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Abstract

Solid oxide fuel cells (SOFCs) are electrical energy conversion devices with high efficiency and 
low pollution. In order to increase performances of SOFCs at intermediate temperature (700–
800 °C) and to decrease materials cost, an alternative sol–gel synthesis method has been 
investigated to deposit La1−xSrxMnO3+δ (LSMx) as cathode thin films. Polycrystalline LSMx thin 
films were prepared by dip-coating using a polymeric solution. Lanthanum, strontium and 
manganese nitrates were used as raw materials. The viscosity of the solution was adjusted and the 
solution was deposited on polycrystalline ZrO2–8% Y2O3 ceramics. Prior to experiments, the 
substrate surface was eroded until a roughness of 20 nm and then cleaned with ethanol and dried. 
Film thicknesses were adjusted with the number of layers. Porosity and grain size of monolayers 
or multilayers were evaluated. Typical thickness of monolayer is 250 nm. A key parameter in the 
multilayer process was the intermediate calcination temperature (400, 700 or 1000 °C) of each 
further layer deposition. A correlation between this intermediate temperature and morphology, 
thickness and porosity was found; porosity is ranging from 3 to 40% and thickness can reach 1 
micron for multilayers. Concerning electrochemical performances, the best results were obtained 
for LSM0.4 multilayers with an intermediate calcination temperature (called Ti) of 400 °C. 
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1. Introduction

Solid oxide fuel cells (SOFCs) are energy conversion devices with high efficiency (≈70%) and 
low pollution compared with conventional electric generation methods [1 and 2]. Nevertheless, in 
order to develop industrial applications of such systems, it is necessary to reduce their operating 
temperatures. Lowering SOFC operating temperatures allows a reduction of stack insulation 
requirements and increases cell life because of reduced thermal cycling stress. Now, the decrease 
of the working temperature is in part limited by the cells cathodic overpotentials. The increase of 
the interfacial resistances can be overcome by finding a new electrode material with high 
electrochemical reaction rate [3, 4, 5 and 6]. The difficulties due to lower interfacial resistances 
can be also solved by increasing the number of reactive sites at the interface. A solution is to 
prepare porous thin films of conventional LSMx oxides on dense electrolyte (YSZ). The aim of 
this paper is to optimize the microstructure of thin films of La1−xSrxMnO3+δ (LSMx with x 
strontium content) prepared by a polymeric route, which is a low cost synthesis method [7 and 8]. 
Indeed, it is now well established that the performances of LSMx-based cathodes deposited on 
YSZ pellets are affected not only by the chemical composition of electrodes but also by the 
microstructure of the electrodes [9, 10, 11 and 12]. Thin films with different microstructures and 
thicknesses were elaborated by varying the sol parameters (viscosity, dip-coating speed, etc.). 
Films morphologies are correlated with electric and electrochemical properties. Results allow a 
better understanding of cathodes electrochemical properties. Then, the advantages and the limits 
of such elaboration process will be discussed. 

2. Experimental

2.1. Thin films elaboration

Lanthanum, strontium and manganese nitrates were used as raw materials. Nitrates in the LSMx 
stoechiometric proportions were dissolved in acetic acid solution. Hexamethylenetetramine 
(HMTA) was dissolved in acetylacetone and acetic acid solution. These solutions were mixed 
together and the volume of the solution was adjusted to 400 mL by heating the solution at 80–
90 °C. The synthesis parameters of the polymeric solution (viscosity, cationic salts concentration, 
etc.), the substrate surface roughness and the deposition method were described in a previous 
paper [13]. After deposition, each layer was dried in a furnace at about 100 °C to remove residual 
solvents. For multilayers synthesis, the heat treatment was carried out in two stages: intermediate 
heating at different temperatures (Ti=400,700 or 1000 °C) for 2 h at a heating rate of 100 °C h−1 

followed thereafter by a final heating at a temperature (Tf) of 1000 °C. Each layer was heat-
treated at Ti before the next layer was coated. This process was repeated several times before final 
heating. The choice of the calcination temperatures (Ti and Tf) will be discussed in Section 3. 

To determine heat treatment conditions, the thermal decomposition of the gel under air was 
studied by differential thermal analysis (DTA) and thermogravimetric analysis (TGA). These 
analyses were made with a heating rate of 360 °C h−1 using a SETARAM 92B thermobalance 
(accuracy 10−4 g). 



