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Abstract: 

This paper reports the study of the densification of 20 % Gd doped ceria (GDC) interlayers in SOFC 

cathodes through two different routes: the well-known addition of sintering elements, and an innovative 

densification process by infiltration. First, Li, Cu, and Zn nitrates were added to GDC powders. The effect 

of these additives on the densification was studied by dilatometry on pellets, and show a large decrease of 

the sintering temperature from 1330 °C (pure GDC), down to 1080 °C, 950 °C, and 930 °C for Zn, Cu, and 

Li addition, respectively. However, this promising result does not apply to screen-printed layers, which are 

more porous than pellets and in which the shrinkage is constrained by the substrate. The second approach 

consists in preparing a pre-sintered GDC layer, which is subsequently infiltrated with Ce and Gd nitrates 

and sintered at 1250 °C to increase its density. Such an approach results in highly dense GDC interlayers. 

Using La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF) as electrode, the influence of the interlayers on the cathode 

performance was studied. The addition of sintering aids dramatically increases the cell resistances, most 

likely because the additives increase the reactivity between GDC and either Yttria Stabilized Zirconia (YSZ) 

or LSCF, thus losing the expected benefit related to the decrease of sintering temperatures. The interlayers 

prepared by infiltration do not induce additional resistances in the cell, which results in power densities of 

single cells 40-50 % higher than those of cells prepared with commercial GDC interlayers, making this 

approach a valuable alternative to sintering aids. 

1 Introduction 

Electrochemical devices such as Solid Oxide Fuel Cells (SOFCs) are valuable technologies for 

energy conversion and storage. Like in every electrochemical system, the interfaces between the electrodes 

and the electrolyte play a crucial role in the efficiency of the device. La0.6Sr0.4Co0.2Fe0.8O3-δ (LSCF), widely 

studied as SOFCs cathode material, i.e. where the oxygen reduction takes place, is well known to strongly 
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reacts with zirconia based electrolytes such as 8 % yttria stabilized zirconia (8YSZ), forming insulating 

phases namely La2Zr2O7 and SrZrO3 [1]. Using a Gd-doped ceria (GDC) interlayer between the LSCF 

cathode and the YSZ electrolyte is a widespread approach to limit such an issue [2, 3]. To be fully efficient, 

the GDC interlayer should be dense, as reported by several authors [4-11], because Sr species can easily 

diffuse on the surface of GDC grains and still react with zirconia if the interlayer is porous [12]. The most 

common way to prepare GDC interlayers is the screen-printing of a GDC ink followed by a sintering step 

at high temperature. This last step is critical for the final performance of the cell. On the one hand, a low 

sintering temperature of GDC produces a porous interlayer, therefore favoring Sr diffusion; on the other 

hand, high temperature sintering will result in a denser GDC layer that limit Sr diffusion more efficiently 

[8], but can either favor the diffusion of Gd cations in the YSZ electrolyte [13], or create (Zr,Y,Ce,Gd)OX 

solid solution [14, 15], both with low conductivities affecting the cell performance. It is then mandatory to 

consider strategies for ceria densification that do not involve high temperature sintering. Deposition methods 

such as spray based [7, 16] or plasma based [2, 3, 5, 17] techniques allow decreasing the final sintering 

temperature to get dense ceria layers, and generally lead to improved performance and durability. But these 

techniques are less attractive from an industrial point of view as they imply changes in the steps of the 

preparation of the cells. 

 The ideal approach is thus to find an easy and potentially cheap method to densify screen-printed 

layers at temperature low enough to avoid Ce and Gd diffusion. It is possible with the addition of sintering 

aids in the GDC powder that can significantly decrease the densification temperature of GDC. Nicholas and 

De Jonghe [18] compared the effect of many elements (additives) on the densification of GDC, and the 

highest densification values were obtained with the addition of Li, Zn, Co, and Cu. Most studies on sintering 

aids for doped-ceria were focused on pellets densification and characterization of their electrical 

conductivity [19-25], with the aim to build anode supported cells with doped-ceria electrolytes, but few 

papers addressed the influence of these sintering aids on the electrode performance when used as additives 

in GDC interlayers. As the Co addition in GDC has been widely studied [26-28], we focused our efforts on 

the three other candidates, i.e. Li, Zn, and Cu. 

 In the present study, we have evaluated the effect of Li, Zn, and Cu as sintering aids of Ce0.8Gd0.2O1.9 

interlayers not only on their densification, but also on the electrochemical performance of the LSCF 

electrode, by studying carefully their influence on both the electrolyte series resistance and the electrode 

polarization resistance, both being dependent on the characteristics of the GDC interlayer. 

