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Abstract

:

Composite materials frequently allow the drawbacks of single components to be overcome thanks to a synergistic combination of material- and structure-specific features, leading to enhanced and also new properties. This is the case of a metallic-ceramic composite, a nickel-chromium-aluminum (NiCrAl) foam impregnated with La-doped Strontium Titanate (LST). This particular cermet has very interesting properties that can be used in different fields of application, namely: mechanical robustness provided by the metal foam; and chemical stability in harsh conditions of temperature and atmosphere by promotion of a thin protective layer of alumina (Al2O3); high electronic conductivity given by a percolating ceramic conducting phase, i.e., La-doped Strontium Titanate. In this paper, its application as a current collector in a metal-supported Solid Oxide Fuel Cells (SOFC) was studied. Firstly, the electronic properties of different compositions, stoichiometric and under stoichiometric, of LST were analyzed to choose the best one in terms of conductivity and phase purity. Then, LST chemical stability was studied in the presence of Al2O3 at different temperatures, gas compositions and aging times. Finally, stability and conductivity of LST-impregnated NiCrAl foam composite materials were measured, and LST was found to be fully compatible with the NiCrAl foam, as no reactions were detected in oxidizing and reducing atmosphere after up to 300 h operation at 750 °C and 900 °C between the Al2O3 layer and LST. Results showed that the composite is suitable as a current collector in innovative designs of metal-supported SOFC, like the Evolve cell, in which the metallic part is supposed not only to provide the structural stability to the cell, but also to play the role of current collector due to the impregnation of ceramic material.
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1. Introduction


Solid Oxide Fuel Cells (SOFC) are one of the most efficient and environmentally friendly technologies available for generating power from hydrogen, natural gas, and other renewable fuels [1,2]. The challenges in the commercialization of SOFC are to reduce cost and increase the reliability of the system. Enormous research efforts are being directed towards lowering the temperature of SOFC from 1000 °C to below 800 °C and to reducing the startup time and reliability for portable power applications and transportation [3]. To achieve good performances, attention must be paid to optimization strategies [4], and among these, to materials, geometrical aspects and design. SOFC are categorized into two major types, planar and tubular [5], the former being more promising at the moment. Technical parameters that can influence the processes of production of planar SOFC and, indirectly, their performance, have also been reported in literature [6]. Several designs of planar fuel cells have been reported: anode- or cathode-supported [7]; dual membrane [8,9], which is based on properties of a mixed anionic and protonic conductor used as a central membrane; electrolyte-supported cells in symmetrical configuration [10], which are very useful as reversible solid oxide cells; and metal-supported [11].



Metal-supported SOFC offer an alternative to conventional electrode- and electrolyte-supported cells, with some important advantages like the use of cheaper materials, enhanced mechanical stability to thermal cycling and temperature gradients, and manufacturability benefits.



The main obstacles in SOFC fabrication on porous Fe-Cr steel alloy supports are the constraints on sintering conditions due to high-temperature corrosion of the metal support, decomposition of the cathode materials in inert or reducing atmosphere, and the diffusion of Fe, Cr, and Ni between the ferritic Fe-Cr steel and nickel-containing anode.



To overcome these issues, several processing techniques have been proposed. The infiltration of active materials into pre-sintered porous metallic structures at relatively low temperature has been reported to ensure good performance and protection of the metallic structure. Ni-Ce0.8Sm0.2O2−δ mixtures [12], Nb-doped SrTiO3 [13], and Mo-doped SrFeO3−δ [14] have been successfully employed as alternative electrocatalysts to the standard Ni-YSZ anodic composite, which exhibits excellent catalytic activity and current collection, but also suffers from serious limitations, such as Ni sintering, carbon deposition, sulphur poisoning, and low tolerance to redox cycles [15,16]. Additionally, alternative designs have been proposed, including the deposition of a protective La-doped SrTiO3 layer between the metal support-active anode and the electrolyte layers, minimizing the Ni reaction with YSZ at sintering temperature [17].



