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Lowering the operating temperature of solid oxide fuel cell (SOFC) devices is one of the major challenges limiting the industrial breakthrough of this technology. In this study we explore a novel approach to electrode preparation employing amorphous cathode materials. La0.8Sr0.2CoO3- dense films have been deposited at different temperatures using pulsed laser deposition on silicon substrates. Depending on the deposition temperature, textured polycrystalline or amorphous films have been obtained. Isotope exchange depth profiling experiments reveal that the oxygen diffusion coefficient of the amorphous film increased more than four times with respect to the crystalline materials and was accompanied by an increase of the surface exchange coefficient. No differences in the surface chemical composition between amorphous and crystalline samples were observed. Remarkably, even if the electronic conductivities measured by the Van Der Pauw method indicate that the conductivity of the amorphous material was reduced, the overall catalytic properties of the cathode itself were not affected. This finding suggests that the rate limiting step is the oxygen mobility and that the local electronic conductivity in the amorphous cathode surface is enough to preserve its catalytic properties. Different cathode materials have also been tested to prove the more general applicability of the amorphous-cathode route.
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Introduction  

Research into renewable energy sources is currently focussed on finding a breakthrough solution to the increasing demand for clean energies. Solid oxide electrochemical cell studies are increasingly focusing on two different directions: reducing the operating temperature of the solid oxide fuel cell (SOFC) and studying new materials for high temperature electrolyser devices. Generally, the electrolyte and electrode materials for SOFC applications are crystalline metal oxides because the technologically important temperature range has traditionally been between 700-1000 ⁰C. In other research fields, such as electronics, the use of amorphous metal oxide materials has been explored for many decades with remarkable results.1-8 For example, to fulfil the commercial demand for transparent electronic devices on flexible substrates, Nomura et al. firstly found in amorphous semiconductor oxides a good alternative to hydrogenated amorphous silicon (A-Si:H) and organic semiconductors.9 A-HfO2, A-ZrO2, A-TiO2, A-In2O3, A-Ga2O3, A-Al2O3 and A-Cu2O amorphous metal oxides (AMOs) have been studied as possible candidates for a wide range of applications such as high-k dielectrics,1,2 non-volatile memories,3-5 flexible-transparent electronics,6,7 and solar cells.8 Until now very little work has been done regarding fully-amorphous metal oxide materials in the SOFC field since the device operational conditions would have been incompatible with a stable amorphous metal oxide state and a detrimental large reduction of the mixed ionic electronic conductor (MIEC) electronic conductivity would also have been expected. In a future 

prospective, the “next generation” Low Temperature Solid Oxide Fuel Cells (LT-SOFC) will operate in the range from 400 ⁰C to 650 ⁰C.10 As pointed out by Gao and co-workers, lowering the operational temperature of SOFC devices as well as reducing the technological cost of the cell itself, would also benefit its use in reversible mode for energy storage promoting, for example, the H2O–CO2 co-electrolysis towards CH4 production. In our study, we explored the possibility of employing amorphous cathode materials in LT-SOFC applications. It is important to highlight two interesting works: the first by Janushewsky et al. that observed how the decrease of the La0.6Sr0.4CoO3- (LSC6040) film crystallinity, when employing a low PLD-deposition temperature, was linked with a strong increase of the electrochemical oxygen exchange rate;11 the second by Evans et al. who have recently reported how a partially amorphous La0.6Sr0.4CoO3- cathode can be successfully employed in -SOFC achieving significant power density at temperatures as low as 400 ⁰C.12 In the present work we have analysed in depth the effect of the amorphisation of the La0.8Sr0.2CoO3- (LSC8020) cathode material on the surface oxygen reduction and diffusion properties using the Isotope Exchange Depth Profiling (IEDP) technique.13-14 A first hypothesis to explain the unexpected behaviour of the Amorphous Mixed Ionic Electronic Conducting (A-MIEC) materials has also been proposed.

Results and Discussion

Films of around 300 nm thickness have been prepared at different deposition temperatures: Room Temperature (RT), 200, 400, 500, 550, 600 and 750 ⁰C by Pulsed Laser Deposition (PLD) on Si (001) single crystals.
Deposition conditions can be found in the methodology section. From the X-ray Diffraction (XRD) characterization of LSC8020, textured-polycrystalline films have been obtained for all the samples grown at different PLD deposition temperatures except for those prepared at a nominal temperature lower or equal to 400 ⁰C. These samples do not present any crystallinity within the detection limit of our diffractometer as shown in Fig.1 (a); the reflection at 69 o two-theta is attributed to the silicon single crystal (004) plane. The XRD intensities have been presented on a logarithmic scale to emphasise the background. The black pattern corresponds to the sample grown at a nominal temperature of 750 ⁰C. The (001), (011), (111), (002), (112) and (013) reflections correspond to a cubic structure. Strong (00ℓ) and (hkℓ) reflections appear in the XRD patterns suggesting an out-of-plane LSC8020 preferential growth for the samples deposited at T > 400 oC. Transmission Electron Microscopy (TEM) analysis of the sample deposited at 400 oC has been performed to confirm the amorphous nature of the LSC film at low deposition temperatures. In addition this analysis will also identify the presence of any porosity in the film.Fig. 1  (a) XRD θ/2θ-scan of 300 nm LSC8020 PLD dense cathode films. (b) AFM 10x10 m2 area analysis of 300 nm LSC films grown on silicon substrates. (a) The green pattern corresponds to the amorphous LSC8020 film grown at 400 ⁰C. Black pattern belongs instead to the crystalline film grown at 750 ⁰C. The XRD reflections of the latter reveal a LSC8020 preferential oriented growth. (b) The samples presented here have been deposited in the temperature range from 400 ⁰C to 750 ⁰C by PLD. The bright lines on the surface correspond to corrugations on the film surface.

