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Abstract

:

A Ba-based glass-ceramic sealant is designed and tested for solid oxide electrolysis cell (SOEC) applications. A suitable SiO2/BaO ratio is chosen in order to obtain BaSi2O5 crystalline phase and subsequently favorable thermo-mechanical properties of the glass-ceramic sealant. The glass is analyzed in terms of thermal, thermo-mechanical, chemical, and electrical behavior. Crofer22APU-sealant-Crofer22APU joined samples are tested for 2000 h at 850 °C in a dual atmosphere test rig having reducing atmosphere of H2:H2O 50/50 (mol%) and under the applied voltage of 1.6 V. In order to simulate the SOEC dynamic working conditions, thermal cycles are performed during the long-term electrical resistivity test. The glass-ceramic shows promising behavior in terms of high density, suitable CTE, and stable electrical resistivity (106–107 Ω cm) under SOEC conditions. The SEM-EDS post mortem analysis confirms excellent chemical and thermo-mechanical compatibility of the glass-ceramic with Crofer22APU.
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1. Introduction


The high temperature solid oxide electrolysis cell (SOEC) technology is considered as one of the most attractive method to produce green hydrogen because of its high efficiency [1,2,3,4,5]. In order to maximize the efficiency, the role of sealants is crucial in planar SOEC stack configuration. Sealants are employed with the aim to avoid any gas leakage and to bond metallic interconnect with the zirconia-based electrolyte. The operating conditions of an SOEC stack such as high working temperature of 700–1000 °C, presence of oxidizing and reducing atmospheres, expected lifetime of more than 40,000 h, and applied thermal cycles during operation, make the synthesis of suitable sealants quite challenging [6,7,8].



Glass-ceramics are considered to be the most promising sealant candidates owing to their high electrical resistivity, thermal and chemical stability at high working temperature, and due to the possibility to tune their physical and chemical properties (i.e., viscosity, coefficient of thermal expansion) by tailoring their composition [9,10,11,12]. In the past, various glass compositions have been designed and tested mainly for solid oxide fuel cell (SOFC). Although, most of the requirements for an SOEC sealant are similar to that of SOFC, however, in SOEC the sealant has to be electrically insulator under the applied voltage which is typically 1.3 V higher than in SOFC [8,13,14,15].



According to literature, silica is most commonly used as a main glass former. Besides that, different alkali and alkaline earth metals are used as modifiers to tune the properties of the resultant glass-ceramic [16,17,18,19,20]. The choice and relative concentration of modifiers is the most important factor in order to control the overall properties of glass-ceramic sealants. Alkali oxide-based glass-ceramic sealants are usually not very attractive because of their low electrical resistivity and detrimental reaction with Cr at high temperature and under applied voltage [21,22]. Among alkaline earth metal oxides, BaO is the most extensively used modifier as it improves the coefficient of thermal expansion (CTE) and wettability of the glass-ceramic sealant [6,23,24,25,26,27]. However, BaO-based glasses mostly suffer from the formation of high CTE BaCrO4 phase because of chemical reaction between Ba (from glass) and Cr (from the interconnect). The high CTE phase having CTE in the range of 20–22 × 10−6 K−1, often resulted in stress generation and consequently delamination at interconnect/sealant interface [28,29]. For instance; a SiO2-B2O3-BaO-based glass system investigated by Peng et al. [29] showed strong adhesion with SS410 interface and 8YSZ (8 mol% Yttria-stabilized Zirconia) electrolyte after joining with no undesirable phase formation. However, under the thermal cycling performed at 700 °C, a gas leakage was detected. SEM-EDS post mortem analyses confirmed that the formation of undesirable phase BaCrO4 took place at glass-ceramic/interconnect interface.