X-ray diffraction (XRD) patterns were obtained using a Cu Ka radiation (SIEMENS D501) 
source to analyze the films structure. The crystallite sizes of the powders were determined from 
X-ray diffraction line broadening using the Scherrer formula [14]. 

Scanning electron microscopy was used to study the microstructure of LSMx films. Films 
porosity and grain sizes were evaluated from image treatment of scanning electron micrographs. 
The thickness of the coated films was measured by a profilometer (Zygometer). A step was 
created by mechanical abrasion. 

Transmission electron microscopy coupled with EDX analyses were used to study the 
substrate/thin films interface. 

2.2. Electrical and electrochemical characterization

Electrical properties of thin films have been studied with a four probes device (Fig. 1a). 

Fig. 1. Four probes device and three electrodes device for electrical (a) and 
electrochemical measurements (b). 

Electrochemical behavior of LSM0.4 films of different microstructures has been studied by 
means of impedance spectroscopy. Measurements were carried out on three-electrode 
electrochemical cells. A schematic of the investigated half cells is shown on Fig. 1b. The counter 
and reference electrodes were deposited by rf sputtering (Plassys) at room temperature on the 
reverse side of the YSZ substrate. A Pt grid, used as a current collector, was slightly pressed 
against the working electrode (LSM0.4 films). The current collection on both counter and 
reference electrodes was performed by using Pt wires pressed in contact on the sputtered layers. 
Impedance spectroscopy measurements were performed at open circuit potential, in air between 
600 and 800 °C. The electrode characteristics were recorded with an Autolab potentiostat–
galvanostat (Eco-Chemie) in the 104 to 10−3 Hz frequency range. The amplitude of the 
measuring signal was equal to 40 mV. 

3. Results and discussion

3.1. Determination of heat treatment conditions

The microstructure of thin films obtained by a sol–gel process is known to be sensitive to the heat 
treatment. Thus, it is very important to determine the heating conditions before the preparation of 
thin films. 



In this study, the heating conditions are determined by the decomposition behavior of LSM0.4 
dried gels and XRD analyses of dried gels calcined at various temperatures. 

The TGA and DTA results for the LSM04 precursors are shown in Fig. 2. The TG curve indicates 
a weight loss associated to the removal of adsorbed water and solvents from 100 to 270 °C. There 
is a large weight loss at 350 °C due to the decomposition of organic compounds of the precursor 
powder and this decomposition ends up at 400 °C. The exothermic peaks at 280 and at 350 °C 
related to the previous weight losses correspond to the decomposition of the dried gel. 

Fig. 2. TGA and DTA results for the LSM0.4 dried gel. 

XRD analyses are used to obtain more information on the decomposition behavior. The XRD 
patterns of the powders annealed at 400, 600, 700 and 1000 °C are shown in Fig. 3. A diffuse 
XRD pattern is observed at 400 °C, indicating the formation of an inorganic amorphous precursor 
after pyrolysis. For temperatures higher than 400 °C, the crystallization of the LSM0.4 perovskite 
phase begins. No intermediate phase is observed which suggests a direct crystallization from the 
amorphous phase. For a calcination temperature of 600 °C, several broad peaks appear. They can 
be attributed to the perovskite structure of LSM0.4 powders. However, when the calcination 
temperature increases, the peaks become much sharper, showing a better crystallinity of the 
powders. Good crystallinity is observed at a calcination temperature of 700 °C. The average grain 
size was determined from XRD patterns using Scherrer formula [14] and value is close to 35 nm. 
When the heating temperature increases from 700 to 1000 °C, the crystallite size of the LSM04 
powders increases from 35 to 145 nm, showing a grain growth process. 

Fig. 3. XRD patterns of LSM0.4 powders annealed at: (a) 400 °C; (b) 600 °C; (c) 
700 °C; and (d) 1000 °C. 

In order to define the final heating temperature, the film/substrate interface was studied by TEM 
analyses coupled with EDX analyses. In Fig. 4, transmission electronic micrography of the 
LSM0/YSZ interface heat treated at 1200 °C during 2 h in air is reported. As it can be seen, such 
heat treatment produces a new layer above the perovskite grains. Electronic diffraction diagram 



coupled with EDX analysis shows the presence of La2Zr2O7 phase (Fig. 4b). This insulating 
compound is well known to decrease the performances of the electrochemical system [15, 16, 17, 
18 and 19]. 

