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Abstract

:

The goal of the current work was to identify an air-side-optimized contact material for La0.3Ca0.7Fe0.7Cr0.3O3−δ (LCFCr) electrodes and a Crofer22APU interconnect for use in reversible solid oxide fuel cells (RSOFCs). LaNi0.6Co0.4−xFexO3 (x = 0–0.3) perovskite-type oxides were investigated in this work. The partial substitution of Co by Fe decreased the thermal expansion coefficient values (TEC) closer to the values of the LCFCr and Crofer 22 APU interconnects. The oxides were synthesized using the glycine–nitrate method and were characterized using X-ray thermodiffraction and 4-probe DC electrical conductivity measurements. Based on the materials characterization results from the Fe-doped oxides investigated here, the LaNi0.6Co0.2Fe0.2O3−δ composition was selected as a good candidate for the contact material, as it exhibited an acceptable electrical conductivity value of 395 S·cm−1 at 800 °C in air and a TEC value of 14.98 × 10−6 K−1 (RT-900 °C).
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1. Introduction


Reversible solid oxide fuel cells (RSOFCs) are green, flexible, and efficient electrochemical devices that function efficiently under both fuel cell and electrolysis modes [1]. In the fuel cell mode, RSOFCs generate clean power by electrochemically converting fuels (H2, hydrocarbons, alcohols, etc.) with O2 from air and function as solid oxide fuel cells (SOFCs); in the electrolysis mode, RSOFCs generate H2 or useful chemicals by utilising excess renewable electricity and function as solid oxide electrolysis cells (SOECs) [1,2,3,4].



To scale up the technology and to obtain higher fuel or energy production or currents, RSOFC stacks are made by connecting several cells in series using metal interconnects. Resistance loss of the stack arising due to poor interfacial contact between the electrode and the interconnect is reduced through the use of contact materials. Contact materials are applied between electrodes and interconnects to reduce the interfacial resistance by providing a high electrical conduction path. Noble metals (Ag, Pt, Au, and Cu), Ag-containing Ni alloys, oxides (CuO), noble metal–perovskite composites (Ag-(La0.6Sr0.4)(Co0.8Fe0.2)O3, Ag-La0.8Sr0.2MnO3), perovskites (La0.8Sr0.2Co0.75Fe0.25O3, La0.8Sr0.2FeO3, LaNi0.6Fe0.4O3, La0.8Sr0.2FeO3, LaNi0.6Fe0.4O3, Sm0.5Sr0.5CoO3, La0.65Sr0.3MnO3, Sm0.5Sr0.5CoO3, La0.7Sr0.3CoO3), spinels (M3O4, M = Ni, Mn, Co, Cu, Fe), and Ni0.33Co0.67O oxides have been tested in the literature as contact materials [5,6,7,8].



The electrical contacts between electrodes and interconnects have been improved in previous studies, with contact materials showing chemical reactivity with Cr-containing interconnects and formed secondary phases of Ag2CrO4, AgCrO2, SrCrO4, Cr-spinels, or Cr-perovskites [9,10,11]. Additionally, the reports are scarce on the effects of different types of contact materials and degradation mechanisms on the performance of the RSOFCs stacks in the electrolyzer mode [12,13].



In recent years, La0.3Ca0.7Fe0.7Cr0.3O3−δ (LCFCr) has exhibited excellent properties as an electrocatalyst for RSOFC systems [14,15,16,17,18,19,20,21,22]. Owing to its stable and highly active electrochemical performance in fuel (CO2/CO/steam) and oxygen environments, LCFCr can be used as both the fuel and for oxygen electrodes. Contact materials are crucial components in terms of the technology scale-up, stack manufacturing, and long-term electrochemical performance.