As an alternative way of adding the sintering aids, Ni and Esposito used the infiltration route of a 

Co nitrate solution to pre-sintered GDC interlayers [29]. In this work, we also considered the infiltration as 

a densification route, but only of Ce and Gd nitrates solution to fill the remaining porosity of the GDC 

interlayer. This approach, already presented by Choi et al. in the case of GDC sol infiltration [30], aims at 
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improving the interlayer density without changing its composition. The performance obtained with this route 

is also presented and compared with that obtained using sintering aids. 

2 Experimental 

This study is focused on the oxygen electrode architecture for fuel cells using 8YSZ electrolytes. 

The electrode architecture consists of a GDC interlayer and a LSCF electrode. As the GDC interlayer is the 

core of the study, all other preparation parameters were kept constant. 

2.1 Preparation of symmetrical and single cells  

 Symmetrical cells were all based on commercial 8YSZ membrane (Fuelcellmaterial.com) of 25 mm 

diameter and 250 µm thickness. Complete single cells were based on commercial anode-electrolyte 

NiYSZ/YSZ half cells (Elcogen company). 

 The preparation of the Ce0.8Gd0.2O1.9 interlayer is detailed below. The LSCF electrode was prepared 

by screen printing, starting from a sub-micrometric powder provided by Marion Technologies®. The 

diameter of the electrode is 14.5 mm and its thickness is approx. 20 µm. The electrodes were sintered at 

1050 °C for 1 h for all symmetrical and single cells. 

2.2 Preparation of GDC interlayers 

 As mentioned in the introduction, two ways of preparing the GDC layer were considered in this 

work: adding a metal oxide to the GDC powder to increase its sinterability, or filling the remaining pores of 

a pre-sintered screen-printed GDC layer by infiltrating a nitrate solution containing both Ce and Gd cations 

in the proper ratio. Figure 1 illustrates the different steps related to both preparation methods. 
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Figure 1 : Illustration of the two preparation methods: (a) addition of sintering aids to the starting GDC powder and (b) 

infiltration of Ce-Gd nitrates into a pre-sintered GDC layer 

2.2.1 Addition of sintering aids 

Regarding the amount of sintering aid required to reach the highest densification, Nicholas and De 

Jonghe [18] reported that no difference is observed in the final relative density of GDC between 3 at. % and 

5 at. % of sintering aid. In this study, the amount of sintering aid in GDC was fixed to 3 at. % for the three 

selected elements (Li, Zn, and Cu). 

These elements were added to GDC by dissolving the proper amount of metal nitrates (3 at. %) into 

alcohol, mixing the solution and the GDC powder with a magnetic stirrer for 1 h and heating at 80 °C until 

the complete evaporation of the alcohol. Then, the powder was either pressed into green pellet for 

dilatometry measurements, or prepared as an ink for further screen-printing of the interlayers (Figure 1a). 

The sintering temperature of the screen-printed layer is a key parameter, and is discussed in the results 

section.  

2.2.2 Infiltration process 

 The densification by the infiltration route is illustrated in Figure 1b. A Ce0.8Gd0.2O1.9 (GDC) layer 

was first prepared by screen-printing, then pre-sintered at moderate temperature as detailed below. The final 

density of the layer increases when decreasing the pre-sintering temperature, but the layer has to be 

mechanically strong enough to withstand subsequent infiltration steps. Thus, a compromise has to be found. 

After optimization, the pre-sintering temperature was fixed to 1150 °C for 1 h. Secondly, a solution of 

cerium and gadolinium was prepared by dissolving Ce(NO3)3;6H2O and Gd(NO3)3;6H2O nitrates (Aldrich) 



 

5 

 

with the proper stoichiometry (8:2) in water. The screen-printed layers were then infiltrated with the nitrate 

solution, and the infiltrated layers were burnt at 450 °C during 20 min in air. The infiltration step can be 

repeated to increase the infiltration loading. After optimization, it was fixed to 4 steps, which gave a loading 

of infiltrated GDC of roughly 30 wt.% of the pre-sintered layer, as determined by mass difference before 

and after infiltration. The porosity of the pre-sintered layers was estimated to be around 50 %: such a loading 

brings the residual porosity to roughly 20 %, which is easier to eliminate during the final sintering step. 

2.3 Dilatometry measurements 

The dilatometry measurements were carried out using a horizontal dilatometer (Netzschs 402 ED). 