Fig. 4. (a) TEM micrograph of the interface between LSM0 and YSZ heat treated at 
1200 °C; (b) electronic diffraction diagram of C area; (c) EDX analyses at points A, B 
and C. 

According to TG and XRD analyses, three intermediate temperatures are chosen for the heating 
procedure during the multilayers synthesis. Whatever the intermediate temperature, according to 
film/substrate interface study, the final sintering temperature for multilayers is 1000 °C. Ti=400 °C 
is chosen because it corresponds to the end of the pyrolysis of organic compounds. Then, 
experiments were done with Ti=700 °C, because at this temperature, the powders are well 
crystallized. The average grain size is small and all organics have disappeared. To complete the 
study, Ti=1000 °C is also used. 

In the following section, the effect of the intermediate temperature will be studied on the 
microstructural properties (thickness, grain size and porosity) of the film. 

3.2. Thin films characterization

Multilayers of LSMx with x=0,0.2,0.4, and a number of layers (n) ranging from 1 to 5 were 
prepared. Three intermediate calcination temperatures Ti were used: 400, 700 and 1000 °C and 
whatever Ti, final temperature Tf is constant and equal to 1000 °C. 

In Fig. 5, is reported the effect of strontium on monolayers LSMx morphology (x=0,0.2 and 0.4). 
It can be seen that the higher the strontium rate, the smaller the particles size. This result is the 
same, whatever n. A comparison between the grains size and the thickness shows that the 
monolayers are constituted of a single grains layer. 



Fig. 5. SEM micrographs on three LSMx monolayers (Ti=1000 °C). 

In Fig. 6, are presented LSM0.4 multilayers (n=3 and 5) for three intermediate temperatures Ti. 
The grains size increases with n. The mean diameters (using about a hundred grains) and the 
porosity of the film were calculated in order to compare the effect of processing parameters on the 
film morphology. The results obtained are reported in Table 1 according to x, n and Ti. The 
thicknesses measured by optical profilometry are also reported in this table. 



Fig. 6. SEM micrographs of LSM0.4 multilayers. 

Table 1. The grain mean diameter, the thickness and the porosity of LSMx multilayers 
according to x, n and Ti 



For Ti=400 °C, the grains size strongly increases between n=1 and 3. For x=0.4, the mean grains 
size for n=1 is 180 nm and for n=3 is 330 nm. However, the porosity is quite the same, whatever 
n. This could explain linear evolution of thickness versus n. Indeed, the thickness of a five layers 
deposit (975 nm) is approximately equal to 5 nm×200 nm (200 nm is the monolayer thickness). 

For Ti=1000 °C, the films microstructure is very similar to the ones observed for Ti=400 °C. Only 
a slight increase of the grains size is obtained with n. Besides, porosity distribution is less 
homogeneous, particularly for high values of n. This phenomenon could be explained by a 
beginning of multilayers sintering for Ti=1000 °C. Indeed, for Ti=1000 °C, multilayers were heat 
treated at 1000 °C several times (corresponding to the number of layers). 

For Ti=700 °C, the main difference is an important decrease of films porosity with the number of 
layers. This densification is more important for x=0 than for x=0.4. For example, a five layers 
deposit is 15% porous for x=0.4, but is only 3% porous for x=0. Consequently, it is important to 
notice that this treatment leads to thinner films than the previous ones (Ti=400 or 1000 °C). In this 
case, the evolution of films thickness is not linear with n. 

Morphology of final oxides allows an understanding of nucleation and growth steps mechanisms 
of LSMx. Mechanical abrasions show that grains anchorage to the substrate only begins at about 
800 °C. So, a germination process beginning at the film/substrate interface can be excluded. In 
addition, the growth of the first crystallites is advantaged beside the formation of new crystallites. 
Indeed, monolayers consist of a single grains layer. The important porosity of films synthesized 
by polymeric route is usually linked to the high quantity of organic compounds evaporated during 
calcination. In our case, it seems rather due to the grain growth. Indeed, this effect limits the 
elimination of the porosity during the final sintering. 

For Ti=700 °C, a densification is observed with n because this intermediate temperature is high 
enough to allow crystallites formation. However, it does not allow the crystallites growth. Then, 
during the final heating, the high number of crystallites present in the film allows a better volume 
densification. 

3.3. Electrical characterization

The electrical tests have been performed in order to evaluate the samples elaborated by sol–gel 
process having the best conductivity. 