The following properties need to be fulfilled for materials to be considered as good candidates for contact materials: high electrical conductivity, matching thermal expansion properties with the other cell components, and appropriate sintering activity. Low electrical conductivity of the contact material results in high total interfacial ohmic resistance, leading to lower electrochemical performance. Mismatched thermal expansion properties result in delamination, deformation, or even cell fracture during thermal cycling [7]. Limited sintering activity leads to weak adherence of the contact material with the adjacent electrodes and interconnects [11]. Additional desired material properties include chemical compatibility with the interconnects and the electrodes and no undesirable reactions leading to low conducting phases or poor thermal expansion coefficient matches. If there are side reactions, then the resultant phases should possess high electrical conductivity, appropriate thermal expansion, high thermochemical activity, and structural stability in oxidizing and reducing environments.



In the present work, air-side contact materials for RSOFCs were investigated for LCFCr electrodes. Conventionally used contact materials include Au and other expensive precious metals [10,23]. Although Ag and Ag-containing Ni alloys are more economical than other noble metals, the rapid thermal etching required and their high volatility at high temperatures limit their applications as contact materials [24,25,26]. Hence, researchers have been investigating perovskite-type oxides as possible contact materials. LaNi0.6Co0.4O3−δ has been tested by various researchers as a contact material owing to its high electrical conductivity; however, its thermal expansion coefficient (TEC) values are high (up to 17.5 × 10−6 K−1) when compared to the TEC values of the LCFCr electrocatalyst (11.75 × 10−6 K−1) [14,27,28].



The Crofer 22 APU/LaNi0.6Co0.4O3−δ/La0.6Sr0.4FeO3 assembly showed the lowest area-specific resistance (ASR) value owing to the high electrical conductivity of LaNi0.6Co0.4O3−δ when compared to assemblies with (La0.8Sr0.2)0.95Fe0.6Mn0.3Co0.1O3 and LaNi0.6Fe0.4O3−δ as contact materials [27]. As stated earlier, the TEC values of LaNi0.6Co0.4O3−δ are high, and in order to be used as contact materials, a doping approach must be employed to bring down the TEC values. It has been shown in the literature that substituting Co by Fe can significantly reduce the TEC values. For example, the TEC values of Ln1−xSrxCo1−yFeyO3−δ (Ln = Pr, Nd, Gd; x = 0.2, 0.3; 0 ≦ y ≦ 1), PrBaCo2−xFexO5+δ (x = 0, 0.5, 1.0, 1.5 and 2.0), PrBa0.5Sr0.5Co2−xFexO5+δ (x = 0, 0.5 and 1.0), and La0.8Sr0.2Co1−xFexO3−δ (x = 0.2, 0.5, 0.8) decreased with increasing Fe content [29,30,31,32]. Substituting Fe for Co sites lowers the relative spin-state transition of Co3+ ions from low to high spin states by decreasing the Co content. Hence, in the proposed research, LaNi0.6Co0.4O3−δ was doped with Fe to make LaNi0.6Co0.4−xFexO3−δ (x = 0–0.3) composites, with the aim of reducing the TEC values while still maintaining acceptable electrical conductivity values at an operating temperature of 800 °C. In the present work, Crofer 22 APU was chosen as the interconnect as it is commercially used, exhibits a low oxidation rate, and adheres properly to oxide electrodes by forming highly conductive oxide scales [33].



LaNi0.6Co0.4−xFexO3−δ (x = 0–0.3) oxides were screened as air-side contact materials based on the electrical conductivity, TEC values, and chemical compatibility with Crofer 22 APU and LCFCr.




2. Materials and Methods


LaNi0.6Co0.4−xFexO3−δ (x = 0–0.3) synthesis: Stoichiometric amounts of La(NO3)2·6H2O, Ni(NO3)2.6H2O, Co(NO3)2·6H2O, and Fe(NO3)3·9H2O were first dissolved in deionized water, then the stoichiometric amount of glycine was added to the metal nitrate solution to prepare the desired compositions. The molar ratio of glycine to the total content of the nitrates was 2:1. All chemicals were bought from Alfa Aesar (Ward Hill, MA, USA) with purity > 98.5%. The solution was stirred thoroughly and heated on a hot plate at 300–350 °C until self-combustion occurred. The powders were grounded and calcined to produce single-phase powders. Table 1 shows the respective calcination temperature and duration needed to achieve crystalline and pure phases. A heating and cooling rate of 5°/min was used to prepare all samples.