SiO2-BaO-CaO-Al2O3-based glass systems developed by Gosh et al. [30], also showed good chemical stability and high electrical resistivity. However, the electrical resistivity was measured on glass-ceramic pellets at 800 °C up to only 100 h of steady operation. Similarly, Rost et al. [13] also investigated the electrical resistivity of different BaO-based glass systems in dual atmosphere at 850 °C up to 500 h. However, no information was reported about the long-term testing (>1000 h) and performance during thermal cycles. Schilm et al. [31] also designed different glass compositions from SiO2-BaO-CaO-Al2O3 system and their electrical resistivity was measured in dual atmosphere for 300 h under the applied voltage of 0.7 V and 1.3 V. The compatibility of glasses was studied with CFY (Cr-Fe-Y) interconnect and found that a suitable BaO/SiO2 is important in order to minimize the formation of BaCrO4 phase.



In this study, a Ba-based glass-ceramic sealant was designed and studied under SOEC conditions. Besides thermal, chemical, and thermo-mechanical analysis, the electrical resistivity of joined samples was analyzed at 850 °C up to 2000 h in dual (H2O-H2 and air) atmosphere. Thermal cycles were also applied during resistivity analysis in order to simulate the dynamic SOEC conditions.




2. Experimental


The composition (mol%) of the glass system (further labelled as HJ28) is shown in Table 1. The glass system has SiO2 as glass former, while BaO as a main glass modifier. According to SiO2-BaO binary phase diagram, the SiO2/(SiO2 + BaO) of 0.67 is required to obtain a BaSi2O5 phase [32]. The BaSi2O5 phase has a CTE of 12–14 × 10−6 K−1 [33], therefore, is beneficial to obtain a glass-ceramic sealant with a suitable CTE for SOEC applications. Nevertheless, the presence of high concentration of Ba, can also lead to the formation of high CTE BaCrO4 phase. In HJ28 glass system, a SiO2/(SiO2 + BaO) of 0.73 was chosen in order to form high CTE BaSi2O5 phase and to avoid the formation of BaCrO4 phase. Besides that, CaO, B2O3, and Y2O3 were added in order to adjust the viscosity and the CTE of the sealant.



For glass synthesis, different precursor powders were thoroughly mixed for 24 h and subsequently melted at 1600 °C for one hour in a Rh-Pt crucible. The molten glass was then air quenched on a brass plate followed by ball milling and sieving to obtain glass particles <25 µm. The glass transition (Tg) and crystallization temperature of as-casted glass were measured using differential thermal analysis (DTA Netzsch, Eos, Selb, Germany), while the sintering behavior was analyzed by heating stage microscope (HSM, Hesse Instruments, Osterode am Harz, Germany) at a heating rate of 5 °C/min. The coefficient of thermal expansion of as-casted glass and as-joined glass-ceramic was measured by dilatometer (Netzsch, DIL 402 PC/4). The details about the joining parameters of glass-ceramic will be discussed in the next sections of this article. For each characterization method, at least three measurements were carried out in order to ensure the reproducibility of data.



For phase analysis, the XRD (PanAlytical X’Pert Pro PW 3040/60 Philips (The Netherlands)) was performed on glass-ceramic with Cu Kα and the X’Pert software. In order to investigate the compatibility of HJ28 glass-ceramic with the Crofer22APU (from VDM® Metals) interconnect and 3YSZ electrolyte, the Crofer/glass/3YSZ joint was processed in static air in a carbolite furnace (CWF 13/5). For this purpose, the slurry composed of glass particles and ethanol (70:30 wt%) was manually deposited on the Crofer22APU and 3YSZ substrates. The SEM-EDS analysis was carried out to understand the compatibility and adhesion of glass-ceramic with Crofer22APU interconnect and 3YSZ electrolyte, and to analyze the glass-ceramic microstructure.