3.3.1. Effect of film thickness on conductivity

The influence of the thickness (or n) on conductivity is studied and results are reported in Fig. 7. 
The activation energies and the conductivities at 800 °C, obtained by an extrapolation at high 
temperatures, for LSMx films with x=0.4, n=1,3, and 5, are presented in Table 2. The electrical 
conductivity calculated at 800 °C for monolayer is smaller than for multilayers (for the 
monolayer: σ=1.5 S cm−1, for the multilayer with n=3: σ=15 S cm−1). The activation energy for 
monolayer (0.24 eV) is bigger than the one observed for multilayer (0.14 eV). Different 
interpretations can be proposed: (i) thickness of a monolayer is too small to be characterized by a 
four probe device; (ii) the grain monolayers percolation is very poor; (iii) the grain size for a 
monolayer (grain size diameter=180 nm) is smaller than that of multilayers (330 nm for 
n=3,350 nm for n=5). 

Fig. 7. Electronic conductivities as a function of temperature for LSM0.4 thin films 
for (a) n=1; (b) n=3; (c) n=5. 



Table 2. Activation energy and electrical conductivities at 800 °C for LSM04, n 

multilayers, Ti=400 °C  

A comparison of the activation energy and the electrical conductivity for multilayers shows that 
there is no film thickness dependence on the electrical properties for films thicker than 600 nm. 
The conductivity at 800 °C for n=3 and 5 is the same, 15–16 S cm−1. A microstructural study 
shows that the grain size is not very different for n=3 and 5. The difference in activation energy 
and conductivity between monolayer and multilayers seems mostly due to a poor grain 
percolation for monolayer. Furthermore, similar results of conductivity for multilayers show that 
there is no improvement of grains percolation beyond films thicker than 600 nm (n>3). However, 
the conductivity at 800 °C of LSM04 thin films is lower by a factor of 10 to the value of LSMx 
polycrystalline ceramic sample (σ varies between 100 and 200 S cm−1, according to the strontium 
content [20, 21, 22 and 23]). These results suggest that the conductivity of our thin films is mostly 
determined by the conductivity of grain boundary (grain boundary effect). 

3.3.2. Effect of strontium content on conductivity

For n=3, the effect of strontium content on electrical properties is studied and results are reported 
in Fig. 8. The activation energy and the conductivity at 800 °C, for LSMx films with x=0,0.2 and 
0.4 are reported in Table 3. The polaron theory describes the electrical conduction in this 
perovskite oxides. It predicts a maximum of conductivity for a number of Mn3+/Mn4+ couples 
maximum. This value can be calculated by the following ratio: [Mn3+][Mn4+]/([Mn3+] + 
[Mn4+])2. The maximum of couple is observed when [Mn3+] = [Mn4+], and when 
r=[Mn3+]/[Mn4+]=1. The study of the stoechiometric level δ in these oxides [24] shows that the r 
ratio is close to 1 whatever the strontium content (0<x<0.4). For small strontium contents, a value 
of r close to 1 is explained by a high stoechiometric level δ [24]. In our samples, the conductivity 
increases with the strontium content as expected and the best result is observed for x=0.4. 
However, the increase in the conductivity is very important, and a change in the conductivity by a 
factor of 10 is observed between x=0 (σ=1.5 S cm−1) and x=0.4 (σ=15 S cm−1). Thus, it seems 



that the conductivity depends on both the number of Mn3+/Mn4+ couples and the materials 
microstructure (grain size, porosity and thickness [25]). 

Fig. 8. Electronic conductivities as a function of temperature for LSMx thin films with 
n=3 for (a) x=0; (b) x=0.2; (c) x=0.4. 

Table 3. Activation energy and electrical conductivities at 800 °C for LSMx multilayers with 

n=3, Ti=400 °C  

3.4. Electrochemical characterization

For electrochemical measurements, we consider the half-cell constituted by the substrate, the 
electrode and the current collector. The aim of this study is to evaluate by impedance 
spectroscopy the microstructure influence on the electrochemical properties of cathodes 
elaborated by sol–gel process. All impedance experimental spectra are normalized by the 
electrode/electrolyte contact surface unit. In terms of technological applications, perovskite-based 
materials used as a cathode in SOFC, must fulfill different criterions. In particular, electrolyte and 
overpotential resistances lower than 0.2 and 1 W cm2, respectively, at 850 °C are expected in 
order to increase the performances of these electrochemical systems [26 and 27]. 

