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Abstract

:

The single-phase oxide PrBaCo2O6−δ and composites (100 − y)PrBaCo2O6−δ-yCe0.8Sm0.2O1.9 (y = 10–30 wt.%) were investigated as cathode materials for intermediate-temperature solid oxide fuel cells. The chemical compatibility, cation interdiffusion, thermal expansion and dc conductivity were studied. As a result, strong interdiffusion of Pr and Sm was found between PrBaCo2O6−δ and Ce0.8Sm0.2O1.9. This leads to only insignificantly decreasing thermal expansion coefficient of composite with increasing fraction of Ce0.8Sm0.2O1.9 and, thus, mixing PrBaCo2O6−δ with Ce0.8Sm0.2O1.9 does not improve thermal expansion behavior of the cathode material. Moreover, formation of poorly-conducting BaCeO3, caused by chemical interaction between the double perovskite and doped ceria, was shown to lead to pronounced drop in the electrical conductivity of the composite cathode material with increasing Ce0.8Sm0.2O1.9 content.
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1. Introduction


Solid oxide fuel cells (SOFCs) have already attracted great attention in the last few decades as alternative power generation devices with high working efficiency and environmental safety. Operating temperature lowering is to be the general way to promote the commercial application of SOFCs because it broadens the range of compatible construction materials, prolongs their life-time and, as a consequence, reduces the cost of energy production.



The double perovskites RBaCo2O6−δ (where R is a rare-earth element) have been recently proposed as potential cathode materials for intermediate-temperature SOFCs (IT-SOFCs) because of their fast oxide ion transport, high mixed ionic and electronic conductivity as well as high catalytic activity with respect to the oxygen reduction [1,2,3,4,5,6,7,8,9,10,11,12,13]. PrBaCo2O6−δ (PBC) was shown to possess the most attractive properties [1,4,6,7,8,14,15,16] among the variety of cobaltites with double perovskite structure and, consequently, can be considered as one of the most promising cathode materials. Despite the numerous publications devoted to study of the properties of PBC, there are significant inconsistencies in the reported values of electrical conductivity and polarization resistance [4,6,7,8,14,17,18,19,20,21]. Indeed, the value of maximum conductivity of PBC in air was found by Zhao et al. [17] to be equal to 317 S·cm−1 as against 2000 S·cm−1 and 1343 S·cm−1 reported by Kim et al. [14] and Zhou et al. [18], respectively. It should be noted also that possible influence of solid electrolyte material on the electrochemical performance of composite cathodes based on RBaCo2O6−δ (R = Pr, Nd, Sm, Gd) still remains a controversial topic. For example, the polarization resistance of the PrBaCo2O6−δ-Ce0.8Sm0.2O1.9 (PBC-SDC) cathodes was found [11,20] to decrease with increasing electrolyte content, whereas opposite trend was shown in Reference [18]. Moreover, the reported results on chemical compatibility between double perovskites and ceria-based electrolytes are also controversial [10,11,12,13,14,15,16,17,18,19,20,21,22,23]. Indeed, chemical interaction between ceria-based electrolytes and double perovskite cathodes was found in some works [10,22], while a good chemical compatibility between these materials is mostly claimed [11,12,13,14,15,16,17,18,19,20,21,22,23]. Unfortunately, the compatibility found is, most likely, a result of kinetic limitations because it seems to be inconsistent with the thermodynamics of the PBC–SDC mixture. Indeed, enthalpies (calculated on the basis of available thermodynamic data [24,25,26,27,28,29]) of the following chemical reactions:


PrBaCo2O5 + CeO2 = BaCeO3 + 1/2·Pr2O3 + 1/2·Co3O4 + 1/2·CoO, ΔrH°298 K = −106 kJ·mol−1



(1)




and


PrBaCo2O5 + CeO2 = BaCeO3 + PrCoO3 + CoO, ΔrH°298 K = −99 kJ·mol−1



(2)




are negative at 298 K and one can expect that they only weakly depend on temperature. Besides, aforementioned reactions seem to proceed without significant entropy change, since all the reactants are solid species. This allows expecting a negative change of Gibbs free energy in both reactions and, consequently, strong interaction between the mixture components.