The density of the material is expected to change on passing from the amorphous to the crystalline state. Due to the small amount of deposited LSC8020 material, the use of the X-ray diffraction method to evaluate the film density has been chosen. X-ray reflectivity, normally employed to characterize the thin film thickness, could also provide information about film surface roughness and film density by fitting a simple physical model based on the Fresnel reflectivity equation.15 In the case of the mass density, ρ, calculation the model is the following:


where λ is the X-ray wavelength, r is the electron radius, Z is the atomic number, Na is Avogadro’s number, A is the mass number and Өc is the critical angle.15 A clear decrease of the film density for the amorphous sample grown at 400 ⁰C has been observed by fitting the X-ray reflectivity data using commercial reflectivity software from PANalytical.16 From the critical angle of the reflectivity analysis the amorphous film (5.54 g·cm-3) was found to be around 12 % less dense than the crystalline film (6.33 g·cm-3).
The surface topography of the LSC films has been characterized by Atomic Force Microscopy (AFM). As expected, the LSC8020 thin film surface roughness decreased with the reduction of the deposition temperature; from a root mean square of roughness (rms) of 4.8 nm for the sample grown at 750 ⁰C to an rms of 0.3 nm for the amorphous film grown at 400 ⁰C, Fig.1 (b). In the AFM topography images, the brighter colour relates to a higher surface; the lines on the film surfaces correspond to a film deformation occurring during the cooling step in the PLD film preparation. This phenomenon is associated with the different thermal expansion coefficients of silicon with respect to the LSC8020 perovskite material, see supplementary information (SI). The surface defect density was found to be inversely proportional to the PLD deposition temperature. From an AFM profiling analysis the defects correspond to deformed material areas that were raised from the film surface during the PLD cooling process and caused by the strong compressive forces the film is subjected to, (SI). As discussed later these deformed areas have a detrimental effect on the oxygen diffusion but do not affect the overall conclusion of this work.

Surface and sub-surface chemical composition thin film characterization

The LSC8020 films have been analysed by Low Energy Ion Scattering (LEIS). This unique and powerful technique can be used to determine the chemical composition of the outermost 
atomic layer. For more information about the LEIS technique readers are referred to the supplementary information (SI). Using the primary analysis-beam and a 0.5 keV argon sputter ion gun it is possible to chemically depth profile the first 0-10 nm of the sample surface layers. The detected back-scattered ion intensities are directly proportional to the amount of each chemical species covering the surface. Four samples prepared at 400, 500, 600 and 750 ⁰C have been depth profiled by LEIS. No chemical cleaning of the surface was performed before the analysis to avoid altering the surface chemical composition. The normalized intensities of each cation (Co, Sr and La) have been plotted as a function of the Ar sputtering dose (normalized by the total cation intensity) (SI). A higher Ar dose corresponds to the chemical analysis of a deeper film layer. The intensity of each element increased slightly during the first argon sputtering Fig. 2 LEIS analysis of the 300nm LSC films. Four samples prepared at 400, 500, 600 and 750 OC have been depth profiled by LEIS at the same analysis conditions: primary beam 3 keV He+ and sputtering beam 0.5 kev Ar+. Each of the different cation species intensity, cobalt, strontium and lanthanum, has been normalised and the composition calculated with respect to the ‘’bulk-surface’’ intensity. In the x-axes the total argon sputtering dose is shown: 0 ions/cm2 corresponds to the sample very top-surface. Horizontal dotted lines, blue, black and red indicate the nominal stoichiometry composition for Sr, La and Co respectively.

cycle as the surface carbon, covering the sample, was sputtered away. The fitting error related to the first two depth profiling scans, when the surface is still partially covered by carbon, is very high and for this reason have not been considered. Each element intensity reached a plateau at a certain depth from the outermost surface. Assuming that the material 4 nm from the top surface, has the nominal stoichiometric composition, and in the absence of argon preferential sputtering, this plateau value can be used as an internal calibration to calculate the element concentration at any particular depth. In Fig.2 each elemental composition has been plotted as a function of the total argon sputtering dose. Comparing the results obtained from samples prepared at different deposition temperatures, the elemental composition profiles are very similar. Overall it can be concluded that the chemical top surface composition of the four samples is comparable. SRIM software has been employed to simulate the sputtering rate during the analysis conditions, giving a value of 2.2 x 10-16 nm /atoms·cm-2.17 Looking at the film surface (zero position of the x-axis), a change in the LSC chemical composition with respect to the bulk (around 4 nm from the atomic-surface) is observable. The surface depletion of lanthanum and the increase of strontium signals are mostly correlated: strontium segregates to the surface substituting the lanthanum in the LSC crystallographic structure. In similar perovskite materials such as La1-xSrxMnO3 and La0.6Sr0.4CoO3-, Sr replacing the La on the A-site of the surface has already been reported.18-20 Cobalt instead, lightly depleted at the outermost top-surface quickly reaches an over-stoichiometry of around 20 % in the sub-surface. In the first nanometre from the surface a small excess of strontium not related to lanthanum depletion has also been observed. This excess may be in the form of SrO, Sr(OH)2 or SrCO3. As has been previously reported,21-27 the surfaces of strontium-doped perovskites are enriched with Sr when the films are thermally annealed for several hours. This segregation process is thermally activated and the strontium preferentially moves through the grain boundaries as observed by Kubicek et al..27 LEIS analysis of the LSC8020 thick film samples confirms the strontium enriched surface. Nevertheless, in this study the strontium top-surface segregation does not appear to be related to the PLD deposition temperature. This enrichment seems to be related to the surface chemical stability under the employed PLD deposition conditions. Most of the studies regarding Sr segregation have been performed at a constant temperature for long periods of time, and so near to the thermodynamic equilibrium. On the contrary, PLD deposition, especially when employing a high repetition rate, is mostly driven by kinetics. In addition, as shown by Niania et al.,28 even in a thermodynamically controlled segregation process, the gas atmosphere has an important role in governing the segregation rate, which is accelerated in the presence of water. Cai et al. measured by X-ray photoelectron spectroscopy (XPS) a change in the surface composition of as-grown LSC6040 films and related it to the PLD deposition temperature.23 However, two main differences with the present work should be underlined: the first is the Sr dopant content, double with respect to the LSC8020 phase and secondly the ten times higher base pressure employed in the PLD deposition that could have an effect on the strontium segregation process. In addition, in our experimental set up, the films are directly cooled down after deposition remaining at high temperature for a very short amount of time (see methodology). The short cooling step, where thermodynamics dominates the strontium segregation process is too short to produce any differences in the film surface composition. A complete study of the atomic surface composition of the LSC film is far from the objective of this publication and needs further investigation. The key factor is that the surface chemical composition does not change with respect to the PLD deposition temperature and no difference in the LSC8020 surface catalytic properties should then be expected.
Fig. 3 TEM cross section analysis. Comparison between one amorphous ALSC sample grown at 400 ⁰C and a crystalline one deposited by PLD at 750 ⁰C (a,b), (c). The bright layer between the silicon substrate and the LSC film is SiO2 that forms during the substrate heating in the PLD chamber. The SiO2 thickness is directly correlated to the PLD deposition temperature. (d) SAED analysis of the amorphous film; (e) and (f) corresponds to SAED analysis of the crystalline sample.