The electrochemical behaviors of the multilayers electrodes (with n=3 and 5, for Ti=400 °C) are 
compared to the behavior of a monolayer electrode prepared in the same conditions. Whatever the 
electrode microstructure, the experimental electrode impedance diagrams are composed of 
overlapping contributions, as shown in Fig. 9. First, the electrode characteristics can be 
interpreted as resulting from two contributions. The magnitudes of which seem to depend on the 
electrode microstructure. At this stage, no interpretation is proposed to explain the influence of 
the processing parameters upon the electrode reaction mechanism. The determination of the 
elementary steps of oxygen reduction is outside the scope of this paper. Nevertheless, the results 
are interpreted in two dimensions: the high frequency resistance RHF deduced from the high 
frequency intercept of the electrode characteristic on the real axis (in the Nyquist plane) and, the 
overpotential resistance Rp calculated from the difference between the dc resistance of the half-



cell and RHF. Rp is representative of the electrochemical process involved in the oxygen reduction 
reaction and thus of the electrochemical performances of the electrode material for a well defined 
microstructure. 

Fig. 9. Impedance diagram at 800 °C of a LSM04 monolayer with Pt grid as current 
collector. 

In the case of a monolayer electrode, the resistive contributions are too high compared to what 
was expected. At 800 °C, these resistances, RHF and Rp, are equal to 80 and 180 W cm2, 
respectively. Regardless of the thickness of the investigated electrodes, the large overpotential 
resistance may be viewed as resulting from a non-uniform current distribution along the porous 
electrode/electrolyte interface [28]. Fleig et al. [29] have also demonstrated that the current 
constriction at the electrode/electrolyte interface can contribute to the low frequency part of the 
electrolyte impedance diagram. At least, a part of the additional electrolyte resistance can raise 
overlap the true electrode impedance and can misleadingly be taken into account in the electrode 
polarization measurements. It is worth noting that the current constriction resistances are expected 
to be determined by the electrolyte [30]. In the case of a current constriction at the 
electrode/electrolyte interface, Sasaki et al. [31] also observed an increase in the measured 
electrolyte resistance. They related the large cathodic polarization (depending on the 
microstructure of the electrodes) to a small connection between LSMx grains. 

The origin of the total ohmic loss in a half-cell is the resistance of both the cathode and the 
electrolyte. Assuming that the electronic conductivity of the electrode layer is sufficiently high, 
the ohmic loss in the cathode is negligible in the chosen cell configuration. The temperature 
dependence of RHF is not exactly similar to that of the YSZ substrate (Fig. 10). For instance, the 
evolution of the high frequency resistance as a function of temperature is not linear within the 
studied temperature range. Moreover, a thermal hysteresis is detected during heating and cooling 
cycles. The results suggest that the large RHF value is not likely to be due to an inhomogeneous 
current density distribution. In addition, one should consider a term relative to the electrode 
microstructure. The amplitude and the behavior of the impedance spectra are influenced by the 
nature of the contact of the current collector with the working electrode (Fig. 9 and Fig. 11). The 
Pt grid current collector gives lower results than the Pt coating. The ohmic and polarization 
resistance are then lower: RHF=1.5 W cm2 and Rp=1.2 W cm2 at 800 °C. The magnitude of the 
overpotential resistance of LSM-based cathodes still depends on the nature of the current 
collector [32]. Nevertheless, the frequency distribution of the electrode characteristics does not 
significantly vary. The evolution of the frequency distribution of the electrode impedance, when 



the surface coverage of the current collector is changed ( Fig. 11), suggests that the improvement 
of the electrochemical properties of thin films does not originate only from an increasing number 
of active reaction sites. In this system, the processes involved in the electrode reaction are 
different. Whatever the elementary electrochemical steps, these results indicate that the 
significance of the contact resistances associated with the electrode coating and the current 
collector is in agreement with previous data [31]. The lower the contact surface area of the current 
collector, the higher the overpotential resistance. Good electrochemical performances are 
obtained when the surface of the current collector with the working electrode is the highest. In the 
case of a Pt grid, the monolayer electrodes have a low transversal electrical conductivity which 
limits the electrochemical performances. In the recent technology (cross flow, for example), the 
current collector presents a low contact surface with the cathode. Accordingly, a Pt grid was used 
to characterize the electrochemical behavior of multilayers. 