The electrical resistivity of the Crofer22APU/glass-ceramic/Crofer22APU joint was measured in-situ at 850 °C, under dual atmosphere and applied voltage. The glass was deposited in form of slurry on a cleaned plate of Crofer22APU (3 cm × 6 cm × 0.2 cm) to form a closed sealing frame Figure 1a) and joined to a second Crofer22APU plate of the same size. The lower plate has two holes to allow the inlet and outlet of a controlled reducing atmosphere during the experiment, while the external side of the glass sealing was exposed to static air (Figure 1b). Thermiculite™ 866 (Flexitallic, Ticengo, Italy) sealing gaskets were employed to ensure gas tightness between the lower plate of joined sample and the gas distribution/collection fixture in the furnace. A mixture of 50 mol% hydrogen and 50 mol% steam was sent to the joint sample during the experiment. Uniformly distributed weight was put on the top plate to facilitate the sintering and the adhesion of the sealant. The joining treatment described in Section 3.1 was applied before settling the temperature to 850 °C and exposing the sample to the dual atmosphere. A voltage of 1.6 V was applied between upper and lower plates, connected to a voltage generator and a measuring circuit Figure 1b by platinum wires point welded on each plate. Gas flow measurement at the reducing atmosphere outlet was periodically performed during the test to verify the sealing integrity between test fixture and lower plate and of the joint sample.



The resistivity of the joint sample—RS—was indirectly evaluated by measuring the voltage drop—Vm—on a known resistance Rm that was put in an electrical circuit in series with the Crofer22APU/glass-ceramic/Crofer22APU (see Figure 1b). The voltage generator was regulated during the experiment in order to have a voltage of 1.6 V on the sample, i.e., the sum of V and Vm was maintained equal to 1.6 V. By solving the circuit, the resistance RS is calculated as: RS = Rm(V−Vm)/Vm, and consequently the resistivity is derived from the geometry (area and thickness) of the sealing frame.



In order to simulate the real working conditions of SOEC, three thermal cycles were performed after 500 h of resistivity test, in which the Crofer22APU/HJ28 glass-ceramic/Crofer22APU-joined sample was cooled down from 850 °C to room temperature at 2 °C/min.



After the electrical resistivity test, the SEM-EDS post mortem analysis was carried out to observe the microstructure, porosity in addition to chemical and thermo-mechanical compatibility of HJ28 glass-ceramic sealant with Crofer22APU.




3. Results and Discussion


3.1. Thermal Analysis


The DTA and HSM curves for the HJ28 as-casted glass are shown in Figure 2. The glass transition (Tg) and peak crystallization temperature (Tp) obtained from DTA, as well as the first sintering temperature (TFS) and maximum sintering temperature (TMS) obtained from HSM analyses are given in Table 2.



The DTA analysis of the HJ28 glass (Figure 2) showed that the as-casted glass has Tg of 685 °C. A low intensity exothermal peak can be seen around 930 °C, labelled as Tp. The absence of sharp crystallization peak during DTA analysis of glass has been observed in our previous studies [8], and is most likely due to the fact that the degree of devitrification in the HJ28 glass is not significant to be detected. On the other hand, the HSM analysis of HJ28 (Figure 2 and Table 2) showed that the sintering process started at 717 °C, while the maximum sintering was obtained at 829 °C. After the completion of sintering process, the HJ28 glass showed a viscous flow that resulted in slightly further shrinkage.



In order to obtain a dense sealant, the sintering should be complete before the start of crystallization phenomena, otherwise, the increased viscosity due to crystallization can lead to the formation of residual pores within the glass-ceramic [18]. From the Figure 2 and characteristic temperatures mentioned in the Table 2, it is clear that the sintering process of the HJ28 glass system completed prior to the crystallization.



In order to synthesize the HJ28 glass-ceramic, a heat treatment of 950 °C having dwell time of 2 h, was chosen. The selection of heat treatment was based on the crystallization and sintering data obtained from the DTA and HSM analyses, and was chosen to obtain a maximum densification and sufficient crystallization within the resultant glass-ceramic. For glass-ceramic synthesis, the heating/cooling rate of 2 °C/min was used in order to minimize the possibilities of stress generation due to fast heating/cooling rates.