Crystallinity study by Transmission Electron Microscopy (TEM)

To confirm the amorphous nature of the sample prepared at 400 ⁰C, TEM analysis has been performed. For comparison, one of the well-crystallized samples (750 ⁰C) was also analysed by TEM. The selected area electron diffraction pattern (SAED) of the textured crystalline film (750 ⁰C sample) together with the Si substrate is presented in Fig.3. A SiO2 thin film is present at the interface between the silicon substrate and the LSC film. This layer forms during the heating stage in the PLD deposition chamber and its thickness is proportional to the deposition temperature as seen by comparing Fig.3 (a) and (c). The d-spacings labelled (1) and (2) correspond to 0.38 and 0.27 nm, matching the (001) and (011) reflections of the La0.8Sr0.2CoO3- phase respectively, Fig.3 (e,f). In contrast, the sample grown at 400 ⁰C did not show any textured behaviour, but only a single polycrystalline ring with d-spacing of 0.30 nm which is not characteristic of the La0.8Sr0.2CoO3- phase, Fig.3d. The plausible compound that might be formed is SrO (d111 = 0.30 nm).29 Semi-quantitative energy dispersive X-ray spectroscopy (EDS) showed an overall composition of the film close to the nominal one. The fact that polycrystalline SrO is not detectable by XRD and that the 400 ⁰C sample composition is very close to the well crystallized sample, suggests that any SrO has a very small grain size and is homogenously distributed in the film thickness, consistent with the broad width of the polycrystalline ring pattern. Considering the general aim of this work the presence of nano-crystalline SrO inside an amorphous LSC8020 phase does not represent a limitation. The strontium oxide formation in fact is generally considered detrimental for the catalytic activity of the LSC phases.18 From the TEM images of the amorphous ALSC8020 film, Fig.3 (a,b), we can exclude the presence of macroscopic porosity in the sample. 

LSC films -Raman spectroscopy

When a material crystal size shrinks to the nanometric level, Raman spectroscopy is capable of distinguishing between the amorphous and crystalline state much more precisely than the X-ray diffraction experiment commonly performed. Below a certain grain size, in fact, the broadening of the diffraction peak related to the small size merges with the background, meaning that distinguishing between truly amorphous materials and small crystallites is difficult. The Raman spectrum of a 300 nm thick LSC8020 cathode material deposited on Si provides further supporting evidence for the amorphous nature of the perovskite, Fig.4 (a,b). Two key features support this analysis; firstly the presence of only the crystalline silicon peak at 520.7 cm-1 and secondly the presence of a broad amorphous hump between 300 cm-1 and 700 cm-1 indicating the presence of an amorphous phase throughout the material. Mapping over a 25 x 25 μm2 area showed no significant variation in the signal indicating that the surface was highly homogenous.
Oxygen-18 isotope exchange experimentsFig. 4 -Raman spectroscopy analysis. (a) Raman spectra of a sample of ALSC-8020 produced on a Si/SiO2 substrate, showing the appearance of only the crystalline silicon peak at 520.7 cm-1; (b) Raman intensity map of the main perovskite peak at 670 cm-1 reported in literature, no crystallinity is observed.
Fig. 5 Isotope exchange depth profile experiments (IEDP). D* and k* values for LSC 300 nm thick samples that have been isotopically exchanged in an 18O2 enriched atmosphere under the same conditions (400 ⁰C for around 15min). The black dot represents the reference value for bulk LSC8020 extrapolated from De Souza et al..31


Before performing oxygen isotopic exchange, the LSC8020 films were equilibrated in dry pure oxygen (with a natural abundance of oxygen-18) for more than ten times the time required for the isotopic exchange experiment at 400 °C. This extra step is required to thermodynamically equilibrate any possible oxygen defects present in the film and to avoid oxygen chemical diffusion. The isotope exchange temperature was maintained at 400 ⁰C for all the experiments and the exchange time in 90% 18O2 enriched atmosphere was maintained at around 15 minutes. After the exchange at 400 ⁰C the samples were quenched to room temperature and the oxygen diffusion profiles collected by FIB-SIMS analysis. Our FIB-SIMS allows the selection of the analysis area by SEM imaging, therefore avoiding the higher density defect surfaces in the data collection. In the case of the sample treated at 750 ⁰C this was unavoidable since the deformed patterns were too small, with features of 2x2 m2. The normalized 18O diffusion signal from the surface to the silicon substrate was then fitted using the sheet-solution to the diffusion equation to extract the values of the oxygen surface exchange coefficient (k*) and the tracer diffusion coefficient (D*). For each sample, from six to eight measurements in different sample areas were collected. To analyse these large amounts of data the TraceX script developed for running in the Matlab environment was employed.30 In Fig.5 D* and k* values have been plotted as a function of the PLD deposition temperature. The calculation of errors associated with these measurements is discussed in the supplementary information. With the aim of comparing our results, k* and D* values extrapolated for an exchange temperature of 400 ⁰C from the IEDP study of polycrystalline bulk LSC8020 by De Souza et al.31 have been added to the figures (black dots). In the case of the diffusion coefficient (D*), Fig.5 (a), the values obtained for the samples PLD-grown at 500 ⁰C and 600 ⁰C (18O exchanged at 400 ⁰C) were of the same order of magnitude as those extrapolated from De Souza’s work The LSC8020 film grown at 750 ⁰C instead presents a lower value of D*. This sample possesses the highest density of surface stress-induced defects, Fig.1 (b). A lower D* value for this particular sample confirms that the surface defects are not open surface cracks (open from the surface to the substrate). A cracked surface would have allowed the isotopically enriched gas to penetrate inside the film matrix producing an overestimation of D* and k* values. Instead, the strongly compressed film area, reduces the overall oxygen-18 isotope diffusion, with a similar mechanism as the one observed in epitaxial cathode thin films under compressed strain. Surprisingly when the film crystallinity decreases into the amorphous state, the D* value increased by several times compared with the crystalline one. 
To evaluate the effect of an even lower deposition temperature, a 300 nm LSC8020 film was grown at 200 ⁰C by PLD and isotopically exchanged in the same conditions. The measured D* is very close to the value observed for the amorphous LSC film deposited at 400 ⁰C. This seems to indicate the achievement of a maximum oxygen diffusivity plateau once the amorphous state is acquired. The clear increase of oxygen diffusivity could be related to the decrease of the La0.8Sr0.2CoO3- material density and it will be discussed later in more detail. In Fig.5 (b) the surface exchange coefficients are presented. The k* behaviour similarly increased with the reduction of the PLD deposition temperature. In the same way, the surface exchange coefficients of the samples deposited at higher temperature are close to the k* value extrapolated from De Souza’s work.31 The oxygen self-diffusion coefficient D* can be described as follows:


where [𝑉𝑂∙∙] is the oxygen vacancy concentration, 𝑓𝑐 is the correlation factor for the crystal structure and typically considered to be 0.69 for perovskite type materials,32 𝐷𝑉 is the oxygen vacancy diffusion coefficient, k is the Boltzmann’s constant, T the temperature, z is the charge number, 𝑒0 is the elementary charge and 𝜇0 is the oxygen vacancy mobility. The oxygen non-stoichiometry in the LSC compound family is mainly controlled by the strontium dopant amount but it can also increase by increasing temperature or by decreasing oxygen partial pressure. Small changes of  for LSC6040 and LSC4060 phases were measured for temperatures below 425 oC in low pO2 atmosphere (10-2 bar).33 A similar behaviour is expected also for the LSC8020. If we hypothesise a constant value of [𝑉𝑂∙∙] at the employed exchange temperature and pO2, the increase in D* for the amorphous LSC8020 should then be related to an increase of the oxygen vacancy mobility. Since no significant change in the chemical composition was observed between the amorphous PLD-LSC8020 and the crystalline thin films (LEIS analysis) and no change of  should be expected, it can be argued that the difference in k* should be at least in part related to the increased mobility of the oxygen species in the LSC films.

Description of amorphous materials

When a material becomes amorphous the long-range order satisfying the Bragg X-ray diffraction conditions no longer exists.34 Amorphous materials can further be classified into three different categories depending on their chemical bonding:

Type 1: the atoms have the same stereochemistry as in the crystalline state. The difference for an amorphous type-1 material consists of a minor unordered bond twisting with respect to the crystalline configuration.

Type 2: some of the atoms have a different stereochemical environment as for example in amorphous silicon where some Si atoms have only three bonds and the remaining electron is occupying a non-bonding orbital.

Type 3: some of the atoms have a random distribution as for a solid solution.

In this study the amorphous LSC8020 thick films have shown enhanced oxygen diffusion and surface exchange activity. Since the PLD deposition technique is considered to transfer the stoichiometry of the target directly onto the film and the LEIS results have not shown any clear difference between amorphous and crystalline films we can speculate that the atom-position and stereochemistry should not change significantly. PLD deposited amorphous thick films could be then classified as a type I amorphous material. In crystalline La0.8Sr0.2CoO3- perovskites, the oxygen atoms move across the oxygen vacancy created through the partial Sr2+ aliovalent substitution of the La3+ cation position. The increase in the oxygen diffusivity could be suggesting a reduction of the energetic barrier for the oxygen movement in the perovskite structure. As first suggested by Kilner35 and later by Cherry et al.,36 the oxygen instead of jumping from one site to the adjacent vacancy along the anion octahedra edge,37 goes through a ‘‘saddle point’’ in between two A-site cations and one B-site cation. The increased perovskite cell volume of the amorphous cathode material, and corresponding lower density, could be inducing a reduction of the energetic cost for the oxygen jumping into an adjacent oxygen vacancy. Likewise, the oxygen pathway in an amorphous ‘pre’-perovskite structure is likely to be different and a lower activation energy for oxygen diffusion should then be expected. With this purpose a 10x10 mm2 ALSC8020 sample deposited at 400 oC by PLD was cut into four parts and isotopically exchanged at 325, 350, 375 and 400 oC respectively. The results are presented in Fig.6 (a). As discussed by De Souza et al. the activation energy can be described as HD*, the sum of the vacancy migration enthalpy Hm and the oxygen vacancy generation enthalpy Hg; for an extended explanation refer to.31 Comparing the HD* value calculated employing our amorphous films (black dots) with the one measured by De Souza on isotopically exchanged crystalline bulk samples (green dots), an enthalpy reduction of 73 kJmol-1 for the amorphous LSC8020 is observed. As the Hm value reported in the literature for this class of perovskite is around 60-80 kJmol-1 31, 32, 36 it is suggested that at least part of the reduction in HD* is related to a reduction of the oxygen vacancy generation enthalpy.Fig. 6 (a) Activation energy comparison between amorphous and crystalline LSC8020 (b) Perovskite electron conducting orbitals configuration. (a) Amorphous samples show a decrease of the oxygen self-diffusion enthalpy compared with the crystalline LSC8020 (De Souza).31 This means a lower oxygen barrier for oxygen diffusion. (b) Covalent bonds between the oxygen ion p -orbitals and B-cation t2g (d) orbitals.39 