Fig. 10. Temperature dependence of RHF for (a) heating cycle and (b) cooling cycle. 

Fig. 11. Impedance diagram of a LSM04 monolayer with Pt coating as current 
collector. 



Fig. 12 shows the impedance spectra for multilayers with n=3 and 5, measured at 800 °C. As it 
can be seen, for Ti=400 °C, the electrochemical performances of multilayers are higher than the 
one observed for monolayer with the same strontium content. The evolution of the resistance with 
the temperature shows that the electrical conduction limits the electrochemical performances. 
This result agrees with the electrical measurements. The electrical conductivity is higher than the 
one observed for monolayer. In conclusion, the increase in particles percolation of LSMx films 
allows for an increase in the electrical and the electrochemical performances of the cathode. 
However, the polarization resistance is still too high for industrial applications. 

Fig. 12. Impedance diagrams of LSM04 multilayers, with Ti=400 °C, for (a) n=3 and 
(b) n=5.

The influence of Ti on the polarization resistance measured at 800 °C was studied for three layers. 

The values are 5, 35 and 9 W cm2 for Ti=400, 700 and 1000 °C, respectively. The results are 
comparable for Ti=400 and 1000 °C. This could be explained by the microstructure. Indeed, the 
particles size, the porosity and the thickness are very similar for these two intermediate 
temperatures. However, for Ti=700 °C, an increase in both the ohmic and polarization losses are 
observed mainly due to a lower porosity. It is worth noting that the ratio of Rp to RHF is nearly 
the same whatever the microstructure (and thickness) of the film. At 800 °C, the values of the 
high frequency resistance are 2, 11 and 3 W cm2 for Ti=400, 700 and 1000 °C, respectively (Fig. 
13). For Ti=700 °C, the resistances RHF are higher than for other Ti, whereas the porosity in this 
film is the lowest. This result seems to prove that the contact surface area, in this last case 
(700 °C), is lower than for the other cases (400 and 1000 °C). This fact suggests that the current 
limit still probably governs the impedance response and that a sufficient percolation of LSMx 
grains is required to decrease both the ohmic and polarization losses. But we can add that the 
larger polarization resistance (for Ti=700 °C) could also be partly due to a decreasing density of 
the active reaction sites. 



Fig. 13. Impedance diagrams of LSM04 multilayers, with n=3, for (a) Ti=400 °C; (b) 
Ti=1000 °C; (c) Ti=700 °C. 

4. Conclusion

The synthesis parameters of LSMx films have been studied through a polymeric route. It was 
clearly demonstrated that the final heating temperature of the films coated on YSZ substrates 
should not be over 1000 °C. Indeed, above this temperature, formation of La2Zr2O7 phase occurs 
at the film/substrate interface. Multilayers synthesis allowed us to control films thickness. Films 
morphology have been modified by changing the intermediate calcination temperature (Ti) used 
in the multilayers synthesis. Three Ti were used. For LSM04 and for Ti=400 °C, the five layers 
deposit is 34% porous, but is only 15% porous for Ti=700 °C. Whatever Ti, via this polymeric 
method, thin films were synthetized with thickness ranging from 200 to 1000 nm and with a 
nanometric grain size distribution. A nanometric grain size distribution when coupled with an 
important micro-porosity allows for the presence of a high number of active reaction sites. 

The films composition, thickness and morphologies were correlated to the electrical and 
electrochemical properties. The electrical conductivity measurements made on a three layers 
deposit, with Ti=400 °C, for x=0,0.2 or 0.4, showed that the most important conductivity is 
obtained for LSM04. Then, the electrochemical measurements were focused on this composition. 
Thin films with different thicknesses and morphologies were characterized by impedance 
spectroscopy. The influence of Ti was studied and the best results were obtained for Ti=400 °C. 
Next, the influence of the number of layers (n) was studied on films elaborated with Ti=400 °C. 
Monolayers were shown to present bad electrochemical properties because of their low electrical 
conductivities. Multilayers, with n=3 or 5, have similar performances. For Ti=400 or 1000 °C, i.e. 
in case of suitable Pt grid current collector contact, the polarization resistances at 800 °C are 
about 3–5 W cm2. But the point to underline, for such porous layers, is that the current collection 
process on cathodes surface seems the key parameter for using these cathodes into industrial 
stacks. 
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