La0.3Ca0.7Fe0.7Cr0.3O3−δ synthesis: Stoichiometric amounts of La(NO3)2·6H2O, Ca(NO3)2 4H2O, Fe(NO3)3·9H2O, and Cr(NO3)3·9H2O were dissolved in deionized water. A stoichiometric amount of glycine (2:1 molar ratio to cations) was added to the metal nitrate solution. All chemicals were purchased from Alfa Aesar (Ward Hill, MA, USA) with purity > 98.5 %. The solution was slowly stirred on a hot plate until gel formed, leading to auto-ignition and self-sustaining combustion. The powders were first ground in a mortar and pestle and then calcined in air at 1200 °C for 2 h (heating and cooling rate of 5°/min) to obtain a single phase [14,15,20].



Interconnect: Crofer22 APU ferritic stainless steel developed by Forschungszentrum Julich and commercialized by ThyssenKrupp VDM (Werdohl, Germany) was used as the interconnect [34]. The nominal composition of Crofer 22 APU listed by ThyssenKrupp VDM (Werdohl, Germany) in wt.% is as follows: 20–24 Cr, 0.3–0.8 Mn, 0.03–0.2 Ti, 0.04–0.2 La, 0.003 C, 0.05 P, 0.020 S, balance Fe [35].



Phase analysis: Room temperature powder X-ray diffraction (PXRD) patterns of all samples were collected using a Bruker D8 Advance X-ray diffractometer (Karlsruhe, Germany) with Cu Kα monochromatic radiation (λ = 1.54056 Å), operating at 45 kV and 40 mA. XRD patterns were collected in the 2θ range of 10–80° at room temperature with a step size of 0.03° and a 10 second counting time. X-ray thermodiffraction patterns were collected on an PANalytical X’Pert PRO MPD diffractometer (Malvern, UK) with a high-temperature reactor chamber and Anton Paar HTK1200 camera with Cu Kα monochromatic radiation (λ = 1.54056 Å). The data were collected in the 2θ range of 10–80° with an angle step size of 0.03° and a 25 s counting time. The sample was heated to the target temperatures (RT to 1100 °C) at a ramp rate of 5° C/min. Before the measurements, samples were stabilized in the air for 40 min. The conventional Rietveld method using the General Structure Analysis System (GSAS) package with graphical user interface (EXPGUI) software was employed to calculate lattice parameters through the Le Bail fit and to refine the X-ray diffraction patterns. The relative density of sintered pellets was calculated as the experimental density/theoretical density. The experimental density or bulk density of sintered pellets was measured by Archimedes method and the theoretical density was obtained from the Rietveld refinement of XRD data. The average lattice thermal expansion (α) values of as-prepared powders were calculated from the line of best fit of the graph ((ΔL/L0 vs. temperature)) (Equation (1)):


   a  T − T o   =       Δ L    L o         1  T −  T o           



(1)




where ΔL/L0 is the ratio between the relative changes in the lattice parameter ((a – a0)/a0) at a specific temperature (T) compared with its value at room temperature (T0). At room temperature, it was assumed that no lattice expansion occurred.



Chemical compatibility: The reactivity between the contact material and LCFCr powders was analyzed by mixing powders at weight ratios of 30:70 and 50:50 and by heating the powders at 800 °C for 120 h in air and analyzing the mixed phases through XRD. The reactivity between the Crofer 22 APU/contact material assembly was analyzed by first screen painting contact materials over oxidized Crofer 22 APU interconnect, and then heating the assembly at 800 °C for 120 h in air. The assembly were analyzed through XRD to assess the possible formation of any secondary phases after heat treatment.