Amorphous-LSC electronic conductivity

The properties that make a MIEC material an attractive cathode are good catalytic activity, high oxygen diffusivity and oxygen vacancy concentration at the cathode surface combined with high electronic conductivity. A reduction of the electronic conductivity of the metal-oxide cathode with the degree of amorphisation is expected. Before exploring the electronic conductivity difference between crystalline and amorphous LSC8020 films, let us discuss where the conducting electrons are localized/delocalized in a MIEC perovskite structure. Perovskite ABO3 cathode materials could be seen as three-dimensional networks of BO6 octahedra where the electronic conduction progresses via electrons or holes along the B-O-B bonds. The degree of covalence of the B-O-B bonds controls the electrical properties of the perovskite. Looking now in detail at the geometry of the B-O bond, Fig. 6, there is a directional sigma bond () formed between the oxygen p strongly overlapped with the p of the B transition metal.38 
While this sigma collinear overlap is mainly responsible for the B-O bond, the electron/hole transport is related to the B-O -orbital bonding. The t2g orbitals of the transition metal (dx-y, dx-z and dy-z) point in the direction of the porbitals of the oxygen and form a -orbital bond filled with the t2g transition metal valence electrons. Since oxygen is shared between neighbouring B cations (B-O-B), a -orbital bonding network between B(t2g)-O(p)-B(t2g) has been proposed as the pathway for the itinerant electrons.39 This is the mechanism for the electron/hole transportation in metal oxide perovskites. In this scenario, where the conduction band electrons are moving through -bonding between the metal t2g and the oxygen p, a difference in the electronic conductivity should be expected for the amorphous films in comparison with the crystalline ones. 
The decrease of density of the amorphous LSC material implies an increase of the -orbital bonding network distance between B(t2g)-O(p)-B(t2g) and consequently a decrease of the orbital overlapping area. The orbital interaction should then be sensitive to changes in the cation-oxygen position on the contrary to what happens, for example, in amorphous semiconducting post-transition-metal oxides where the conduction is through neighbouring metal s orbital overlap, less sensitive to the distortion of metal–oxygen–metal (M–O–M) positions.9 As expected, the electronic conductivity of the amorphous LSC thick films measured by DC-resistivity is much lower compared with the crystalline material (Van Der Pauw Configuration; see supplementary information). In the range of temperatures explored (250 oC max) the maximum difference in electronic conductivity was as high as two orders of magnitude. Despite the fact that there is a strong decrease in the macroscopic electronic conductivity, the overall catalytic properties of the amorphous LSC8020 improved. One can speculate that locally the electronic conductivity of the LSC material should not be dramatically affected. The increased oxygen mobility in the amorphous LSC is otherwise suggesting a mechanism where the oxygen adsorption, dissociation and diffusion from the surface into the bulk of the material is limiting the overall catalytic properties of the cathode despite the lower macroscopic electronic conductivity. The increase in k* can be explained by considering two different aspects. In the first place we observed, as in the amorphous film, the increasing distance between the cobalt and oxygen is responsible for the decrease of the macroscopic electronic conductivity. This is also causing the weakening of the Co-O bond responsible for the reduction of the formation enthalpy of oxygen vacancies at the film surface. A similar mechanism has been reported for epitaxial thin film growth of cathode materials. When the epitaxial film has an in plane tensile strain, the decrease in Co–O bond strength due to the bond enlargement distance produces an increase of the oxygen surface exchange coefficient of up to two orders of magnitude as published by Kushima et al.40 and Pavone et al..41 As reviewed by Yildiz,42 the higher the tensile strain, within the elastic limit, the lower the vacancy formation enthalpy and vacancy migration barrier. In addition, Cai et al. experimentally measured by XPS as the tensile strain induced a higher concentration of oxygen vacancies at the LSC8020 epitaxial film surface.43 In the case of the amorphous material the improvement of the catalytic activity of the cathode surface is not of the same magnitude but probably still driven by the weakening of the Co-O bond. Secondly, at such a low temperature the low oxygen diffusion is also limiting the surface oxygen exchange rate. Oxygen vacancies at the surface are occupied by adsorbed oxygen but do not regenerate quickly enough, limiting the surface exchange process. The decrease of the oxygen vacancy migration barrier could also play a role in the increase of the surface oxygen catalytic activity. In a self-diffusion experiment such as IEDP, the macroscopic low material electronic conductivity is not limiting the cathode surface oxygen reduction reaction (ORR) properties; locally the material maintains its catalytic characteristics. Conversely some effects will be observed when the amorphous cathode is under chemical and/or electrical potential. 

IEDP experiments on different amorphous materials

To test the feasibility of the amorphous route as a general approach to low temperature SOFC devices, isotope exchange experiments on different amorphous cathode material thick films have been performed. A-La0.8Sr0.2CoO3, A-La0.6Sr0.4CoO3 (ALSC6040), A-(La0.5Sr0.5)2CoO4 (ALSC214) and A-La0.5Sr0.5Mn0.5Co0.5O3 (ALSMC) films have been prepared by PLD on silicon substrates at a nominal PLD deposition temperature of 200 ⁰C. After the XRD analysis to check the level of crystallinity, the films were investigated by IEDP. The four different samples were exchanged at the same time in the same IEDP experiment in an attempt to minimize any experimental variables. 
Table 1: D* and K* values calculated for different amorphous cathodes
	Material Cathode       
	Exchange
conditions
	D* [cm2/s]      
	k* [cm/s]

	La0.8Sr0.2CoO3-
	Tex=400 ⁰C
pO2=200 mbar
[18O2]90 %
Timeex15 min
	3.4 x 10-13
	1.2 x 10-8

	La0.6Sr0.4CoO3-
	
	5.2 x 10-13
	4.4 x 10-8

	(La0.5Sr0.5)2CoO4
	
	1.2 x 10-13
	4.1 x 10-9

	La0.5Sr0.5Mn0.5Co0.5O3
	
	2.2 x 10-15
	2.1 x 10-10



The D* and k* values found by fitting the diffusion profile with the plane-sheet solution to Fick's law of diffusion are presented in Table 1. The difference in D* value between the ALSC8020, ALSC6040, the Ruddlesden-Popper ALSC214 and perovskite ALSMCO films are quite clear. Looking also at the k* surface exchange coefficient it is possible to conclude that overall the catalytic differences between different cathode materials have been maintained in the amorphous state. When the difference between the PLD deposition substrate temperature and the material melting temperature is very large (ratio value lower than 0.3), and the distance between adsorption sites on the substrate surface is higher than the material diffusion length, porosity can form. By TEM analysis no macroscopic porosity has been detected, but the presence of nano porosity cannot be excluded a priori. The different cathodes have been deposited in the same conditions, hence similar nano porosity should be expected. The distribution of D* and k* values in a range of different orders of magnitudes allows the exclusion of nano porosity as a cause of the observed oxygen diffusion. Amorphous cathode materials could have several advantages with respect to the crystalline ones that make this approach suitable for low temperature SOFC applications. First of all, in crystalline materials, grain boundaries (GB) due to their high-energy nature are generally detrimental for the long-term durability of SOFC devices.15-25 GB’s can be fast diffusion pathways for the cation segregation to the material surface as demonstrated by Kubicek et al.25 in a Sr-isotope diffusion experiment on a LSC thick film. In the case of Sr-doped perovskites the Sr moves through the GB towards the surface where it accumulates reducing the catalytic activity of the cathode itself. To slow down the cathode degradation and reduce the detrimental metal cation migration through the grain boundaries, Liu et al. employed a new stabilization mechanism.44 They discovered that mixing nanoparticles with the Ba0.5Sr0.5Co0.8Fe0.2O3- phase before the material densification, the nanoparticles were naturally decorating the grain boundaries limiting the diffusion of metal ions and inhibiting the heterogeneous nucleation of a different phase in the GB which is detrimental for the cathode activity. Nevertheless this approach is only applicable in those cases where an undesired phase is forming at the GBs. At present we can speculate that since the amorphous cathode materials have no GBs a reduction of cation migration with a combined enhancement of the cathode lifetime could be expected. Secondly, the oxygen diffusion and surface activity of the amorphous type 1 LSC8020 cathode materials are enhanced with respect to the crystalline ones. The work of Evans et al.12 on partially amorphous LSC6040 films used in a micro-SOFC device showed a notable power density of 200-250 mW/cm2 at 400-450 ⁰C. Januschewsky et al. also studied by impedance analysis LSC6040 films prepared at low temperature by the PLD technique. They observed low polarization resistances of the amorphous LSC films and very little thermal deactivation within a few days of operation.11 Thermal deactivation in this perovskite is mainly related to Sr surface enrichment.23 The observation that the samples with no/lower crystallinity do not show the same polarization resistance increase with time compared to the crystalline ones is in good agreement with the hypothesis that the absence of grain boundaries is reducing the strontium segregation at the surface.Fig. 7 IV and EIS curves for the fuel cell Ni-YSZ/YSZ/ALSC. (a) I-V curves measured at 350 OC and 400 OC respectively. (b) Cole-Cole plot of the cell impedance at 350 OC for different H2 to N2 concentration. Nitrogen has been used as carrier gas and the water content maintained at 3%. The numbers close to the data points are the logarithm of the frequency.