Sintering experiments were performed in air on green pellets of the materials, from room temperature up to 

1450 °C, with a heating rate of 5 °C/min. 

2.4 SEM observations 

 Images of the various microstructures were recorded using a thermo-ionic gun scanning electron 

microscope Jeol JSM 6330 A, at an acceleration voltage of 8 kV. Prior to analyses, the samples were covered 

with a thin sputtered gold layer to avoid electron charging. Then, the samples were fractured and 

micrographs were taken on a cross section. 

2.5 Electrochemical characterizations  

 The symmetrical cells were placed between two gold grids supported by channeled ceramics that 

enhance the gas diffusion toward active sites of the electrodes. Impedance spectroscopy diagrams were 

recorded every 50 °C between 600 °C and 400 °C at idc = 0 A·cm-2 with a Solartron Modulab frequency 

response analyzer. The frequency range was 1 MHz – 10 mHz for 400 °C and 450 °C, while above 500 °C 

the low frequency limit was 100 mHz. The good quality of the recorded diagrams was systematically 

controlled with a Kramers-Kronig test run with an in-house software (CANELEIS®). The AC amplitude 

was 50 mV.  

 The complete single cells were mounted in a dedicated measurement setup, with Ni foam as anode 

current collector, gold grid as cathode current collector. Air (500 NmL·min-1·cm-2) and 3 % wet hydrogen 

(250 NmL·min-1·cm-2) gas were supplied at each side of the cell. The setup was not sealed for gas tightness, 

the excess of gas being burnt at the edges. 

3 Results 

First, the microstructures of the GDC layers are characterized to compare the influence of the 

preparation method on their densification. Secondly, the electrochemical behavior of the corresponding 
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symmetrical cells is presented. Finally, an optimized GDC layer is prepared and its benefit characterized in 

a single cell configuration. 

3.1 Influence of the preparation method on GDC layer densification 

The microstructures of the layers prepared by both ways (sintering aids and infiltration) were 

characterized and compared. In the case of sintering aids, a preliminary study on GDC pellets was carried 

out using dilatometry measurements. 

3.1.1 Sintering Aids 

 Figure 2 compares the sintering behavior of the GDC powder without any additive, then adding 3 % 

of Li, Cu or Zn. The addition of sintering aids considerably reduces the sintering temperature of GDC: 

considering the maximum of the sintering rate as the sintering temperature, its value decreases from 1330 °C 

to 1080 °C (with 3 % Zn), 950 °C (with 3 % Cu), and 930 °C (with 3 % Li). One can also note that the Li 

containing sample is almost fully densified (d > 95 %) at 1000°C while the Zn containing pellet only reaches 

90 % of relative density at 1250 °C and the pure GDC needs 1450°C to reach the same level. Surprisingly, 

with Zn and Cu additive a significant decrease of the relative density (de-densification) is observed at high 

temperature. 

 

 

Figure 2: Sintering curves of GDC green pellets without additive and with 3 at. % of Li, Cu, or Zn 

De-densification phenomena have been observed in many ceramics materials such as ZnO [31, 32], 

Fe2O3 [33], (La,Sr)FeO3 [34-36] or BaTiO3 [37-43]. One of the mechanisms most often proposed is related 

to the formation of a gas phase and its entrapment in the pores during the third stage of the sintering, i.e. 



 

7 

 

after closing of the porosity (around 90-94 % of relative density). This can also be considered for GDC-Zn 

and GDC-Cu. In GDC-Zn, Zn oxide present in the GDC pellet promotes the densification up to a sintered 

relative density of 92 % at around 1225 °C (Fig. 2). ZnO is known to decompose rapidly at temperatures 

above 1350 °C [44], which means that the decomposition to Zn(g) and ½ O2(g) can be observed even at lower 

temperatures. Then, as the temperature is increasing, ZnO evaporates in the closed pores, resulting in pore 

volume increase and de-densification. In GDC-Cu, the presence of CuO strongly accelerate the 

densification, which suggest a liquid phase mechanism. Such a mechanism is consistent with the coarsening 

of the microstructure (exaggerated grain growth and pore rounding) [45] as it is observed on Fig. 3. Such a 

microstructural evolution due to liquid phase sintering has already been observed in the case of the swelling 

of (La,Sr)FeO3 ceramics [34-36]. Then, once the relative density reaches 92 % around 1000 °C, the porosity 

is closing. However, in the same temperature range, the CuO reduction can take place (CuO  Cu2O + ½ 

O2). According to Cu-O thermodynamic data [46], the reduction of CuO under air (p(O2) = 0.2 bar) occurs 

at T  1050 °C. Therefore, O2 release takes place within closed pores, leading to the observed de-

densification phenomenon. 