As pointed out in Reference [22], investigation of chemical compatibility by heating a physical mixture of cathode and electrolyte powders at high temperature for several hours followed by analyzing of its phase composition using X-Ray diffraction (XRD) still remains the easiest and most common way to check whether a cathode material is compatible with selected electrolyte or not. In this way, presence of, at least, any third phase is interpreted as evidence of incompatibility, whereas absence of such phase is regarded as indication of full compatibility of the cathode and electrolyte materials. However, firstly, such judgment depends very much on annealing conditions, especially on its duration, because of the kinetic limitations of solid-state interaction. Secondly, oftentimes, no clear evidence of new phase formation or cation interdiffusion can be assessed on the basis of XRD analysis only, owing to the nonzero detection limits of conventional XRD [22].



In this respect, thermodynamic analysis of materials’ compatibility is completely free from such limitations and, probably, represents the only way of unambiguous interpretation of compounds’ stability under particular conditions. Therefore, it is of key importance (i) to carry out such analysis for PBC material in order to assess its behavior as cathode for ceria-based SOFCs in different atmospheres and then (ii) to understand the influence of possible chemical interactions on the PBC cathode electrochemical performance.




2. Materials and Methods


Powder samples of the double perovskite PBC and solid electrolyte Ce0.8Sm0.2O1.9 (SDC) were prepared by means of glycerol-nitrate method described in detail elsewhere [24]. Pr6O11, BaCO3, Co, Ce(NO3)4·6H2O and Sm2O3 were used as starting materials. All materials used had a purity of at least 99.9%. The final calcination of both PBC and SDC was carried out at 1100 °C in air.



The phase composition of powder samples prepared accordingly was investigated by means of X-ray diffraction with Equinox 3000 diffractometer (Inel, Artenay, France) using Cu Kα radiation. The XRD showed no indication for the presence of a second phase in the as-prepared PBC and SDC.



The chemical composition of all the oxides under investigation was preliminary checked using ICP spectrometer ICAP 6500 DUO (Thermo Scientific, Waltham, MA, USA) and atomic absorption spectrometer Solar M6, Thermo Scientific, Waltham, MA, USA. All the samples used for measurements were shown to have the stoichiometric composition with respect to metal cations within the accuracy of 2%. No impurities were found within the same accuracy range as well.



Composite materials (100 − y)PBC-ySDC were prepared by mechanical mixing of PBC and SDC powders in different weight ratios within the range of y = 10–30 wt.%. The powders of the double perovskite and electrolyte materials were thoroughly mixed in ethanol using agate mortar and pestle.



The chemical compatibility of PBC and SDC was studied by means of homogenizing annealing of 50:50 (wt.%) mixtures at different temperatures in the temperature range between 1000 and 1200 °C for 12 h in air followed by fast cooling and phase analysis (XRD) of products.



Cation interdiffusion between PBC and SDC was studied by means of annealing the diffusion couple. The PBC and SDC ceramic pellets used for interdiffusion experiments were prepared by uniaxial pressing the single-phase PBC and SDC powders at 20 MPa in disks 9 mm in diameter and 3 mm in height. The as-prepared green sample disks were then sintered in air at 1250 °C and 1500 °C in the case of PBC and SDC, respectively. Sintered ceramics with 90% relative density were then polished using diamond abrasive paste. The diffusion couple was prepared by spring-loading the polished ceramic pellets of PBC and SDC in a homebuilt sample holder. As-prepared diffusion couple was then annealed at 1000 °C for 30 h in air. After annealing, it was mounted into an epoxy resin, cut perpendicular to the PBC-SDC interface and polished with diamond abrasive paste. The cross-section of the as-prepared diffusion couple was studied by scanning electron microscopy (SEM) coupled with energy dispersive spectrometry (EDX) using an AURIGA CrossBeam (FIB-SEM) Workstation (Carl Zeiss SMT, Oberkochen, Germany).



