 

B90) 

0.004 0.004 < 0.01 0.02 < 0.001 

Methyl 
Methacrylate (B: 
Degalan LP51/07) 

< 0.001 0.004 < 0.001 < 0.001 < 0.001 

Methyl 
Methacrylate (C) 

< 0.001 < 0.001 < 0.001 < 0.001 < 0.001 

Table 1: Chemical analysis of different constituents of the tape-casting suspensions obtained by ICP 
(Inductively Coupled Plasma). The chemical analysis of binders has been performed on ashes 

obtained after pyrolysis at 400°C for 1 h in air 
 

The impedance diagrams were recorded on GDC10 electrolyte samples, for which the relative density 

was higher than 94%. An example is shown in Fig. 5. The use of phosphate ester (C) as the dispersant 

and PVB as the binder leads to the highest total ionic conductivity of GDC10 obtained by tape casting 

(Figure 6, Table 2). Indeed, the conductivity is similar to that of a pressed pellet as well as that of 

bibliographic references [14], [29]. Thus, Na, K and P elements (contained in the dispersant) have a low 

impact on the electrical properties of the GDC10 electrolyte after sintering, at least for T > 500°C. 

However, in the lowest temperature range (200°C), the total conductivity of the electrolyte obtained 

by tape casting remains lower than that obtained by pressing.  
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Sample Relative density (%) 𝜎T at 800°C (S/cm) RGb at 200°C (Ω) 

Pressing 97 8.3 x 10-2 4.0 x 104 

Tape-casting (B/degalan) 94 2.5 x 10-2 2.5 x 107 

Tape-casting (B/PVB) 95 4.8 x 10-2 9.0 x 106 

Tape-casting (C/PVB) 94 7.8 x 10-2 4.7 x 105 

 
Table 2: Effect of the dispersing agents and binders for tape casting with zirconia ball milling on 1) 
the total conductivity of the GDC10 electrolyte at 800°C and 2) the grain boundaries resistance at 

200°C 
 

In Figure 5, on each curve, the left half-circle corresponds to the bulk resistance (f > 104 Hz, C 10-10 F), 

and the right half-circle corresponds to the grain-boundaries resistance (f < 104 Hz, 10-7  < C (F) < 10-8 

F). A difference is observed regarding the grain boundary contribution (Table 2): the resistance is 

maximal for “Tape-casting B/degalan” and minimal for “Tape-casting C/PVB”. 

 

 
 

Figure 5: Impedance diagrams recorded at 200°C on symmetrical half-cells, where the electrolyte is 

prepared by die pressing or tape casting using suspensions with different constituents  

 
Finally, the chemical contamination from the organic components in the tape-casting process may 

affect the electrical properties of the sintered electrolyte and must be carefully considered. In addition, 

according to the works by Venkataramana et al. [29] and Khan et al. [30], [31], ceria-carbonate nano-

composites exhibit a multi-ion conduction; then, carbonates can positively contribute to the total ionic 

conductivity, since carbonates introduce pathways for fast ionic conduction. Carbonates could be 

present in the as-prepared tape-casted electrolytes. Consequently, at this stage of the study, we must 

obtain additional data about a possible contribution of carbon on the electrical properties of GDC10. 
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Figure 6: Arrhenius plots of the total conductivity of the GDC10 electrolyte obtained by tape casting 

using various binders or dispersing agents and milled with zirconia balls. Data from literature ([14], 

[29]) are added for comparison  

 

3.1.3) Modifications of the electrical properties of the GDC10 electrolyte induced by the carbon 

contamination during tape casting  

Because organic compounds may generate carbon residues during the debinding process, we analysed 

the samples using Auger Electron Spectroscopy (AES). Chemical analyses were performed in the grains 

and at the grain boundaries of the dense electrolytes, which were obtained by tape-casting and die 

pressing. 

 In the case of samples obtained by die pressing, as expected, no carbon pollution was evidenced in 

the grains and grain boundaries. 

Figures 7a and 7b show fractures of a GDC10 sample obtained by tape casting. This sample is fully 

dense with some closed pores at the grain boundaries. After etching over a few nanometres to remove 

the gold metallization, chemical analyses were performed in zone 1, which corresponded to a GDC 

grain, and zone 2, which corresponded to a grain boundary, as reported in Figures 7c and 7d. During 

the etching of the grain, the Ce, Gd and O amounts quickly increase over 5-10 nm and subsequently 

remain steady, which correspond to the chemical composition of GDC10 grains. Finally, no chemical 

pollution is detected in the GDC10 grains (Figure 7c). 

However, even after etching, a large amount of carbon is present at the grain boundary (zone 2) (Figure 

7d). This carbon contamination at the grain boundaries likely forms a diffusion barrier to oxygen ions, 

which induces a decrease in ionic conductivity of the GDC10 material. This carbon contamination at 

the grain boundaries clearly comes from the burning of organic additives (binder, plasticizer, and 
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dispersing agent) during the debinding step, since it is not observed in the die-pressed samples. 

Because of the low recorded level of oxygen, we conclude to the absence of carbonates. 

 
Figure 7: Chemical analysis performed by Auger Electron Spectroscopy (AES) in the grain and at the 

grain boundaries of GDC10 electrolyte obtained by tape casting: a) b) SEM images, c) analyses on the 

GDC grain for zone 1 (Fig. 8b) and d) at the grain boundaries for zone 2 (Fig. 8b). 