An innovative approach was developed [18,19] in which the so called “Evolve” cell relies on a supporting current collector made of a ceramic-metal composite in the form of a metallic foam (0.6–1 mm thickness) impregnated with conductive ceramics. The metallic foam is a Ni-Cr-Al, and is supposed to provide structural stability to the cell and also to promote the formation of a thin continuous layer of Al2O3 during thermal processing in air. The coating is expected to enhance chemical stability, particularly avoiding Cr migration towards the active anode layer. Robustness against sulphur poisoning and thermal cycling is expected to increase significantly.



The main advantages of this oxidized structure are in its thermal stability and its ability to slow down the oxidation kinetics of the underlying metal in case of contact with an oxidant environment during the stack operation. The backbone of oxidized metal is then impregnated with conducting ceramics, such as La-doped Strontium Titanate, La1−xSrxTiO3 (LST), which leads to a percolating electron conducting phase.



Among the numerous other perovskite systems that have been explored, those containing Titanium continue to attract attention, because Ti remains mixed-valent Ti4+/Ti3+ in the reducing atmosphere at the anode, and this redox couple can accept electrons from a hydrocarbon or H2, thus promoting their dissociation. Because the formation of Ti3+ is favored by the reducing conditions, the atmosphere used during the sintering stage plays a crucial role in determining the final properties of these materials. Usually, the higher the sintering temperature and the stronger the reducing conditions, the higher the final conductivity will be, because of the higher concentration of Ti4+/Ti3+ couples created. LST exhibits n-type semiconducting behavior when it is donor-doped and/or exposed to a reducing atmosphere. Lanthanum is a good donor dopant because the La3+ ionic radius (0.132 nm, CN XII) is similar to that of Sr2+ (0.140 nm, CN XII). Under oxidizing conditions, the compensation occurs due to the formation of Sr vacancies in the lattice, coupled with the formation of SrO layers within the structure. Under reducing conditions, Sr vacancies and SrO layers are eliminated, and the charge compensation for La3+ ions becomes electronic through the formation of electrons in the conduction band, i.e., conversion of Ti4+ to Ti3+ [20]. Because of its electrical properties and chemical stability, this material is also considered promising for use in SOFC anodes [21], when it is either A- or B-site donor-doped [22,23,24,25], when mixed with other materials [26,27,28], under-stoichiometric compositions on site A [29] or A and B co-doped [30].



Oxygen-deficient compositions can be obtained by doping on the B-site with a cation of lower valence than the valence of the nominal B-site ion or by reducing a stoichiometric composition. The first approach led to the discovery of the compound with the highest known oxide ionic conductivity, La1−xSrxGa1−yMgyO3−δ [31,32]. A-site deficiency has recently been used in various systems to prepare materials that are suitable for SOFC anodes. LaxSr1−(3x/2)TiO3 compositions sintered in air have been shown to exhibit conductivity values up to 7 S cm−1 upon reduction at 930 °C and pO2 = 10−20 atm [33,34]. The optimized composition of La0.08Sr0.86TiO3−δ presents a conductivity of 82 S cm−1 at pO2 = 10−19 atm and 800 °C, after being pre-reduced in 7% H2/Ar at 1400 °C, [35,36], which does not greatly increase when further doped on the B-site [37]. The effect of A-site deficiency has also been found to increase the electronic conduction of Sr1−xTiO3 under reducing conditions [38]; however, the increase is not significant, and phase segregation was also observed [39].



The aim of this paper is to study the thermal/chemical stability of LST-impregnated NiCrAl foam, a potential candidate as current collector for a metal-supported SOFC, under typical operative temperature and atmosphere conditions after up to 300 h operation and to measure its conductivity. For this purpose, the reduction of LST-based electron conducting ceramics was studied for several compositions, both stoichiometric and under-stoichiometric. LST-impregnated foams were also investigated in terms of their microstructural and chemical stability. LST was found to be fully compatible with the NiCrAl foam, as no reactions were detected between the Al2O3 layer and LST in oxidizing and reducing atmosphere after up to 300 h operation at 750 °C and 900 °C. Results showed that the composite is suitable as support in the innovative design of metal-supported Solid Oxide Fuel Cells (SOFC), in which the metallic part is supposed not only to provide structural stability to the cell, but also to play the role of current collector due to the impregnation of ceramic material.




2. Materials and Methods


In Table 1, the composition, synthesis method, and processing of the prepared and tested LST ceramics and impregnated foams are reported, for clarity. Details of each sample are also given in the text.