To sinter the GDC layers prepared by screen printing, two strategies were considered: to sinter either 

at 1250 °C, which is the highest temperature that can be achieved without occurrence of the detrimental 

reaction between ceria and zirconia (determined in the frame of the European project ENDURANCE), or at 

the sintering temperature deduced from the dilatometry measurements. As the LSCF electrode must be 

subsequently sintered at 1050 °C, both GDC-Li and GDC-Cu layers will endure a sintering temperature 

higher than those determined by dilatometry. Thus, GDC-Li and GDC-Cu layers were sintered at 1050 °C, 

while GDC-Zn layers at 1080 °C. A reference layer was also prepared with pure GDC (without additive) 

and sintered at 1250 °C for 3 h. Table 1 gathers all the prepared samples, along with their sintering aid and 

sintering temperature. A qualitative measurement of the adhesion between zirconia, ceria, and the electrode 

is also reported. Unfortunately, four preparation conditions out of seven led to a delamination of the 

electrode. For instance, the Li addition, although strongly decreasing the sintering temperature of pellets, 

induces a detrimental mechanical effect leading to a systematic delamination of the electrode. Surprisingly, 

even for the pure GDC layer, a delamination of the electrode occurs. Even though such an architecture is 

well-known in literature, slight differences in the morphology of the starting GDC and LSCF powders could 

strongly affect the compatibility between these two materials for a given preparation protocol. For the Zn 

addition, only the layer sintered at 1080 °C resulted in a delamination of the electrode, whereas sintering at 

1250 °C ensured a good adhesion of the whole assembly, as controlled with a tape test. Both layers prepared 

with GDC-Cu led to a good adhesion of the electrode. 
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Table 1 : Summary of the preparation conditions of the various GDC layers. 

Name Additive Sintering treatment Adhesion 

reference none 1250 °C 3 h poor 

GDC-Li-1050 Li 3 % 1050 °C 3 h poor 

GDC-Li-1250 Li 3 % 1250 °C 3 h poor 

GDC-Zn-1080 Zn 3 % 1080 °C 3 h poor 

GDC-Zn-1250 Zn 3 % 1250 °C 3 h good 

GDC-Cu-1050 Cu 3 % 1050 °C 3 h good 

GDC-Cu-1250 Cu 3 % 1250 °C 3 h good 

 

Regardless of adhesion issues, the morphology of each layer was analyzed by scanning electron 

microscopy to control whether the addition of Li, Zn, or Cu affects their microstructure or not. Figure 3 

shows the SEM cross-section of the GDC layers depending on the additives and sintering treatment. Despite 

a substantial decrease of the sintering temperature of the GDC pellets from 1330 °C down to 930 °C, the Li 

addition (Figure 3b and c) does not improve the densification of screen-printed layers, regardless of their 

sintering temperature (1050 °C or 1250 °C).  

On the contrary, the Zn addition (Figure 3d and e) allows a better densification than for pure GDC, 

however the density of the layers does not seem to be enough to prevent the surface diffusion of Sr from the 

cathode to the electrolyte (open porosity). As for Li addition, there is no significant difference in density 

between the layers treated at 1080 °C or 1250 °C, although one led to delamination while the other one led 

to good adhesion. Moreover, the de-densification observed by dilatometry on pellets is not significant in the 

case of screen printed layers. Additionally, for Zn addition, increasing the sintering time up to 10 h at 

1080 °C (not shown) does not modify the densification, meaning that 3 h are sufficient.  

The addition of Cu (Figure 3f and g) led to significant grain growth, but the porosity of the layer 

remained very high, resulting in an increase of the grains and pore size, accordingly. At low temperature 

(1050 °C), the layer seems denser than after a treatment at 1250 °C for 3 h, but grains are in fact just more 

coarsened at 1250 °C, which induces the enlargement of the pore size. 
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Figure 3 : SEM cross section micrographs of the GDC layers: (a) without additive, (b, c) with Li, (d, e) Zn, and (f, g) Cu 

additives. 

The main conclusion of the morphology study is that the densification behavior of the screen-printed 

layers cannot be anticipated using the preliminary work performed on the corresponding pellets. Three 

hypotheses could explain such behavior: i) the limitation of the layer shrinkage because of the dense YSZ 

membrane beneath the layer, resulting in constrained sintering along the lateral directions. This phenomenon 

is known and has been reported previously [47-49]. Then, the shrinkage of the layer would be only possible 

along the top to bottom direction, while for pellets the shrinkage is isotropic; ii) a higher porosity of green 

screen-printed layers (compared to green pellets) would limit the densification and iii) the presence of 

organic compounds in the inks would limit the sintering aids action.  