The fully amorphous route to cathode preparation could potentially be an alternative approach for developing low temperature SOFC applications. In a more broadened vision it can be expected that the electrolyte materials such as YSZ, CGO, LSGM etc. could also function in the amorphous state (type-1) since oxygen diffusion is also driven through oxygen vacancies as in the LSC material.

  Symmetric and Fuel Cell Tests

As proof-of-concept, a LT-SOFC cell consisting of Ni-YSZ/YSZ/ALSC has been prepared as described in the method section. The IV curves of the cell have been collected in wet hydrogen at two different temperatures, 350 ⁰C and 400 ⁰C, as shown in Fig.7 (a).
Even though the maximum power density is relatively low (200 W/cm2 at 400 ⁰C), mainly related to the large ohmic loss contribution corresponding to the thick YSZ electrolyte, it can be concluded that the deposited amorphous cathode can work in this range of temperatures. Power density has been calculated taking in account the free cathode surface area (75% of the area was occupied by the sputtered gold current collector, see SI). In Fig.7 (b) the impedance spectra for the fuel cell under OCV conditions at three different concentrations of hydrogen are presented. As can be seen, the impedance spectra can be described by three resistances in series with their coupled constant phase elements (3 semicircles). The high and intermediate frequency (>100 Hz) arcs correspond to the YSZ bulk and grain boundary contributions as the associated capacitances are ca. 197 pF (bulk) and 373 nF (grain boundaries). These values do not change dramatically with the hydrogen concentration. However, the low frequency resistance value that corresponds to the electrode contributions (<100 Hz), is particularly reduced when the hydrogen concentration increases from 3% to 50%. This decrease is mainly attributed to the anode. However, when the hydrogen concentration is further increased from 50 % to 100 % the resistance reduction is less pronounced. In these conditions on the contrary, the cathode polarization may dominate the low frequency electrode resistance. To have a better understanding of the influence of the amorphous cathode polarization, a symmetric cell of ALSC/YSZ/ALSC of the same commercial electrolyte 230 m thick YSZ, the same ALSC film thickness (300 nm) deposited by PLD at room temperature on both sides, has also been prepared. From the symmetrical cell EIS results presented in Fig.8 (a,b), at least four different resistance contributions can be observed. For clarity, the lowest temperature measurement Fig.8 (a) (310 oC) and the highest temperature (415 oC) Fig.8 (b) have been presented. The first two arcs at higher frequencies correspond to the YSZ electrolyte bulk and grain boundaries respectively (see SI). One of the two main contributions to the total resistance of the symmetric cell are otherwise related to the middle-low frequency (Ri) arc associated with the YSZ-LSC interface. This resistance corresponds to the transfer of oxide ions O2−across the electrode-YSZ interface. Generally, the interface resistance between YSZ and LSC reported in the literature has been associated with the formation, due to the high sintering temperature, of an insulating resistive La2Zr2O7 (LZO) and/or SrZrO3 (SZO) layer at the electrolyte interface.45-49 This resistance can be greatly reduced simply by adding a different electrolyte thin film (CGO) in between the YSZ and the LSC layer. The introduction of a 1 m CGO film for example reduced the interface resistance from 11.95 to 0.017 Ω·cm2 at 800 ⁰C as reported by Charojrochkul et al..50 In this study, the cause of this large interface resistance must be different since the LSC has been deposited at RT and the cell heated, during the EIS analysis to a maximum temperature of 415 ⁰C with, theoretically, no LZO formation.Fig. 8 EIS curves at OCV for the symmetric cell ALSC/YSZ/ALSC. These particular spectra have been recorded at 310 OC and 415 OC respectively with a pO2 of 22% and an applied voltage of 10 mV. In total four different arcs are observable; from high to low frequencies they are associated respectively to: YSZ-grain, YSZ-grain boundaries, Ri- interfacial (YSZ-ALSC) resistance and Rp the cathode surface resistance. Numbers close to the data points represent the logarithm of the frequency.

In addition the activation energy for the interfacial resistance when LZO and/or SZO form at the interface has been reported to be around 1.6 eV by Yang et al..51 In the EIS analysis presented in the supplementary information an activation energy of 1.34 eV has been calculated. The measured interface capacitance value is generally associated with a Schottky barrier caused by the electronic carriers at the YSZ/LSC interface and in this case it is comparable with the one reported by Baumann et al.52 for a LSFC dense thick film. The experimental capacitance value, of the order of 40 F/cm2, is too large to be purely related to an electrostatic double layer capacitance. A chemical change in the stoichiometry of the electrode/electrolyte interface must be at the origin of this capacitance, as argued by Baumann (SI). The oxygen dependence of the interfacial resistance with the oxygen pressure is close to zero as expected. To disclose the true nature of this interface amorphous-crystalline resistance further experiments replacing the electrolyte material for one with higher performance at such a low operational temperature (400 ⁰C) such as CGO or LSGM should be implemented.
The second and main contribution to the total resistance is instead related to the dense thick film cathode surface. The dominant Rp resistance is associated with the oxygen exchange at the surface of the electrode. The critical thickness Lc calculated from the IEDP experiments and defined as D*/k* is of the order of 243 nm. Since the cathode thickness is not lower than the critical thickness any contribution from the chemical cathode bulk oxygen diffusion to the Rp cannot be excluded. The oxygen reduction reaction is also limited by surface diffusion of adsorbed oxygen and it can be further described by different sub-steps determining the overall rate-limiting step. The experimental oxygen partial pressure power dependence (m) of the cathode resistance Rp for the ALSC film decreases from m=0.23 at 338 ⁰C to m=0.11 at 415 ⁰C (see SI). At this very low temperature the rate determining step seems to be mostly controlled by atomic oxygen species charge transfer (pO2m with m1/4 at 338 ⁰C):