2.1. Powders and Pellets


A-site deficient LST powders, namely LST185 and LST27, as reported in Table 1, were prepared by solid-state reaction of the following precursors: SrCO3 (grade HP, Solvay Bario e Derivati, Massa, Italy), TiO2 (grade Aeroxide TiO2 P 25, Evonik Degussa GmbH, Hanau, Germany), La(OH)3, prepared by hydrolysis of an aqueous solution of La(NO3)3·4H2O (Aldrich, 99.9%) with concentrated ammonia (Fluka, 25 wt %) and a solution of ammonium polyacrylate (Acros Chimica, MW 2000) as dispersant. The method consisted of the following steps: mixing and homogenizing for 24 h in stabilized zirconia media, freeze drying, sieving, and finally calcination of powder for 2 h at 900 °C in air. This temperature was chosen after various attempts to obtain a single LST phase powder.



A commercial LST powder (Ceramic Powder Technology AS, Heimdal, Norway), LST-c, with 10% at of La and prepared by spray pyrolysis, was also studied for comparison. LST powders were pelletized by a uniaxial pressing procedure and sintered at 1450 °C, in Ar-H2 (5% of H2) or air and then reduced at different temperatures as reported in Table 1. In some cases, graphite (Timcal Timerex, KS6) was added to the LST powder before pressing to obtain a porous material. Pt (Metalor, Birmingham-UK Pt ink) electrodes were brushed on the plane surfaces of sintered pellets and then cured at 1000 °C under the same atmosphere used for sintering.



To study the inter-material reactivity and compatibility of LST and Al2O3 materials, two different types of pellets were prepared, starting from LST-c and Alumina (Baikowski, batch 1134N) powders:




	
LST-Al-mix, obtained by mixing powders by water-based ball milling in stabilized zirconia balls, freeze drying, sieving, uni-axial pressing of pellet and calcination at 700–800–900–1000 °C for 24 h.



	
LST-Al-core, obtained by incorporating (uni-axial pressing) a pre-sintered (1600 °C) fully dense Alumina core in a LST pellet, and then calcination at 700–800–900–1000 °C for 24 h.









2.2. LST-Impregnated NiCrAl Foams


A NiCrAl standard foam (NiCrAl #1) from Alantum Europe GmbH, with an open cell size of about 450 μm was used as an alumina-forming alloy, in the form of sheets with 1.6 mm thickness. Square samples of 50 × 50 mm were cut from these sheets and impregnated with the LST-c slurry and fired in air at 1000 °C to obtain a current collector. The pore size of the substrates was reduced to 200 nm through the impregnation of LST ceramic into the metal foam. The details of impregnation are reported elsewhere [19].




2.3. Characterizations


Powders, pellets and impregnated foams (current collector) before and after reduction, and before and after thermal treatment and electrical characterization were analyzed by X-ray diffraction (CubiX, Panalytical) and Scanning Electron Microscopy (1450VP, LEO) to observe phase purity, microstructure and any degradation effect. XRD profiles were analyzed by the Rietveld method, as implemented in the FullProf software. The chemical composition was also confirmed, and element migration was studied by an energy-dispersive electron microprobe (INCA 300, Oxford Instruments). The electrical properties were studied with a 2-electrodes–4-wires set-up (ProboStat, NorECs AS, interfaced with a Solartron SI 1286 Potentiostat) both in air and in H2 at different operative temperature and during redox cycles.





3. Results


3.1. LST Ceramics


3.1.1. Structural and Microstructural Properties


Phase purity of samples LST27, LST185 and LST-c was checked by XRD on ceramics sintered at 1450 °C for 12 h. In order to study the structural stability of A-site deficient compositions in reducing conditions, XRD was repeated after treatment at 1450 °C for 24 h under Ar-H2 (5% of H2). Results are reported in Figure 1 for all compositions, with Rietveld Refinement.



As-sintered materials are single cubic-phase, SrTiO3-type (JCPDS card No. 86-179). Nevertheless, after reduction, some secondary phases, mostly La2Ti2O7, are formed in LST27 and LST185 samples. The lattice parameters, and some reliability factors of Rietveld Refinement, are summarized in Table 2. Refinement, for reduced samples, was performed by also considering the secondary phase. From this table, it can be observed that lattice parameter increases with reduction. This behavior is in good agreement with previous results [24] and is due to partial reduction of Ti4+ to Ti3+.