3.1.2 Infiltration process 

 The shrinkage issue seems then difficult to solve if the layer is only prepared by the conventional 

screen-printing route, even using sintering aids. An alternative way for densifying the GDC layer was 
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investigated in this work: the infiltration of a nitrate solution into the remaining pores of a pre-sintered 

screen-printed layer to fill them as much as possible before the final sintering step. 

The densification of GDC layers by infiltration was considered using two GDC starting powders: 

with or without Cu as additive (as Cu led to the highest densification in the above section). The main goal 

of using GDC-Cu was to create a synergetic effect between the sintering aid and the infiltration process. 

The pre-sintering steps were performed at 1150 °C for pure GDC and 800 °C for GDC-Cu; they have been 

chosen after optimization to ensure good mechanical strength to withstand the following infiltration steps 

(a pre-sintering step at low temperature allows a better final density of the layer). Figure 4 shows the SEM 

cross section images of both samples after the pre-sintering step (a and c) and after the infiltration followed 

by a final sintering step at 1250 °C for 3 h (b and d).  

 

 

Figure 4 : SEM cross section micrographs of the GDC layers: (a) without additive pre-sintered at 1150 °C for 1 h, (b) without 

additive infiltrated and sintered at 1250 °C for 3 h, (c) with Cu addition pre-sintered at 800 °C for 1 h, and (d) with Cu 

addition infiltrated and sintered at 1250 °C for 3 h (scale bars for all four images). 

The layer prepared without additive appears to be the densest layer of this study, with only few 

closed pores remaining (Fig. 4b). Surprisingly, the layer prepared using GDC-Cu is less dense than that 

prepared without additive. The expected synergetic effect does not take place, on the contrary the Cu 

addition seems to create additional “bubble” shaped porosity. The latter could result from the melting of 

some Cu based species. Indeed, the Cu-oxygen binary diagram [46] shows only liquid phases above 1230 

°C. As mentioned above, the bubbles likely result from the reduction of CuO into Cu2O at elevated 

temperatures, creating trapped gaseous oxygen in the closed porosity of the layer. Additionally, a very good 
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adhesion of the LSCF electrode screen-printed (sintered afterward) is observed on both infiltrated GDC 

layers. 

 The microstructures of the GDC layers have been successfully characterized, and both preparation 

methods (sintering aids addition and infiltration) led to a wide variety of GDC microstructures: the 

infiltration technique unambiguously produces the layers with the highest density and thus, seems to be the 

most promising route for the preparation of GDC interlayers. The next step of this study was the 

characterization of the electrochemical behavior of the oxygen electrode as a function of the preparation 

method. 

3.2 Influence of the GDC preparation on the electrochemical performance of the electrode 

The GDC layers labelled reference, GDC-Li-1050, GDC-Li-1250 and GDC-Zn-1080 (Table 1) 

were not considered for the electrochemical measurements, because of the adhesion issues. 

 Symmetrical cells including GDC-Cu-1050, GDC-Cu-1250, GDC-Zn-1250, infiltrated GDC and 

infiltrated GDC-Cu, were measured by impedance spectroscopy to determine their series and polarization 

resistance values. Because the GDC layer is located in between the electrode and the electrolyte, it is 

expected that the preparation protocol of this layer could influence either the contributions related to the 

electrolyte (series resistance, Rs) or to the LSCF electrode (polarization resistance, Rp), depending on the 

position of the electrical double layer [50]. To provide a clear and thorough comparison of both Rs and Rp 

for all the measured symmetrical cells, reference cells have first been studied. 

3.2.1 Measurements of reference cells 

 The series resistances of each cell should match those calculated from the ionic conductivity and 

geometrical characteristics of their YSZ membrane, if there is no detrimental reactivity between YSZ, GDC 

and LSCF. The ionic conductivity of the commercial 8YSZ membranes was measured by impedance 

spectroscopy on a YSZ/Pt symmetrical cell. The platinum electrodes were screen-printed and sintered at 

900 °C for 1 h. The reference polarization resistance of a LSCF electrode was measured on a cell based on 

a GDC electrolyte, because the reactivity between YSZ and LSCF will affect the polarization resistance, 

whereas GDC is a compatible electrolyte for LSCF electrodes. LSCF was prepared using the same 

conditions as mentioned above (screen-printing and sintering at 1050 °C for 1 h). A typical diagram of the 