The CTEs of as-casted glass and as-joined glass-ceramic are also reported in Table 2. The as-casted HJ28 glass and as-joined glass-ceramic showed the CTEs of 8.5 × 10−6 K−1 and 9.4 × 10−6 K−1 respectively, in the temperature range of 200–500 °C. The increase in the CTE of glass-ceramic as compared with the parent glass is due to the formation of high CTE crystalline phases. Further details about the crystalline phases will be discussed in the later sections of this article. Nevertheless, the CTE of HJ28 glass-ceramic is matching with CTEs of other cell components i.e., Crofer22APU (12 × 10−6 K−1 ) and 3YSZ (10.5 × 10−6 K−1), [7,31] and is suitable for the SOEC applications.




3.2. XRD and Microstructural Analysis


The XRD pattern of the as-joined HJ28 glass-ceramic is shown in Figure 3. According to the XRD analysis, the as-joined HJ28 glass-ceramic contains only BaSi2O5 crystalline phase. The reference pattern of BaSi2O5 (PDF card # 00-026-0176) is also shown in Figure 3. The BaSi2O5 phase has CTE in the range of 12–14 × 10−6 K−1 [33] and is important to obtain a high CTE (9–12 × 10−6 K−1) glass-ceramic sealant, for the SOEC applications [7]. These XRD results also validate the rationale behind designing the HJ28 glass composition, i.e., to have a high CTE BaSi2O5 phase and to avoid the formation of cristobalite (SiO2) phase. Moreover, the XRD analyses are also in agreement with the dilatometer results, indicating that the formation of high CTE BaSi2O5 is responsible for the increase in CTE of HJ28 glass-ceramic as compared with as-casted glass.



The compatibility and bonding of the HJ28 glass-ceramic with the Crofer22APU interconnect and 3YSZ electrolyte were investigated by producing the Crofer22APU/glass-ceramic/3YSZ joined samples according to the heat treatments mentioned above. The SEM image of the Crofer22APU/HJ28 glass-ceramic/3YSZ joint cross section is shown in Figure 4. The HJ28 glass-ceramic showed good interfacial bonding with the Crofer22APU and 3YSZ substrates, with no crack or delamination at either interface. Some isolate pores can be seen in the as-joined glass-ceramics; however, these pores are not interconnected and could be formed as a result of manual glass deposition. Moreover, no crack within the as-joined glass-ceramics was observed.



The microstructure of the HJ28 glass-ceramic after joining is quite homogenous. The crystalline phases are uniformly distributed throughout the joining area. The EDS analysis reported in Table 3 confirmed that the bright phase (point 1) in the HJ28 as-joined glass-ceramic is the BaSi2O5 phase, while the dark phase (phase 2) is the residual glassy phase. The presence of 10 wt% of Ba and 3.7 wt% of Ca into the residual glassy phase is beneficial to maintain the CTE and viscosity of residual glass. The SEM-EDS analyses performed on the as-joined HJ28 glass-ceramics are in agreement with the XRD results.




3.3. Electrical Characterization in Dual Atmosphere and Post Mortem Analysis


Figure 5 shows the electrical resistivity curve for the Crofer22APU/HJ28 glass-ceramic/Crofer22APU joined sample, as measured at 850 °C, 1.6 V and under dual atmosphere. The electrical resistivity for the Crofer22APU/HJ28 glass-ceramic/Crofer22APU joined sample was recorded in the range of 106–107 Ω cm thus higher than the minimum threshold (104 Ω cm) required to ensure an insulation between the two conducting Crofer22APU plates [34]. The electrical resistivity curve is uniform with small fluctuations. After 500 h, a significant increase in the electrical resistivity is due to the applied thermal cycles. Resistivity peaks occurred during cooling down phases of thermal cycles, as expected from the higher glass-ceramic resistivity at lower temperature. However, after the thermal cycles the resistivity achieved the same values as prior to the thermal cycles. The smooth and uniform resistivity curve demonstrates very good insulating characteristics of the glass-ceramic sealant. Furthermore, these values also suggest that neither corrosion phenomena nor any chemical interaction took place between the HJ28 sealant and the Crofer22APU interconnects.