Such phases were also detected by SEM, for LST185 and LST27 as separate darker intergranular areas (Figure 2b–d). EDX analysis, reported in Table 3, confirmed that dark grey zones correspond to Ti-rich phases, in which there is a depletion of Sr compared to the main phase. No defects were visible in the sample LST-c.



Grain growth is coherently more evident in the sample containing 20 at % of La. In fact, average grain size is about 10 μm in LST27 and about 1 μm in LST185. LST-c showed a broader grain size distribution between about 1–4 μm which can be attributed to the different synthesis method used. In general, all samples show a high-density microstructure, even if, in the A-site-deficient samples, some intergranular voids are present, due to the fast grain growth process; such defects are typical in this type of sample and can be reduced by a fine tuning of the sintering process. Density was also measured by Archimedes’ method, and a relative value of 96–97% for all ceramic materials was obtained.




3.1.2. Electrical Properties


In Figure 3, conductivity of oxidized ceramics, LST185 and LST27, measured in air is reported. LST-c was not measured in oxygen because it was sintered in Ar-H2 to avoid strontium oxide segregation at the grain boundary, which could limit conductivity processes. A-site-deficient samples show thermally activated conduction as indicated by Arrhenius plot and low conductivity. Activation energy is 1.1 eV in LST185 sample, higher than 0.7 eV of LST27, possibly due to the prevailing grain boundary resistance given by the higher density of grain boundaries in the structure.



After reduction, the conductivity was increased for both A-site-deficient samples (Figure 4), being higher for the LST27 sample. However, when compared to Sr0.9La0.1TiO3 prepared by spray pyrolysis, conductivity appeared considerably limited. This result might be attributed to the secondary phases, which partially deplete the La concentration in the perovskite and also introduce a resistive phase in the volume. In addition, differences can be introduced by synthesis routes, i.e., by chemical homogeneity and the particle size of powders.



The effect of atmospheric composition on conducting properties was investigated by simulating RedOx cycles at fixed temperature on porous sample of LST-c, which showed higher conductivity and was chosen as the best powder to impregnate the NiCrAl foams and to study the composite material as a possible candidate for being a current collector in a metal-supported fuel cell.



As the main function of LST ceramics is to act as electronic conductor within the current collector and the active anode, its conductivity under reducing conditions is the most important quantity to check for practical use. However, the kinetics of transition from the oxidized non-conducting to the reduced conducting state is also of great importance and must be taken into account for the optimization of the current collector functionality.



At microscopic level, the oxidation (reduction) of LST involves two phenomena, which are the inbound (outbound) solid state diffusion of oxide ions and the surface exchange between solid and gas phases. The former is the limiting step; therefore, the kinetics of RedOx transitions is macroscopically determined by the microstructure, i.e., by the gas permeation through the LST network structure. The apparent conductivity is reported in Figure 5 for the sample sintered at 1200 °C (LST-p-120).



In the beginning, when the sample is reduced at 1000 °C for 24 h, the apparent conductivity is 0.5 S/cm at 750 °C, and the sample showed a metallic behavior. Such a low value of conductivity was expected and was due to the high porosity introduced by graphite. The response to the atmosphere switch decreased the conductivity by about 4 orders of magnitude, and equilibrium was hardly reached, as suggested by hysteresis in the conductivity value after several cycles.





3.2. LST-Impregnated NiCrAl Foams


As mentioned in the previous paragraph, LST-c was chosen as the best powder to impregnate the NiCrAl foams and to study the composite material as a possible candidate for being a current collector in a metal-supported fuel cell. The study of LST-impregnated NiCrAl foams regarded two aspects of current collector: its chemical stability and its conductivity.