GDC/LSCF reference cell is available in SI1. Table 2 gathers the YSZ conductivity (corresponding to the 

Rs of the YSZ/Pt cell) and LSCF polarization resistance values in the 400 - 700 °C temperature range. These 

values will be further considered as lower limit for Rs and Rp and any deviation from them for all the 

measured symmetrical cells will be considered as a result of a degradation caused by the preparation of the 

GDC interlayer, which is the only changing parameter among all cells. 
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Table 2: Reference values of the ionic conductivity, σi of YSZ (measured on YSZ/Pt cell)  

and of the polarization resistance, Rp, of the LSCF electrode (measured on a GDC/LSCF cell). 

 

Temperature (°C) 
σi YSZ (S·cm-1) 

YSZ/Pt cell 

Rp LSCF (Ω·cm2) 

GDC/LSCF cell 

400 1.42×10-4 22.7 

450 4.63×10-4 4.46 

500 1.33×10-3 1.06 

550 3.17×10-3 0.33 

600 6.77×10-3 0.12 

650 1.30×10-2 0.06 

700 2.16×10-2 0.03 

 

3.2.2 Symmetrical cells 

 Symmetrical cells including various GDC interlayers were measured by impedance spectroscopy 

between 700 °C and 400 °C. Figure 5 compares their impedance diagrams. At 500 °C, the diagrams mainly 

consist in two contributions, except for the cell with a GDC-Cu layer sintered at 1050 °C, which exhibits an 

additional contribution located between the two others. The high frequency contribution (f > 104 Hz) is 

related to the O2- diffusion at the grain boundaries of the electrolyte [51]. Its magnitude strongly varies from 

one cell to another, showing that the grain boundary contribution is dependent on the GDC interlayer nature. 

Indeed, GDC being a pure ionic conductor, it is also part of the electrolyte, therefore the grain boundaries 

within the GDC layer or at the YSZ/GDC interface also contribute to the O2- diffusion. The cells prepared 

with the infiltrated GDC layer shows the smallest grain boundary contribution, whereas the cell prepared 

with GDC-Cu sintered at 1050 °C shows the largest one. 
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Figure 5: Impedance diagrams of the various LSCF/GDC/YSZ/GDC/LSCF symmetrical cells recorded at 500 °C and 600 

°C (the area of the cells is 1.67 cm2). 

 

 The additional contribution located at mid-frequency (102 Hz < f < 103 Hz at 500 °C) in the case of 

GDC-Cu sintered at 1050 °C suggests that this specific layer probably induces transfer limitations at the 

GDC/LSCF interface where the electrical double layer is located; therefore, the resistance associated with 

this phenomenon increases. Possible assumption can be a low contact area between the GDC and LSCF 

grains, or the formation of a detrimental interphase, resulting from the presence of Cu. Such a contribution 

does not appear on the diagrams of the other cells, suggesting that in these cases the resistance associated 

with the double layer is low enough not to limit the cell performance. 

 The low frequency contribution (1 Hz < f < 10 Hz at 500 °C) is related to the oxygen electrode 

reaction [51]; it is rather similar for all cells except for the one prepared with a GDC-Cu layer sintered at 

1250 °C, for which the contribution is smaller. Such similarities would suggest that the GDC interlayer has 

a stronger influence on the series resistance (related to the pure ionic conductive area of the cell) than it has 

on the polarization resistance (related to the mixed conductive area of the cell provided by the LSCF 

electrodes).  

 To clearly visualize the influence of the GDC layer, both Rs and Rp values measured on both YSZ/Pt 

and GDC/LSCF reference cells (Table 2) were subtracted to those measured for each YSZ/GDC/LSCF 

symmetrical cells.  It allowed determining ΔRs and ΔRp values at 400 °C, 500 °C, and 600 °C, which are 

plotted in Figure 6. The polarization resistance is higher than that of the reference GDC/LSCF cell whatever 
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the preparation conditions of the GDC interlayer, suggesting that the optimization of the GDC preparation 

is still not fully achieved. The dispersion of ΔRp values between all cells is rather large at 400 °C, but become 

narrower when increasing the measurement temperature. At 600 °C all ΔRp values are similar except for the 

cell prepared with GDC-Cu sintered at 1050 °C, of which difference is due to the presence of the already 

quoted additional interfacial contribution (Figure 5), which is included in the total Rp. Those similarities 

suggest that the polarization resistance values are not directly related to the density of the GDC interlayer. 