Electrical conductivity: For bulk electrical conductivity measurements, cylindrical pellets of as-prepared powders were sintered at 1300 °C for 5 h to attain the highest density (Table 1). The bulk electrical conductivity measurements of contact materials were carried out by direct current (DC) four-point method from room temperature to 800 °C in air by employing Biologic VSP-300 (Seyssinet-Pariset, France) Potentiostat.




3. Results and Discussion


PXRD patterns for LaNi0.6Co0.4−xFexO3−δ (x = 0–0.3) series are shown in Figure 1a–c, where Figure 1c shows the Rietveld X-ray diffraction pattern refinement for LaNi0.6Co0.4−xFexO3−δ as an example. LaNi0.6Co0.4O3−δ was indexed with a rhombohedral crystal structure assigned to the R-3c space group (#167). The rhombohedral phase is retained after Fe doping along with changes in lattice parameters (Table 2). The LaNi0.6Co0.1Fe0.3O3−δ composition showed the presence of impurity peaks related to Fe3O4. Fe doping led to the shift in diffraction peaks to lower diffraction angles, indicating an increase in the lattice constant, as the ionic radius of Fe3+ (0.55/0.645 Å (LS/HS) is slightly larger than the ionic radii of Co3+ 0.545/0.61 (LS/HS) in six-fold coordination [36]. Due to the presence of Fe3O4 impurities, the LaNi0.6Co0.1Fe0.3O3−δ composition was not further investigated as a possible candidate for a contact material.



Figure 2 shows the PXRD patterns for mixtures of LaNi0.6Co0.4−xFexO3−δ (x = 0, 0.1, 0.2) powders with LCFCr (in 30:70 and 50:50 wt. ratios) powders after heat treatment at 800 °C for 120 h. As shown in Figure 2, there is no indication of any new phases forming after heat treatment in any composition, indicating good chemical compatibility between the electrode material and the proposed contact compositions. However, the presence of Cr2O3 peaks in samples arising from LCFCr oxidation can be seen.



Figure 3 shows the XRD patterns on the oxidized Crofer 22 APU/LaNi0.6Co0.4O3−δ assembly after heat treatment for 120 h at 800 °C. It can be seen that no additional peaks were detected when compared to as-prepared phase of LaNi0.6Co0.4O3−δ. Peaks attributed to the oxidized Crofer 22 APU interconnect materials can be seen, indicating that X-rays were able to penetrate through the LaNi0.6Co0.4O3−δ layer. The reactivity studies on the oxidized Crofer 22 APU/LaNi0.6Co0.4O3−δ assembly are shown as a representative example, as LaNi0.6Co0.4O3−δ is the parent phase. Similar results were also seen for x = 0.1 and 0.2 compositions.



Figure 4 shows the thermodiffraction patterns for LaNi0.6Co0.2Fe0.2O3−δ in air from room temperature to 1100 °C. Thermodiffraction measurements were performed on the x = 0.2 composition to see how much the TEC value decreased for the single-phase composition with the highest Fe substitution when compared to the literature value of LaNi0.6Co0.4O3−δ. The rhombohedral perovskite phase was maintained until 900 °C, after which orthorhombic distortion was seen. The magnified PXRD patterns from 31 to 35 2-theta degrees show a shift in the peak positions towards lower 2-theta degrees, indicating an increase in lattice parameters due to chemical expansion resulting from the reduction of cations (Equation (2)).
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The apparent thermal expansion (αap) for the oxides is caused by both the chemical expansion and the thermal expansion. The chemical expansion is dependent on the changes in concentration of oxide ion vacancies   (  V   o ..    )   and is affected by two competing mechanisms: (i) the lattice expansion due to the thermal and chemical reduction of redox active cations such as Ni, Co, and Fe to lower oxidation states with larger ionic radii (Equation (2)); (ii) the lattice contraction due the electrostatic repulsion of the cations surrounding the positively charged oxide ion vacancies   (  V   o ..    )  . On the other hand, thermal expansion originates from the anharmonicity of the lattice vibrations and is dependent on the electrostatic attraction forces within the lattice. The concentrations of positive and negative charges and their distances within the lattice influence the electrostatic attraction forces [32,37,38,39].