3.2.1. Chemical Stability


Before testing the chemical stability of LST-impregnated NiCrAl foams in real operative conditions as current collector, two intermediate experiments were performed to systematically study the chemical stability of the system, due to the formation of a layer of alumina on NiCrAl foams. The experiments are described in the following together with the results:




	
Study of pellets obtained by mixing of powders LST-c and Al2O3 after treatment at several different temperatures in air



	
Study of pellets obtained as a pre-sintered (1600 °C) fully dense Alumina core in a LST-c pellet after treatment at several different temperatures in air








The actual microstructure of the composite current collector is better described by experiment (2); nevertheless, in experiment (1), any possible reactivity phenomenon is emphasized because of higher surface density of powders. From experiment type (1) formation of new phases (due to reactivity of two powders) was not detected by XRD at any temperature. Peaks of measured patterns on mixed powders were compared with those of pure materials and reported in Figure 6, with Rietveld refinement. The lattice parameters, and some reliability factors of Rietveld Refinement are summarized in Table 4. Refinement was performed by considering both the two phases. From this table, it can be observed that the lattice parameter remains quite constant. Stability was confirmed by experiment (2), and no migration of elements was detected in LST or in alumina for all studied temperature at interface by EDAX analysis.



The same findings were detected by post-measurement analysis on the current collector composite, and a good stability, of both the ceramic impregnating material and the NiCrAl foam, was obtained in all conditions. In fact, as shown in Figure 7, after treatment at 750 °C for 300 h in H2 the Al2O3 layer at the surface of the foam is still present, covering the entirety of the foam. Ni and Cr are confined inside the foam, although some segregation of Cr at the surface can be detected at a few points.



One of these is shown in Figure 8, with spots of Cr oxide visible within the alumina layer. Diffusion of cations from ceramic components towards the foam was not detected, as Sr, La and Ti are only present in the core of the ceramic and do not react with Al.



Very similar features (Figure 9) can be found after treatment at 900 °C and RedOx cycling (detailed treatment is reported in Figure 10b). In this case, no formation of Cr oxides is detected. From the above results on ceramics and composites, it can be concluded that LST is highly compatible with NiCrAl foams, and long-term operation without significant degradation can be expected.



However, the reduction of LST requires high temperature—at least 900 °C—and high porosity—at least 30 vol %—as it was in composites presented here. Such requirements need to be carefully matched with constraints imposed by other parts of the cell and when robustness against RedOX cycling is required.




3.2.2. Conductivity


Conductivity of LST-impregnated NiCrAl foams reduced under H2, was measured at two different temperatures, 750 and 900 °C, i.e., the operating temperature of the EVOLVE cell and the maximum temperature used for the cell fabrication. Results are reported in Figure 10. In general, the apparent conductivity is quite low due to the porosity (the current collector microstructure is reported in literature, ref [18]) and the lack of metallic electrodes. This was intentional in order to avoid short-circuiting with the metallic foam. At 750 °C (Figure 10a), reduction of the ceramic component is not yet completed after 300 h, and the behavior is substantially semiconducting as the conductivity drops by at least one order of magnitude on cooling. At 900 °C (Figure 10b), the sample reduces faster, but not completely after 20 h. Switching from H2 to synthetic air produces huge conductivity change, by more than 3 orders, although equilibration appears very slow. Additionally, in this case an hysteresis in conductivity value after few cycles is observed.






4. Discussion and Conclusions


Two different mechanisms of defect compensation, i.e., electronic at (i) low P(O2) and cation vacancy type at (ii) high P(O2), are assumed in donor-doped SrTiO3 [38]. Incorporation mechanisms in La-doped SrTiO3 can be described by the following reactions, respectively relevant for case (i) and (ii):


     La  2   O 3  + 2   TiO  2   →    SrTiO  3    2   La   Sr  •  + 2   Ti   Ti  ′  + 6  O O x  +  1 2   O 2    



(1)






     La  2   O 3  + 3   TiO  2   →    SrTiO  3    2   La   Sr  •  +  V  Sr   ′ ′   + 3   Ti   Ti  x  + 9  O O x    