Figure 6 shows the SEM-EDS post mortem analysis carried out at cathodic polarized Crofer22APU/HJ28 glass-ceramic interface at the air side after the long-term electrical resistivity test in dual atmosphere. The glass-ceramic seems to be highly dense with negligible amount of closed porosity. The formation of porosity is most likely due to the manual deposition of the glass. The glass-ceramic shows good adhesion with the cathodic polarized Crofer22APU substrate. From the EDS-mapping shown in Figure 6, the presence of Cr rich region can be seen at glass-ceramic/air interface. These Cr containing phase corresponds to BaCrO4, which was formed most likely because of the chemical reaction between the Ba from glass-ceramic and Cr from Crofer22APU. The formation of high CTE BaCrO4 is commonly observed in most of the Ba-based glass, and can lead to delamination at Crofer22APU/glass-ceramic interface [25,28,29,35,36]. However, in case of HJ28 glass-ceramic, the chromates were only limited along the air side and no chromates were formed at HJ28 glass-ceramic/Crofer22APU interface, thus ensured strong bonding. This effect was due to excellent adhesion of the sealant to the Crofer22APU.



The EDS analysis confirmed that there is no segregation of elements within the glass-ceramic, nor at Crofer22APU/glass-ceramic interface.



Figure 7 corresponds to the SEM-EDS analysis at the anodic polarized Crofer22APU/HJ28 glass-ceramic interface collected at the air side. The EDS analysis and uniform microstructure confirmed that under the applied voltage of 1.6 V no migration of ions has been observed toward any specific polarity. Similar to cathodic polarized Crofer22APU, a thin layer (̴10 µm) of BaCrO4 can be seen in Figure 7 and is localized only along the air side. A suitable SiO2/(SiO2 + BaO) in HJ28 glass system not only resulted in the formation of the desired crystalline phase, but also minimal BaCrO4 formation. Nevertheless, Figure 7 shows a negligible concentration of Si rich phases between the chromates and the Crofer22APU substrate, formed because of the fact that the formation of BaCrO4 slightly imbalanced SiO2/BaO thus, resulting in locally higher SiO2 content.



In a previous study, Sabato et al. [21] observed the formation of detrimental reaction between an alkali-containing glass-ceramic and Crofer22APU in similar operating conditions (dual atmosphere, 800 °C under applied voltage). This study highlighted the strong importance of the region exposed to air and the role played by the applied voltage in the presence of alkali metal oxide in the glass. These elements can react with Cr leading to degradation of the integrity of the sealant and formation of Cr2O3 bridges with consequent reduction in the resistivity. The present study did not detect any evidence of a similar reaction owing to the absence of alkali metal oxides. The sealant appears to be intact and no evidence of conductive “bridges” have been detected by SEM. The resistivity is also stable during all the measurement without noticeably decreasing.



Figure 8 shows the SEM post mortem analyses carried out at cathodic and anodic polarized Crofer22APU/glass-ceramic interface, on the fuel side. Likewise on air side, the HJ28 glass-ceramic seems to be strongly bonded to both the Crofer22APU plates having opposite polarity. No cracks were found within the HJ28 glass-ceramic nor at Crofer22APU/HJ28 glass-ceramic interface. The strong and crack-free interface also confirmed that the HJ28-glass-ceramic is stable under the applied thermal cycles. Moreover, the microstructure and level of closed porosity at the fuel side is also similar to that of the air side.