The effect of temperature on the lattice parameter (a and c) values for LaNi0.6Co0.2Fe0.2O3−δ in air is shown in Figure 5. Here, αap−av. is the average apparent thermal expansion coefficient value, caused by both chemically and thermally induced lattice changes, as explained before. The ap − av TEC value of LaNi0.6Co0.2Fe0.2O3−δ is 14.98 × 10−6 K−1, which lies in the range of TEC values for LaNi0.6Co0.4O3−δ from the literature (14.6–17.5 × 10−6 K−1) [7,27,28].



Figure 6 shows the temperature dependence of the electrical conductivity values of LaNi0.6Co0.4−xFexO3−δ (x = 0, 0.1, 0.2) in air. LaNi0.6Co0.4O3−δ exhibits metallic-like conductivity, whereby the majority of the charge carriers are carried by the narrow itinerant conduction band of the Ni arrays (overlapping of 3d Ni–3d Ni and 3d Ni–2p O orbitals) [40]. Additionally, the contribution from 3d Co is also possible in LaNi0.6Co0.4O3−δ, while in Fe-doped compositions, 3d Co and 3d Fe orbitals can also contribute to conduction band formation [40]. LaNi0.6Co0.3Fe0.1O3−δ (x = 0.1) showed the highest conductivity value of 697 S·cm−1 at 800 °C, even higher than the LaNi0.6Co0.4O3−δ phase. Further, an increase in Fe doping level to 0.2 led to a decrease in electrical conductivity values to 395 S·cm−1 at 800 °C due to the decrease in the concentration of p-type charge carriers. The formation of oxide ion vacancies at higher temperatures resulted in reduction of the Fe and Co ions (Fe4+ to Fe3+ or Co4+ to Co3+), which in turn resulted in decreases in the p-type charge carrier concentration and the covalency of the (Co–Fe)–O bond [41,42]. For the Fe-doped samples with the increase in temperature, the conductivity first increased up to a maximum and then decreased due to the lattice oxygen loss (Equation (2)), indicating semiconductor behavior. This suggests that Fe doping leads to increased formation of oxygen vacancies. As has been shown in the literature, temperatures greater than 1000 °C are needed to create oxygen vacancies and introduce oxide ion conductivity in LaNi0.6Co0.4O3−δ [43].




4. Conclusions


LaNi0.6Co0.4−xFexO3−δ (x = 0–0.3) oxides were screened for electrical conductivity, TEC, and chemical compatibility with LCFCr and Crofer 22 APU interconnects to find an optimized contact material for RSOFCs. All of the proposed compositions were synthesized through the combustion method and single-phase powders were obtained for LaNi0.6Co0.3Fe0.1O3−δ and LaNi0.6Co0.2Fe0.2O3−δ. The preparation of the composition with the highest doping of Fe (x = 0.3) showed Fe3O4 as a secondary phase, indicating that it is not possible to increase the amount of iron in the sample; hence, this composition was not further investigated. LaNi0.6Co0.3Fe0.1O3−δ showed the highest electrical conductivity value of 697 S·cm−1 at 800 °C, while a further increase in the Fe amount (x = 0.2) decreased the value to 395 S·cm−1 at 800 °C due to the decrease in the concentration of p-type charge carriers.