Rectangular bars of 30 × 3 × 3 mm3 for electrical conductivity and thermal expansion measurements were prepared by dry pressing at 20 MPa and sintering for 12 h in air at 1200 °C and 1300 °C for PBC (as well as for the composites) and SDC, respectively.



Thermal expansion of the samples prepared accordingly was measured using DIL 402C dilatometer (Netzsch GmbH, Selb, Germany) in the temperature range 30–1000 °C in air.



Electrical conductivity of the composite materials (100 − y)PBC-ySDC and the single-phase double perovskite PBC was measured by means of 4-probe dc-method in the temperature range 500–1000 °C in air. The experimental setup and technique employed for the conductivity measurements are described in detail elsewhere [30].




3. Results and Discussion


3.1. Thermodynamic Analysis


As mentioned in the Introduction, even simple thermochemical considerations indicate instability of double perovskite PBC due to thermodynamic possibility of its chemical interaction with ceria-based electrolytes. Therefore, a general thermodynamic assessment of stability of the double perovskite under different conditions is strongly required to understand the behavior of PBC as a component of the SOFC cell. Such analysis was carried out in the two cases: (1) In the CO2 atmosphere and (2) in contact with CeO2 as the parent phase for the state-of-the-art intermediate-temperature solid electrolytes. However, one should emphasize that the exact thermodynamic analysis is nowadays impossible since thermodynamics of the Pr-Ba-Co-O system is poorly studied so far. It is noteworthy that there is lack of reliable data on standard thermodynamic functions of complex oxides in the system studied, except PrCoO3 and PBC. The required information for PrCoO3 was taken from References [27,28].



The standard formation enthalpy of PBC at 298 K was measured by us earlier [24] as a function of oxygen content. However, neither the standard entropy of PBC nor that of other related complex oxides, such as BaCoO3−δ, Ba2CoO4, Pr2BaCoO5 etc., is known to date. Hence, to provide required thermodynamic calculations, one needs reasonable estimation of an entropy value. Regarding that, one can assume that the closest analogues have similar values of entropies. For this reason, 280 J·mol−1·K−1 as the value of standard entropy of NdBaCo2O6−δ [31] was employed as that of PBC. Aiming at obtaining at least approximate overview of phase stability under particular conditions rather than evaluating the exact phase diagrams, the other complex oxide phases (such as BaCoO3−δ, Ba2CoO4, Pr2BaCoO5) were omitted in the calculations because of the absence of their thermodynamic functions. The required thermodynamic data for corresponding simple oxides, carbonates and gaseous species (O2 and CO2) were taken from the FactPS database [29]. The thermodynamic calculations were carried out using Gibbs free energy minimization algorithm implemented in Maple software (MapleSoft, Waterloo, ON, Canada). The results are presented in Figure 1 and Figure 2.



As seen in Figure 1, PBC is unstable in the atmosphere containing significant concentration of CO2 and, moreover, its stability decreases with temperature. As a result, one can expect on the basis of the calculated diagram that PBC cathode should suffer from interaction with CO2 from natural air (with 0.02–0.04 vol.% of CO2 [32]) at temperatures less than ca. 1130 K. This prediction seems to coincide with the experimental results since formation of surface carbonates was often observed for double perovskites [10,22,33,34,35]. Therefore, interaction of double perovskites with CO2 represents a significant challenge since IT-SOFCs usually operate in the temperature range 873–1073 K. Therefore, to maintain the long-term stability of the PBC cathode in CO2-containing atmosphere, its composition should be modified by adding suitable dopant.



Figure 2, in turn, shows that PBC is unstable against the chemical interaction with CeO2 and, therefore, the PBC cathode should suffer from interaction with ceria-based solid electrolytes as well. Therefore, as it was assumed in the Introduction, controversial results [10,11,12,13,14,15,16,17,18,19,20,21,22,23] on chemical compatibility of PBC and ceria-based electrolyte should be due to the kinetic limitations of interaction in solid state. Moreover, it is quite expected that such a chemical reactivity will also affect the long-term efficiency of PBC-based cathodes in contact with ceria electrolytes. In order to verify experimentally the results of thermodynamic analysis and to understand the possible influence of chemical incompatibility of PBC and ceria on the cathode properties, the chemical interaction between them was studied in detail.