4. Conclusions


The Ba-based glass system (HJ28) has been designed and tested for SOEC applications having a working temperature of 850 °C. The HJ28 glass-ceramic showed suitable CTE and excellent compatibility with Crofer22APU interconnect and 3YSZ electrolyte. The right sequence of crystallization and sintering processes led to the formation of dense sealant. The electrical resistivity of 106–107 Ω cm was measured for Crofer22APU/HJ28 glass-ceramic/Crofer22APU joint, as measured for 2000 h, at 850 °C and in simultaneously applied oxidizing and reducing atmospheres. Three full thermal cycles were also applied during the test at 500 h. The SEM-EDS post mortem analysis confirmed the presence of strong bonding between the Crofer22APU substrate and HJ28 glass-ceramic, subjected to long-term resistivity test and thermal cycles. A very thin layer (>10 µm) of BaCrO4 was observed along Crofer22APU/glass-ceramic/air 3-phase boundary, while no evidence of BaCrO4 propagation were found along Crofer22APU/glass-ceramic interface.



Owning to excellent thermal and thermo-mechanical properties, high electrical resistivity, and chemical stability, HJ28 glass-ceramic is a promising candidate to act as a reliable sealant for long-term SOEC conditions.
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Figure 1. (a) Schematic of sample and (b) measuring setup, for the electrical resistivity analysis in dual atmosphere. 
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Figure 2. Differential thermal analysis (DTA) and heating stage microscope (HSM) curves of HJ28 as-casted glass. Analyses were carried out at 5 °C/min. 
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Figure 3. XRD pattern of HJ28 glass-ceramic synthesized at 950 °C for 2 h at heating rate of 2 °C/min. 
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Figure 4. SEM images of as-joined Crofer22APU/HJ28/3YSZ joined samples. 
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Figure 5. Electrical resistivity of Crofer22APU/HJ28 glass-ceramic/Crofer22APU joined sample, as measured for 2000 h at 850 °C under the applied voltage of 1.6 V. 






Figure 5. Electrical resistivity of Crofer22APU/HJ28 glass-ceramic/Crofer22APU joined sample, as measured for 2000 h at 850 °C under the applied voltage of 1.6 V.



[image: Energies 13 03682 g005]







[image: Energies 13 03682 g006 550] 





Figure 6. SEM-EDS post mortem analysis at cathodic polarized Crofer22APU/HJ28 glass-ceramic interface after the dual test, collected at air side. 
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Figure 7. SEM-EDS post mortem analysis at anodic polarized Crofer22APU/HJ28 glass-ceramic interface after the dual test, collected at air side. 
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Figure 8. SEM-EDS post mortem analysis at cathodic and anodic polarized Crofer22APU/HJ28 glass-ceramic interface after the dual test, collected at fuel side. 
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Table 1. Composition (mol%) of HJ28 glass system.
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	SiO2
	BaO
	CaO
	B2O3
	Al2O3
	Y2O3





	60.00
	22.00
	6.35
	7.65
	3.00
	1.00
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Table 2. Characteristic temperatures and coefficient of thermal expansion (CTE) of HJ28 glass system, obtained from DTA, HSM, and dilatometer.
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	Glass transition temperature Tg (°C)
	685 ± 2



	Onset of crystallization (°C)
	907 ± 2



	Peak crystallization temperature Tp (°C)
	930 ± 3



	First shrinkage temperature TFS (°C)
	717 ± 2



	Maximum shrinkage temperature TMS (°C)
	829 ± 1



	CTE of as-cast glass/1 × 10−6 K−1

(200 °C–500 °C)
	8.5 ± 0.1



	CTE of as-joined glass-ceramic/1 × 10−6 K−1

(200 °C–500 °C)
	9.4 ± 0.1
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Table 3. EDS point analyses (at. %) performed on the HJ28 glass-ceramics as shown in Figure 4.
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	Elements
	Point 1
	Point 2





	O
	48.0
	49.7



	Si
	35.2
	31.6



	Ba
	15.1
	10.1



	Ca
	1.7
	3.7



	Al
	--
	4.3



	Y
	---
	0.6
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