LaNi0.6Co0.2Fe0.2O3−δ was chosen as the best candidate owing to its acceptable TEC value of 14.98 × 10−6 K−1 from RT to 900 °C and electrical conductivity value of 395 S·cm−1 at 800 °C. A structural transition from the rhombohedral phase to orthorhombic phase at temperatures greater than 900 °C was seen in thermodiffraction patterns for LaNi0.6Co0.2Fe0.2O3−δ. Even though LaNi0.6Co0.3Fe0.1O3−δ exhibited higher electrical conductivity values, its TEC value was expected to be high due to the high Co content.
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Figure 1. Room temperature PXRD patterns of (a) as-prepared LaNi0.6Co0.4−xFexO3−δ (x = 0, 0.1, 0.2, 0.3) powders. (b) Magnified PXRD patterns in the 2-theta range of 32–34 showing the shift in peaks towards lower 2-theta degrees. (c) Rietveld X-ray diffraction pattern refinements for LaNi0.6Co0.4−xFexO3−δ powders: observed (red), calculated (black), background (green), and difference (blue) profiles. 






Figure 1. Room temperature PXRD patterns of (a) as-prepared LaNi0.6Co0.4−xFexO3−δ (x = 0, 0.1, 0.2, 0.3) powders. (b) Magnified PXRD patterns in the 2-theta range of 32–34 showing the shift in peaks towards lower 2-theta degrees. (c) Rietveld X-ray diffraction pattern refinements for LaNi0.6Co0.4−xFexO3−δ powders: observed (red), calculated (black), background (green), and difference (blue) profiles.



[image: Crystals 12 00073 g001a][image: Crystals 12 00073 g001b]







[image: Crystals 12 00073 g002 550] 





Figure 2. Room temperature PXRD patterns for the mixture of LaNi0.6Co0.4−xFexO3−δ (x = 0, 0.1, 0.2) with LCFCr powders after heat treatment at 800 °C for 120 h in air. 
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Figure 3. Room temperature XRD patterns of oxidized Crofer22 APU coupon (black) and oxidized Crofer 22 APU/LaNi0.6Co0.4O3−δ assembly (red) after heat treatment at 800 °C in air for 120 h. 
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Figure 4. (a) Thermodiffraction patterns for LaNi0.6Co0.2Fe0.2O3−δ in the air from room temperature to 1100 °C. (b) Magnified XRD patterns in the 2-theta range of 31–35 showing the shift in peaks towards lower 2-theta degrees. 
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Figure 5. Lattice thermal expansion as a function of temperature for LaNi0.6Co0.2Fe0.2O3−δ in air ranging from room temperature to 1100 °C. 
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Figure 6. Temperature dependence of electrical conductivity values for LaNi0.6Co0.4−xFexO3−δ (x = 0, 0.1, 0.2) in air. 
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Table 1. Calcination temperature (CT) used for preparing single-phase powders of LaNi0.6Co0.4−xFexO3−δ (x = 0.1, 0.2, 0.3) and sintering temperature (ST) used for the fabrication of cylindrical pellets for conductivity measurements, along with the relative density values measured using the Archimedes method.
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	Composition
	CT (°C)/

Time (h)
	ST (°C)/Time (h)
	Relative Density of Pellets (%)





	LaNi0.6Co0.4O3−δ
	800/5
	1300/5
	~97



	LaNi0.6Co0.3Fe0.1O3−δ
	1000/5
	1300/5
	~95



	LaNi0.6Co0.2Fe0.2O3−δ
	1000/5
	1300/5
	~93



	LaNi0.6Co0.1Fe0.3O3−δ
	1000/5
	--
	~93
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Table 2. Lattice parameters and electrical conductivity values of LaNi0.6Co0.4−xFexO3−δ (x = 0, 0.1, 0.2, 0.3) pellets sintered at 1300 °C.
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Composition

	
Lattice Parameters

	
σ (800 °C) (S·cm−1)




	
a, b (Å)

	
c (Å)






	
LaNi0.6Co0.4O3−δ

	
5.4681 (3)

	
13.1622 (9)

	
~369




	
LaNi0.6Co0.3Fe0.1O3−δ

	
5.4729 (1)

	
13.1614 (5)

	
~697




	
LaNi0.6Co0.2Fe0.2O3−δ

	
5.4827 (3)

	
13.1937 (6)

	
~395




	
LaNi0.6Co0.1Fe0.3O3−δ

	
5.4935 (3)

	
13.2282 (7)

	
--
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