(2)




where Kröger-Vink notation was used. As a result, the thermodynamically stable phase at low P(O2) is the conductive stoichiometric Sr1−xLaxTiO3, while at high P(O2) it is the insulating Sr-deficient Sr1−1.5xLaxTiO3. When the stoichiometric phase is exposed to oxidizing atmosphere, charge compensation changes from electronic to cation vacancy, causing the formation of secondary phases accommodating the Sr excess. Such phases were identified as SrO either precipitated at grain boundaries or present inside grains as shear planes [38,40] and can be hardly revealed at lower doping levels and by standard-resolution techniques. On the contrary, when the Sr-deficient phase is subjected to reducing atmosphere, establishment of the electronic compensation imply accommodation of Ti excess by formation of TiO2 Magneli phases either embedded in SrTiO3 or as precipitate [40]. The process can be described as:


     Sr   1 − 1.5 x     La  x    Ti   4 +    O 3   →    pO  2  ≪ 1     Sr   1 − 1.5 x     La  x    Ti   1 − 1.5 x   4 +     Ti  x  3 +    O  3 − 1.5 x   +  x 2    TiO  2  +  x 4   O 2    



(3)







The results presented about LST ceramics are in good agreement with the above-presented mechanisms: A-site deficient compositions (LST185 and LST27) did not show any secondary phase after sintering in air, and neither did LST-c after sintering in H2. The application of reducing atmosphere promoted in LST185 and LST27 the formation of Ti-rich phase as indicated by Equation (3). Oxidation of LST-c did not reveal appearance of SrO-rich phases (see Figure 6) possibly due to kinetic limitations at moderate temperatures (T < 1000 °C).



Conductivity and activation energy values reported in Figure 3 suggest the existence of some ionic conduction, that could be explained by a mixed incorporation mode, i.e., by simultaneous formation of Sr and O vacancies, recently proposed for RE-doped SrTiO3 [41].



Reduced materials showed metallic-type behavior (Figure 4) in any case. However, of A-site-deficient composition resulted in lower conductivity than in stoichiometric material, which is contrary to several reports. This might be explained by the presence of secondary phases in A-site-deficient LST and by the high temperature of reduction applied, as already reported in the literature [24]. The apparent inconsistency could be also ascribed to the different synthesis method used for stoichiometric (spray pyrolysis) and A-site-deficient (solid-state reaction) compositions, resulting in much finer and highly reactive powders in the first case.



Values of conductivity found in composites were limited by contact, which was intentionally not optimized in order to avoid possible side effects from metallic pastes.



In conclusion, the application of a composite material, the LST-impregnated NiCrAl foam, as a current collector in a metal-supported solid-oxide fuel cell was studied. For this purpose, the electronic properties of different compositions, stoichiometric and under stoichiometric, of LST were analyzed to choose the best one in terms of conductivity and phase purity. Then, LST chemical stability was studied in the presence of Al2O3 at different temperatures, gas compositions and aging times. Finally, stability and conductivity of the composite materials LST-impregnated NiCrAl foam were measured, and LST was found fully compatible with the NiCrAl foam, as no reactions were detected in oxidizing and reducing atmosphere after up to 300 h operation at 750 °C and 900 °C between the Al2O3 layer and LST. Results showed that the composite is suitable as current collector in the innovative design of metal-supported Solid Oxide Fuel Cells (SOFC), EVOLVE cells, in which the metallic part is supposed not only to provide the structural stability to the cell, but also to play the role of current collector due to the impregnation of the ceramic material.



Improvement in the layer performances might be obtained by using a LST-GDC-impregnated foam. The choice is motivated by the catalytic activity of GDC in the reduction of hydrogen, which should improve the total operation of the EVOLVE cell and by a better mechanical compatibility between the anodic part of the cell, the LST-GDC layer, and the GDC electrolyte.
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Figure 1. XRD patterns and Rietveld refinement of as-sintered and reduced LST samples, as indicated in labels. Residuals and Miller indexes of principal phase are also reported. (*) indicates major reflection of the La2Ti2O7 secondary phase. 
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Figure 2. Microstructures obtained by SEM: SE image on fracture of as-sintered LST185 (a), LST27 (c) and LST-c (e); BSE image on cross section of reduced LST185 (b), LST27 (d) and of as-sintered LST-c (f). 
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Figure 3. Arrhenius plot of total conductivity measured in air on oxidized samples (o) LST27, and (•) LST185. 
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Figure 4. Conductivity as function of temperature, measured in hydrogen on sample (o) LST-c, and after reduction on samples (☐) LST27 and (∆) LST185. 
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Figure 5. Conductivity under redox cycling (air-H2) at fixed temperature of sample LST-p-120. 
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Figure 6. XRD patterns and Rietveld refinement of mixing of powders LST-c and Al2O3 after treatment in air at several different temperatures, as reported in the labels. Residuals and Miller indexes of Alumina (■) and LST (*) phases are also reported. 
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Figure 7. SEM+EDX maps of LST-NiCrAl current collector after reduction at 750 °C for 300 h. 
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Figure 8. SEM+EDX maps of LST-NiCrAl current collector after reduction at 750 °C for 300 h: chromium segregation. 
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Figure 9. SEM+EDX maps of LST-NiCrAl current collector after treatment at 900 °C and RedOx cycling. 
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Figure 10. Conductivity of LST-impregnated NiCrAl foam at 750 °C (a) and 900 °C (b) under different atmospheres. 
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Table 1. List of prepared and tested LST samples. SSR = solid state reaction, SP = Spray Pyrolysis.
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Name