Preferably, a careful attention must be taken on the reactivity between both layers, which can form 

detrimental phases. Indeed, Irvine et al. already discussed the paramount importance of interfaces in the 

performance of electrochemical devices such as SOFC or electrolyzers [52]. 

 

Figure 6: Comparison of ΔRs (filled squares – solid line) and ΔRp (hollow circles – dashed line) at 400 °C, 500 °C and 

600 °C for all cells, depending on the preparation method of the GDC interlayer. The values for the cells prepared with 

GDC-Zn sintered at 1080 °C are not represented because the electrode was partially delaminated after the measurements. 

The series resistances strongly depend on the considered layer. The infiltrated GDC layer prepared 

without sintering aid leads to a ΔRs value close to zero at all temperatures, meaning that no detrimental 

phase that could block the ionic diffusion is formed at the GDC/YSZ interface. For all cells prepared with 

a sintering aid in the GDC powder, the additional series resistance ΔRs is rather large. Even though ΔRs 

induced by GDC-Zn is still significant, the Zn addition seems less damageable for the series resistance than 

the Cu addition. Indeed, the three cells prepared with GDC-Cu starting powder show the highest ΔRs, 
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regardless of their density. The sintering temperature of GDC-Cu plays an important role on the ΔRs value 

but not in the expected manner. Indeed, the layer sintered at low temperature (1050 °C) leads to higher ΔRs 

value, whereas both GDC-Cu layers sintered at 1250 °C (infiltrated and not infiltrated) exhibit the same 

ΔRs. If the additional resistance comes from a chemical reactivity between YSZ and GDC, then ΔRs should 

increase with the sintering temperature. The opposite trend is observed. However, if the reactivity is 

correlated with the presence of Cu, then its possible evaporation at 1250 °C, as suggested in part 3.1.2, may 

explain why GDC layers are less reactive when sintered at 1250 °C rather than at 1050 °C, as a higher 

amount of Cu should remain in the layer. Chemical analyses of the interfaces by SEM/EDS do not bring 

any valuable information on the interface/interphase compositions because of its rather low resolution. A 

careful study with higher resolution tools such as TEM would be valuable to further support these 

observations. One could also think that the sintering aids can affect the conductivity of GDC, therefore 

increasing Rs. However, as shown by Nicholas and De Jonghe [18], the addition of sintering elements into 

GDC can only affect the conductivity positively, so the additional Rs cannot be explained by the sole 

resistance of the prepared GDC layer. 

 

Our study points out a key aspect concerning the use of sintering aids for improving the 

densification of GDC interlayers. The addition of metal species significantly enhances the sintering between 

GDC grains, and such enhancement is likely due to a modification of their surface chemistry that could 

lower the energy barrier to initiate the sintering process. The modification of the GDC grains surface 

reactivity decreases the sintering temperature of GDC, but this improvement comes with a major drawback: 

as the surface reactivity of GDC grains increases, the reactivity between GDC and YSZ increases as well. 

Then the formation of detrimental interphases may start at lower temperature for a GDC powder with 

sintering aids than it does for pure GDC powder. 

Sintering aids were initially considered for densifying GDC at lower temperature to avoid the 

reaction with YSZ. But the results reported here clearly show that the benefit brought by the sintering aids 

in terms of a decrease of the sintering temperature is completely counter-balanced by the increase of the 

chemical reactivity with YSZ, thus bringing back the initial problem encountered with pure GDC at higher 

temperature. Then, using sintering aids may not be the optimal way to prepare dense GDC interlayers. 

We suggest that the densification of GDC by infiltration of Ce/Gd solution without additional 

element is a very promising method, as it produces dense interlayers without increasing the series resistance 

of the cell. To validate the results obtained on symmetrical cells, the infiltrated GDC interlayer was 

integrated into a single cell, whose performance was measured. 
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3.2.3 Complete Single Cell measurements 

A single cell containing infiltrated GDC layer was prepared using a commercial Ni-YSZ/YSZ half-

cell, following the same protocol as for symmetrical cells. For comparison, a single cell using a commercial 

half-cell that already contains the GDC interlayer was also prepared. Figure 7 shows the i-V curves and 

impedance diagrams measured on both cells at 700 °C and 800 °C.  

 

 

Figure 7: i-V curves and power densities recorded on single cells (active area = 2 cm2) using infiltrated and commercial GDC 

at (a) 700 °C and (b) 800 °C; corresponding impedance diagrams recorded at 0.9 V at (c) 700 °C and (d) 800 °C. 