On increasing the measurement temperature to 415 ⁰C the electronic conductivity of the amorphous film increases and the dependence with pO2 decreases to a value close to 1/8 (0.11) probably related to the following charge-transfer process as limiting step:53



The sheet resistance defined as the electron migration resistance from the current collector to the active reaction site on the cathode surface is responsible for the large Rp observed. This is in agreement with both the loss of electronic conductivity of the amorphous ALSC8020 material and the usage as a current collector of a large gold mesh (1 mm). For an extended explanation on the EIS of the symmetric cell, refer to the supplementary information. The limitation related to the lower electronic conductivity of the amorphous material should be considered in the design of the LT-SOFC current collectors. The area specific resistance (ASR) of the amorphous ALSC8020 cathode has been calculated to be 850 Ω·cm2 at 415 ⁰C in 22 % of pO2. After the first set of EIS measurements at different temperatures and pO2 the ALSC symmetric sample has been analysed by XRD, Fig.9 (a). The only diffraction reflections observable correspond to the YSZ electrolyte and no sign of LSC crystallisation is visible (orange patterns). The same sample has been then remounted for EIS measurements and thermally treated at 600 oC for 3h to induce the LSC material crystallisation. In Fig.9 (b) the impedance analysis measured at 364 oC and pO2 of 94 % before (green) and after crystallisation (black) have been compared. At first sight the analyses seems to 
be inconsistent: the impedance values associated with the YSZ-bulk and the YSZ-GB are clearly lower after the crystallisation while they both should have remained unchanged. In these EIS symmetric cell measurements a round gold mesh current collector of 10 mm diameter has been employed while the deposited LSC cathode had instead a diameter of 18 mm. The area ratio between cathode and current collector was 3.24. A similar number can be obtained on calculating the ratio of the YSZ-bulk to the YSZ-GB impedance values before and after crystallisation, 3.5 and 3.3 respectively. It can be assumed that after crystallisation the LSC film electronic conductivity would have increased to its bulk value, allowing the current lines to be distributed through the full length of the LSC cathode as represented in the sketch in Fig.9 (c). The symmetric cell volume analysed before and after crystallization is effectively changing because the cathode, crystallizing, recovers its macroscopic electronic conductivity. In the bode representation, Fig.9 (d), the characteristic frequencies associated with the Rp and Ri, change after crystallisation suggesting a change in the mechanism of oxygen diffusion and of the interface resistance as well. On the contrary the characteristic frequency associated with the YSZ-GB remains constant as expected. Further investigations will be necessary to obtain a better insight into the amorphous cathode oxygen reduction mechanism. After the crystallization and the EIS characterization, XRD analysis has revealed the appearance of the (020) diffraction peak of the LSC phase (black pattern) Fig.9 (b). It is worth emphasising that the lower electronic conductivity of the amorphous cathode has no detrimental effect on the IEDP experiments. The localised electronic conductivity is still able to promote the oxygen reduction reaction. Otherwise, considering an amorphous solid oxide fuel cell device, a limitation on the current collector maximum mesh dimension can be expected; the maximum mesh area will limit the cathode active surface available.Fig. 9 Comparison of the ALSC/YSZ/ALSC sample before and after crystallisation: (a) Xrd theta two-theta scan: in the black pattern the diffraction peak of the LSC (020) reflection indicates the crystallization of the LSC film. (b) Impedance analysis at OCV at 364 OC and under a pO2 of 94 %. (c) The sketch represents the current lines during the EIS analysis. After crystallization the current lines are not limited by the gold current collector area but go through the full LSC sample length. (d) Bode plot of the sample analysed at 390 OC at a pO2 of 94 %: a change in the characteristic frequency related to Rp and Ri is observed when the LSC cathode crystallizes.

Even though the ASR measured in the symmetric cell is high, at this stage of the work it was not a priority to pursue the best performance of the amorphous cathode in a fuel cell device but otherwise to prove its feasibility. To demonstrate that an amorphous cathode could be a solid technological alternative for LT-SOFC applications will require significant further development. A different electrolyte material, with higher performance at low temperature, a porous cathode with higher ionic and electronic conductivities and platinum anode would provide a better indication of the amorphous-cathode limitations. Tensile strained thin films have shown the best improvement in the cathode catalytic activity nevertheless due to the very strict growth conditions which require a single crystal, their implementation in devices is very unlikely. Amorphous route otherwise can be much more easily employed, not only in LT-SOFC but also in oxide based photocatalysts or redox-based memristive switches.

Conclusions

Low temperature PLD deposition has been demonstrated to be an effective method to produce amorphous cathode thick films (type-1) to be employed in LT-SOFCs. Amorphous cathodes maintain their oxygen diffusion characteristics and oxygen surface activity that is important for an electrode to function in a SOFC device. In particular, the amorphous LSC8020 films have shown higher D* and k* values compared to the crystalline material. This performance could be related to the lower density of the amorphous film that might provoke a reduction of the thermodynamic energetic barrier for the oxygen diffusion and possibly even provide a different oxygen pathway from the ‘’saddle point’’ mechanism established for crystalline perovskite materials. This hypothesis is supported by a decrease, for the amorphous LSC8020 material, of the oxygen self-diffusion enthalpy compared to crystalline materials. Even though the amorphous ALSC8020 films have a much lower electronic conductivity compared to the crystalline ones, the increase in the oxygen mobility from one side and the increase in the surface oxygen vacancies related to the weakening of the Co-O bonds are the key factors in the enhancement of the cathode material catalytic properties. The general applicability of the amorphous route for low temperature SOFC applications has also been tested by preparing different amorphous cathode film materials: ALSC6040, ALSC214 and ALSMC. Each of these amorphous cathodes mainly maintain their characteristic surface activity and diffusivity crystalline properties. This research work has clearly highlighted a new route to cathode preparation for low temperature SOFC applications. Further tests will be needed to prove the real technological applicability of the amorphous route. 

Experimental

Film fabrication

The La0.8Sr0.2CoO3-, La0.6Sr0.4CoO3-, (La0.5Sr0.5)2CoO4 and La0.5Sr0.5Mn0.5Co0.5O3- PLD films were grown using a Complex Pro 201 KrF excimer laser (248 nm) at 10 Hz pulse repetition, at a laser fluence of around 1 J/cm2 (80 mJ in 8 mm2 spot size). During the film depositions a pO2 of 32 mTorr of pure oxygen was used. Substrates were commercial single crystals of Si (001) (Crystek, GmbH). Substrates temperature were set in the range between RT-750 °C. After the film deposition, an in-situ film oxidation has been performed at a pO2 pressure of 600 Torr. The sample cooling rate was 5 ⁰C/min after the PLD growth to reduce the surface defect formation as much as possible. The La0.8Sr0.2CoO3- target was prepared with a Praxair commercial powder, uniaxially and isostatically pressed in a 25mm target before been densified at T=1200 ⁰C. The La0.6Sr0.4CoO3- and (La0.5Sr0.5)2CoO4 powders were instead prepared by citrate method and sintered in the same way as the LSC8020 target.