	
Nominal Composition

	
Synthesis Route

	
Processing

	
Testing






	
LST185

	
La0.1Sr0.85TiO3

	
SSR,

900 °C Air

	
Sintering: 1450 °C

12 h Air

	
DC conductivity

and Redox




	
Reduction:1450 °C

24 h Ar/H2




	
LST27

	
La0.2Sr0.7TiO3

	
SSR,

900 °C Air

	
Sintering: 1450 °C

12 h Air

	
DC conductivity and Redox




	
Reduction:1450 °C

24 h Ar/H2




	
LST-c

	
La0.1Sr0.9TiO3

	
SP

	
Sintering: 1450 °C

12 h H2

	
DC conductivity




	
LST-p-120

	
La0.1Sr0.9TiO3 +

graphite (40 vol %)

	
SP

	
Sintering: 1200 °C

12 h Air

	
DC conductivity and Redox




	
Reduction: 1000 °C

24 h H2




	
LST-Al-mix

	
La0.1Sr0.9TiO3 +

Al2O3 (1:1 mol.)

	
SP

	
Calcination:

700-800-900-1000 °C

24 h

	
-




	
LST-Al-core

	
La0.1Sr0.9TiO3 + Al2O3

pre-sintered (1600 °C) pellet

	
SP

	
Calcination:

700-800-900-1000 °C

24 h

	
-




	
Current collector

	
LST-c impregnated NiCrAl foam

	
SP

	
Reported in ref 18

	
DC conductivity

and Redox
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Table 2. Rietveld refined parameters of patterns reported in Figure 1.
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	Sample
	Lattice Parameter (Å)
	χ2
	RB
	RF





	LST-c
	3.89767
	1.72
	6.11
	3.01



	LST185
	3.90038
	4.20
	6.28
	3.30



	LST185-red
	3.90712
	8.12
	17.5
	11.2



	LST27
	3.89503
	5.5
	8.15
	4.15



	LST27-red
	3.90551
	7.53
	12.7
	6.48
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Table 3. Results of EDX analysis performed on reduced samples, as reported in Figure 2.
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	LST185-Red
	O/Ti
	Ti/(Sr+La)
	La/Sr



	Spectrum 1
	3.44
	0.97
	41



	Spectrum 2
	2.92
	1.01
	0.12



	LST27-Red
	O/Ti
	Ti/(Sr+La)
	La/Sr



	Spectrum 1
	3.58
	0.94
	30



	Spectrum 2
	2.95
	0.97
	0.12



	LST-c
	O/Ti
	Ti/(Sr+La)
	La/Sr



	Spectrum 1
	3.10
	0.94
	0.12



	Spectrum 2
	2.96
	0.98
	0.13
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Table 4. Rietveld refined parameters of patterns reported in Figure 6.
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	Sample
	Lattice Parameter (Å)
	χ2
	RB
	RF





	Mixing at 700 °C
	3.90051
	3.8
	2.52
	1.78



	Mixing at 800 °C
	3.90026
	3.5
	2.68
	2.13



	Mixing at 900 °C
	3.90058
	2.8
	2.22
	1.84



	Mixing at 1000 °C
	3.90086
	2.4
	2.15
	1.72
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