3.2. Experimental Verification of the Results of Thermodynamic Analysis


The XRD patterns of the PBC-SDC (50:50 wt.%) mixture calcined in the temperature range 1000–1200 °C for 12 h in air are shown in Figure 3. At a first glance, there seem to be no evidence of a chemical interaction between the components of the mixture since there is no indication for the presence of a third phase. All the diffraction peaks can be indexed based on a physical mixture of PBC and SDC. Nevertheless, detailed analysis of the XRD patterns reveals a systematic shift of all the diffraction picks. As a result, the refined lattice parameters of the PBC and SDC given in Figure 4 also show a noticeable change with calcination temperature. As seen in Figure 4, the parameter a for PBC remains, in practical terms, unchanged during calcination in the mixture with SDC whereas parameters c and a for PBC and SDC, respectively, decrease with increasing calcination temperature. Possible explanation for the observed change of the cell parameters is interdiffusion or, in other words, redistribution of some cations between PBC and SDC phases. Analysis of the available literature [36] revealed that only Pr or Co dissolution in SDC can potentially lead to the observed decrease of SDC cell parameter. However, the solubility limit for Co oxide in ceria does not exceed 3 mol.% even at 1580 °C [37] whereas rare-earth oxides are highly soluble in CeO2 [38,39]. Therefore, it looks quite reasonable to expect that Pr from PBC dissolves in the SDC lattice and thereby causes the decrease of its parameter. At the same time, it seems unlikely to find large Pr deficiency in PBC [40]. It gives rise to assumption that Sm cations from SDC simultaneously occupy vacant sites in Pr-sublattice of PBC and, thereby, prevent its decomposition. However, Ce is the only rare-earth element which does not form double perovskites of the RBaCo2O6−δ-type and, therefore, dissolution of Ce in PBC lattice seems to be doubtful.



In order to reveal whether the cation interdiffusion is the case for PBC and SDC, appropriate diffusion couple was prepared and annealed at 1000 °C for 30 h in air. The SEM micrograph of the cross-section of this diffusion couple and element maps are shown in Figure 5.



As seen in Figure 5, strong diffusion of Pr into the SDC phase is indeed coupled with some diffusion of Sm into the PBC phase. At the same time, distribution of Co is mostly restricted by the PBC phase in agreement with low solubility of cobalt in doped ceria [37] whereas Ce is mostly distributed over the SDC phase. Furthermore, Figure 5 shows obvious evidence of Ba accumulation on the border between the PBC and SDC phases and formation of the intermediate layer (about 10 μm thick) with composition close to BaCe1−xPrxO3−δ with x ≈ 0.1–0.2. This result reveals the chemical interaction between PBC and SDC in full agreement with the prediction based on the thermodynamic calculations mentioned above.



Using XRD alone, it should be almost impossible to detect the BaCe1−xPrxO3−δ formation in PBC-SDC mixture, because the highest-intensity peak of SDC almost coincides with that of BaCe1−xPrxO3−δ, effectively masking the latter [41]. In this respect, one can emphasize the key importance of knowledge of the standard thermodynamic functions of formation for the advanced materials since this enables prediction of chemical compatibility of such materials in easy way. Unfortunately, it is worth noting that conclusions on the stability of materials under operating conditions are very often made only on the basis of costly and time-consuming trial and error method without any thermodynamic calculations, which leads to the contradictory results obtained by different authors [10,11,12,13,14,15,16,17,18,19,20,21,22]. Thereby the importance and predictive power of thermodynamics, noticed by Albert Einstein [42], are still actual in the field of the material sciences.