General Characterization

X-ray diffraction analyses, theta-two theta scan and reflectometry analysis, were performed in a four circle XRD PANAlytical Empyrean diffractometer with CuK radiation (line-focus). The thick film surface characterization has been executed using a Veeco AFM instrument in tapping-mode.

-Raman Characterization

Raman Spectroscopy was performed using a WiTEC 532 nm laser line, 2 mW power, and a 900 lines/mm grating coupled to a CCD detector. Mapping was performed using a 0.3 μm step size and a 0.5 s acquisition time per spot.

Low Energy Ion Scattering (LEIS): surface and sub-surface chemical composition

The Qtac100 LEIS instrument (ION-TOF GmbH) operated with a pure helium ion source at 3 keV was selected as the analysis primary beam. The primary beam scanning area was maintained at 750 m2 in each analysis to ensure representative chemical information of the surface. This instrument is coupled with a secondary ion beam (Ar+) that allows the surface to be gently sputtered and provide an insight into the sub-surface composition as well (generally used to study the first 10nm). The secondary argon beam has been employed with an energy of 0.5 keV and rastered on the sample surface over 1500 m2. The LEIS depth profiling analysis has been run alternating the primary He+ beam with the Ar sputtering beam with a pause of one second in between. The He+ 3 keV ion current measured before and after the analysis by a Faraday cup was around 5000 pA, this is equivalent of an ion dose of around 2-3x10+14 ions/cm2. In the case of the secondary argon beam the current was of the order of 100 nA corresponding to a total dose of around 4-5x10+14 ions/cm2.

Van Der Pauw electrical characterisation

To measure the thick film total conductivities a Linkam four probe chamber has been employed with the four points Van Der Pauw measurement configuration, more suitable for thin film measurements, chosen. Two of the tungsten probes, covered in gold, were connected to a DC current supply by a Keithley 220 current source. Voltage was measured with the other two probes by an Agilent 34401A multimeter. The applied current was adjusted to verify the linearity of the voltage measurement and to avoid overheating of the sample tip contacts.


TEM specimen preparation

TEM cross-sections from the thick film samples were prepared using a focussed ion beam (FIB) system, FEI Helios nanolab 600, (2-30 keV Ga+ incident beam energy with currents of 16 pA-21 nA). A 50 nm thick coating of Cr was evaporated onto the sample before FIB milling to protect the region of interest and prevent charging. Coarse milling was done at 30 kV and then samples were thinned to approximately 50 nm thickness. The specimens were FIB polished at the last stage with 5 keV and then 2 keV Ga+ to reduce the damage caused by the high energy Ga+ beam. Samples were examined in a JEOL JEM2100F operating at 200 kV. Field limiting aperture of 5 m was used to obtain the selected area electron diffraction (SAED). The scales of SAED patterns and HRTEM images were calibrated against the external standards of gold particles on a carbon film. The Energy dispersive X-ray (EDX) spectra (Oxford Instruments) were collected in the scanning transmission electron microscopy mode with a probe size of 1 nm.

18O2 isotope exchange depth profile

The samples were inserted into a quartz tube connected to a high vacuum system. The system was first pumped down at around 10-7 mbar to reduce to the maximum the residual gas inside the system. Afterwards the sample was heated at Texchange in an ultra-pure 200 mbar of 16O2 atmosphere (99.9999%) with natural abundance of 18O2 (0.2%). This step lasts for ten times the isotope exchange time and is needed to neutralize any oxygen defect related to the PLD-deposition. The very reducing growth environment of the PLD chamber could have produced an oxygen understoichiometry of the films. Finally the sample was exchanged in 200 mbar of 18O2 enriched atmosphere (90 %) for a fixed annealing time (c.a. 15 min). The annealing time is measured and adjusted for the heating and cooling ramp using the Killoran method.54 Once the exchange was completed the sample was quenched to room temperature. The sample was finally analysed using a FEI-200-SIMS equipped with a Hidden mass spectrometer. The analysis area was first selected by SEM imaging. The FIB source was a 25 keV gallium gun and the current used in the analysis 300 pA. The analysis sputtered areas were maintained at 15x15 m2 in all the analysis. Six analyses in different sample areas were collected to prove the homogeneity of the samples. The analyses were performed in SIMS-dynamic mode.

Fuel Cell test and EIS symmetric cell analysis

The sample electrolyte consisted of commercial 8YSZ (Fuel Cell materials, 230 m thick, 20 mm diameter). In the case of the symmetric cell sample preparation, a tape with a circle of 18 mm diameter was applied to the YSZ electrolyte as a mask. The PLD cathode deposition was then carried out at room temperature on both sides. For the fuel cell test sample a tape cast anode (60 w% NiO - 40 w% 8YSZ) was first deposited on one side of the electrolyte. The anode was then reduced for 2 hours at 700 °C, in 5% H2, 3% H2O with N2 as balance. The LSC amorphous cathode was finally deposited at room temperature on the other side. For the fuel cell measurements, silver wire and paint were used to make contact between the anode and the potentiostat. On the cathode side a gold grid was deposited on the surface and a silver wire contacted to it. Impedance spectroscopy was used to analyse the cell in open circuit conditions (OCV) under 3 different hydrogen concentrations, 5 %, 50 % and 100 % with water humidifying the gas (3 % H2O) and N2 as balance. For the impedance (10 mV signal) and the IV curves a potentiostat (Autolab PGSTAT 302) was used. Symmetric cell characterization has been performed in a Probostat station using a Solartron modulab impedance analyser. The impedance linear response with the voltage has been tested from 1mV to 100 mV. A voltage of 10 mV was applied in all the EIS measurements. Frequency range was scanned between 1MHz and 0.005Hz. Gold circle grids have been used as electrodes to avoid any catalytic contribution. The oxygen partial pressure was controlled through two gas mass flow controllers connected to the Probostat station in the range of 0.5-94% of the total gas pressure and monitored with the programmable gas analyser (542 by Illinois Instruments, Inc (U.S)).
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