 

Finally, the carbon contamination in ceria electrolyte segregates at the grain boundary, which 

increases the grain boundary resistance and decreases the ionic conductivity of ceria electrolyte, 

particularly at low temperatures (< 400°C, Figure 6). Then, the use of organic additives inherent to the 

tape-casting process clearly results in a detrimental carbon contamination of the GDC10 electrolyte. 

In the remainder of the study, the following constituents of the slurry were selected: phosphate ester 

C as the dispersing agent and PVB as the binder; milling was performed using zirconia balls and jar. 
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Indeed, using these constituents leads to the highest conductivity T and lowest grain boundary 

contribution (Table 2). 

 

3.2) Characterization of tape-casted/impregnated symmetrical SOCs by EIS 

 

In order to remove the residual carbon pollution located at grain boundaries, we aimed to modify the 

debinding cycle including the surrounding atmosphere. The corresponding modifications of the ionic 

conductivity of ceria electrolyte are studied in this section.  

Three debinding processes were successively tested on symmetrical oxygen side cells made by tape 

casting:  

- (1) debinding under air flow at 800°C during 2 h (Tape casting 1) 

- (2) debinding under dry O2 flow at 800°C during 6 h (Tape casting 2)  

- (3) debinding under wet O2 flow at 800°C during 6 h (Tape casting 3). For this purpose, oxygen gas 

was simply introduced by a bubbler system containing water at the entrance of the furnace, which 

corresponds to a partial pressure of water near 2.5 10-2 atm (one/two litres of gas per hour). 

 

We aimed to compare debinding under air and oxygen flows with the expectation to increase the 

carbon departure in the CO2 form in the second case. Moreover, in the last case (3), the addition of 

steam water in the oxygen flow  promotes the carbon removal due to the water gas shift reaction, 

according to ref. [32].  

The objective was to obtain a symmetrical cell made by tape casting after the impregnated steps, which 

has similar electrochemical performances to a die-pressed/screen-printed one. Thus, at the same 

temperature, the electrolyte must be dense, and the backbones must be sufficiently porous to enable 

efficient infiltration, which is a challenging task. The temperature was optimized through impedance 

measurements with SEM observations; finally, the most suitable temperature was 1450°C. The 

electrolyte density appears slightly lower than 95% at least according to the observations, which can 

partly decrease the conductivity of the electrolyte. In Figure 8, images of sections recorded on a 

symmetrical infiltrated support either prepared by die-pressing/screen-printing (Figure 8.a) or by tape-

casting (Figure 8.b) are shown. In the first case, Pr6O11 homogeneously covers the porous GDC skeleton, 

while in the second case it is more localized in the grain boundaries. Moreover, the GDC grain size of 

the casted sample is larger than that of the screen-printed one.  
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a) 

 

b) 

 

Figure 8 – Images of sections showing Pr6O11 infiltration in a) die-pressed / screen-printed sample, b) 

tape-casted sample 

 

Fig. 9 shows the thermal variation of the polarization resistance for cells made by tape casting 

according to the three debinding treatments. The best performances were obtained by debinding 

under dry and subsequently wet O2 (Tape casting 3). This debinding treatment is then favourable to 

remove carbon in the ceria electrolyte. It is assumed here that the carbon contamination at grain 

boundaries of ceria electrolyte leads to a decrease of the ionic conductivity as well as an increase of 

the electrode polarisation resistance. 
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Figure 9: Arrhenius plots of Rp for impregnated symmetrical oxygen side cells made by tape 

casting according to various debinding processes in comparison with the pressed/screen-printed 

cells.  

 

Despite an improvement of the electrochemical performances of the casted sample thanks to an 

improved debinding process, there are still a bit lower than those of the die-pressed / screen-printed 

sample (Figure 9). This observation could be explained by the difference regarding the infiltration 

results as detailed above. 

 

4) Conclusion 

 

Symmetrical cells with GDC10 electrolyte and a specific design (porous/dense/porous) have been 

produced by tape casting. This shaping process allows elaborating the cells in one-step with an 

accurate thickness control and an improved interface quality between the electrolyte and the 

electrodes.  The porous electrodes are subsequently infiltrated by a precursor of the catalyst followed 

by a thermal treatment at low temperature. The process parameters must be carefully adjusted; in 

particular, the choice of milling media and organic additives is important to avoid contaminating the 

material, and the operating conditions of debinding are important to remove all carbon residues. These 

parameters directly affect the final ionic conductivity of the GDC10 electrolyte and the polarization 

resistance of the symmetrical cell infiltrated with Pr6O11. The debinding performed under oxygen 

and/or water steam improves the removal of carbon residues at the grain boundaries.  
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The next step has been to optimize the sintering temperature of the tape-casted porous/dense/porous 

GDC10 architecture through impedance measurements and SEM observations; an almost fully dense 

electrolyte and sufficiently porous backbones for efficient infiltration has been obtained. The 

polarization resistances of such optimized and impregnated symmetrical (oxygen side) cells are close 

to those of the corresponding ones elaborated by die-pressing/screen-printing. 

Finally, we have shown that a one-step process that obviously reduces manufacturing costs, provides 

solutions for improving the electrochemical properties of SOCs. A future work will be the preparation 

of a complete cell by tape casting, including a thin electrolyte membrane ( 10-20 µm)  layered on a 

thick hydrogen-side porous support ( 200 µm). 
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