3.3. The Effect of Cation Interdiffusion and Chemical Reactivity on The Properties of PBC–SDC Composites


Now, it is of great interest to understand whether the cation redistribution and chemical interaction of PBC and SDC discussed above are unfavorable for the efficiency of the PBC-SDC composite cathodes or not. First of all, available literature data [43] show that dissolution of Pr in SDC significantly increases thermal expansion coefficient (TEC) of the latter. Indeed, TEC of Ce0.8Sm0.2O2−δ was found to be 12.3 × 10−6–12.9 × 10−6 K−1 [44,45] whereas that of Ce0.8Pr0.2O2−δ is considerably higher and reaches 19 × 10−6 K−1 [43]. Dissolution of Sm in PBC, on the contrary, influences its TEC only a bit [12]. Therefore, pronounced interdiffusion of Pr and Sm between PBC and SDC in the composite should lead to the increase of the thermal expansion of ceria. As a result, TEC of the composite material is expected to change insignificantly (upon addition of the electrolyte phase) remaining very close to that of the double perovskite phase. Therefore, employment of the PBC-SDC composite instead of the PBC single phase seems to be not the right way to eliminate the mismatch in TEC between the cathode and electrolyte materials. The measured thermal expansion of the PBC-SDC composites along with that of PBC and SDC is given in Figure 6 and Table 1. For the sake of comparison, available literature data are also provided in the latter. As seen in Figure 6, the behavior of the thermal expansion predicted above coincides completely with that experimentally observed.



As it follows from the Table 1, the measured TEC values are in good agreement with those reported in literature [11,19], and increasing SDC weight fraction leads to only little decrease of TEC of the composite. Therefore, mixing PBC with SDC does not improve thermal expansion behavior of the cathode material.



On the one hand, there seems to be a possibility to apply the single-phase PBC cathode on the surface of the SDC electrolyte without creating composites. Indeed, one can expect that cation redistribution will provide a transition layer with gradually decreasing TEC from that of PBC to the one of SDC. This transition layer is expected to have good adherence to both PBC and SDC and, consequently, might eliminate the TEC mismatch between them.



On the other hand, the expected drawback of Pr dissolution in SDC is to be an increase of the parasitic electronic conduction in the electrolyte whereas Sm dissolution in PBC can lead to somewhat decrease of its total conductivity [38]. Moreover, formation of BaCeO3 interlayer on the PBC-SDC border as a result of the chemical interaction might cause increasing interfacial resistance. This will be also detrimental for the long-term stability of the SOFC cell performance since solid state chemical interaction, albeit proceeding slowly at moderate temperatures, will eventually lead to the formation of significant amount of the poorly-conducting phase on the interface during prolonged SOFC operation. Aforementioned assumptions are completely supported by the results of the PBC-SDC composites’ total conductivity measurements given in Figure 7.



Pronounced drop in the electrical conductivity of the composite cathode material with increasing SDC content is obviously seen in Figure 7. Similar result was also reported in Reference [11]. Generally, this tendency is quite expected, taking into account that SDC has total conductivity that is lower than such of PBC on several orders of magnitude [46]. However, as seen in the inset of Figure 7, the drop in the conductivity is much larger than one would expect for a mechanical mixture of highly-conducting and poorly-conducting materials. Moreover, addition of only 10 wt.% of SDC causes abrupt (almost two times) drop in the conductivity. Further increase of SDC amount in the composite influences the conductivity to much less extent. This finding is quite consistent with the formation of the low-conducting BaCeO3 layer on the boundary between PBC and SDC grains in the composite as discussed above. Therefore, the observed chemical interaction of PBC and SDC along with cation interdiffusion seems to seriously restrict the application of PBC as cathode material for SOFCs with doped ceria electrolyte. Taking into account that thermodynamic properties of A-site ordered double perovskite cobaltites are expected to be similar, the same restrictions should apply to them as well. However, one can expect that proton-conducting doped barium cerates and zirconates are more suitable electrolytes for application with such cathodes since they are believed to be thermodynamically stable against chemical interaction with the double perovskite cobaltites. These conclusions are consistent with experimental observation of phase stability of PBC in contact with BaCeO3-based electrolyte [47,48]. No new phase formation was found on the interface between them [47], but, as evidenced from the results of diffusion couple experiments (see Figure 5), Pr may diffuse into the BaCeO3-based electrolyte and most probably into BaZrO3-based electrolyte as well. The “outgoing” diffusion of Pr from PBC into BaCeO3 or BaZrO3-based electrolyte in that case would be balanced by “incoming” flux of the dopant cation from the electrolyte to PBC. Some signs of such interdiffusion were observed in Reference [47]. It is obvious that Pr diffusion into the proton-conducting electrolyte would suppress its performance because of increasing electronic conductivity. Therefore, it would be better to use double perovskites containing other rare-earth elements instead of Pr. In addition, it is interesting to note that triple (proton, electron and oxide ion) conduction was found in some (Pr-free) double perovskites [49]. Taking into account all the circumstances mentioned above, it seems that these materials can be considered as particularly suitable for proton-conducting solid oxide fuel cells.