The cell containing the infiltrated GDC layer shows a substantially higher performance than the 

commercial one, the power density at 0.7 V being increased from 0.59 W·cm-2 up to 0.87 W·cm-2 at 700 °C, 

and from 1.30 W·cm-2 up to 1.82 W·cm-2 at 800 °C. This corresponds to a performance gain of 40-50 % just 

by changing the GDC interlayer. The maximum power density goes up to more than 1.3 W·cm-2 at 700 °C 

and can probably reach 2 W·cm-2 at 800 °C (experiments are limited by our set-up capabilities, 

I   2.5 A·cm-2). Such an improvement in the cell performance is consistent with the results reported by 

Choi et al. on cells with GDC interlayers infiltrated with a sol of GDC [30]. Although the results of both 

studies are similar, the preparation technique presented here is simpler and requires less steps, which could 

make it more interesting from an industrial standpoint. Therefore, densifying the GDC interlayer by nitrate 

infiltration is a highly promising method. 
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The impedance diagrams recorded at 0.9 V (Figure 7 c and d) for both cells and at both temperatures 

allow understanding the origin of such performance improvement. At 700 °C, both Rs and Rp are lower for 

the infiltrated GDC cell, whereas at 800 °C the main benefits come from the Rs decrease. Indeed, as the 

electrode kinetics are faster at sufficiently high temperature, the ohmic loss in the electrolyte becomes the 

limiting factor.  

The decrease of series resistance observed using the infiltrated GDC layer agrees with the results 

here obtained on symmetrical cells (part 3.2.2), clearly pointing out that limiting the GDC/YSZ reactivity 

is mandatory to improve the cell performance. The comparison of SEM cross-section images of both cells 

(Figure 8) further supports this observation. On the cell prepared with a commercial GDC layer the back-

scattered image (Figure 8d) highlights an inter-diffusion layer between GDC and YSZ. Such inter-diffusion 

layer probably corresponds to the formation of interphases with lower ionic conductivity resulting in an 

increase in series resistance [13]. On the cell prepared with an infiltrated GDC interlayer, the inter-diffusion 

layer is hardly visible, which is consistent with the lower Rs values. Moreover, the GDC/YSZ bi-layer is 

thicker in the cell with infiltrated GDC (≈ 8 µm) than in the cell with commercial GDC (≈ 5 µm), but the Rs 

is smaller anyway, which means that the interfacial reactivity between cell components has a larger impact 

on the resistance of the cell than their respective thicknesses. 

 

 

Figure 8: SEM cross section images of single cells including an infiltrated GDC layer (a, b) and a commercial GDC layer 

(c, d). Images (a, c) are recorded in secondary electron mode and (b, d) in back-scattered electron mode. 
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4 Conclusion 

This study aimed to evaluate two strategies to improve the densification of the GDC interlayer used 

in solid oxide fuel cells, which is mandatory to limit the Sr diffusion from the electrode toward the YSZ 

electrolyte. Two routes were compared here: using metal nitrates in the screen-printed layers as sintering 

aids or densifying a porous layer by infiltration. The action of sintering aids has first been evidenced by 

dilatometry measurements performed on pellets, then by SEM on screen-printed layers. The infiltration 

technique was applied on pre-sintered screen-printed layers. Both ways were evaluated in terms of 

microstructure of the layer and of electrochemical compatibility with the YSZ electrolyte and LSCF 

electrode. The main features highlighted here are: 

1) The sintering behavior of GDC pellets characterized by dilatometry is very different from the 

sintering behavior of screen-printed layers. 

2) Among Li, Zn, and Cu, the Cu addition leads to the highest densification of screen-printed layers, 

but the shrinkage of the layers is mechanically constrained by the YSZ support. 

3) Using sintering aids results in an enhanced reactivity of the GDC layers with the YSZ electrolyte, 

ultimately leading to large increase of the series resistances due to the formation of detrimental 

phases at the GDC/YSZ interface. 

4) The infiltration of Ce and Gd nitrates into pre-sintered porous GDC layers produces highly dense 

layers, showing that this way is a very promising route for densifying GDC interlayers. 

5) The infiltration route substantially limits the chemical reactivity between GDC and YSZ as 

compared to using sintering aids, which considerably limits the occurrence of additional series 

resistances. 

6) The single cell prepared with an infiltrated GDC interlayers exhibits performance 40 to 50 % higher 

than that prepared with commercial GDC layers. 
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Supplementary information 1: Impedance Diagram recorded at 500 °C on the GDC/LSCF reference cell 

(cell area: 1.67 cm2) 

 

 

 

 