4. Conclusions


The thermodynamic analysis of the stability of PBC double perovskite under different conditions was carried out. As a result, its instability against chemical interaction with CO2 and CeO2 was revealed. In the latter case, diffusion couple (PBC-SDC) experiment showed interdiffusion of Pr and Sm and chemical interaction between PBC and SDC with formation of barium cerate as a product, in full agreement with thermodynamic calculations. This was shown to affect significantly both thermal expansion and total conductivity of the composites and lead to higher than expected TECs of the composites. Formation of barium cerate on the border between PBC and SDC was also shown to cause a significant drop in the composites’ total conductivity and should be detrimental for the long-term stability of the SOFC cell. One can expect that predicted on the basis of thermodynamic calculations formation of BaCO3 due to the chemical reaction of PBC with CO2 from the ambient air will lead to lowering of the SOFC performance as well. The PBC double perovskite was shown to be more suitable as electrode for proton-conducting solid oxide fuel cells because of its thermodynamic stability against chemical interaction with barium cerate- and zirconate-based electrolytes. However, in this case the interaction of PBC with CO2 is still an issue.
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Figure 1. Equilibrium diagram calculated for PrBaCo2O5-CO2 system at pO2 = 0.21 atm. 1: BaCO3(α-phase) + PrCoO3 + Co3O4; 2: BaCO3(β-phase) + PrCoO3 + Co3O4; 3: BaCO3 (β-phase) + PrCoO3 + CoO; 4: BaCO3(γ-phase) + PrCoO3 + CoO. 
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Figure 2. Equilibrium diagram calculated for PrBaCo2O5-CeO2 system at pO2 = 0.21 atm. 1: BaCeO3 + PrCoO3 + Co3O4; 2: BaCeO3 + PrCoO3 + CoO. 
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Figure 3. The XRD patterns of PrBaCo2O6−δ–Ce0.8Sm0.2O1.9 (50:50 wt.%) mixtures calcined at different temperatures for 12 h in air. 
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Figure 4. PBC and SDC cell parameter versus calcination (for 12 h in air) temperature. Lines are guide to eye only. 
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Figure 5. SEM micrograph of the cross-section of the PBC-SDC diffusion couple annealed at 1000 °C for 30 h in air and element maps. 
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Figure 6. Thermal expansion of (100 − y)PBC-ySDC (y = 0–30 wt.%) cathode materials and Ce0.8Sm0.2O1.9 electrolyte in air [45]. 
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Figure 7. Temperature dependences of total conductivity of (100 − y) PBC-ySDC (y = 0–30 wt.%) in air. The inset shows variation of the total conductivity of the composite with SDC content at 600 °C in air. Dashed line represents the weighted sum of PBC and SDC conductivity. 
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Table 1. The average TEC values of SDC electrolyte and (100 − y)PBC-ySDC (y = 0–30 wt.%) cathode materials in the temperature range 30–1000 °C in air.
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Material

	
TEC·106, K−1




	
This Work

	
References






	
PBC

	
24.6

	
23.8 [11], 24.1 [19]




	
90PBC-10SDC

	
24.1

	
-




	
80PBC-20SDC

	
23.8

	
21.3 [11]




	
70PBC-30SDC

	
22.8

	
-




	
SDC

	
12.9

	
12.3 [44]
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