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Abstract


A NiO-10YSZ/10YSZ half-cell for anode-supported solid oxide fuel cells (SOFCs) was fabricated using 3D inkjet printing and layer-by-layer laser treatment of printing compositions followed by thermal sintering by a co-firing method. The optimal granulometric composition and rheological characteristics of the printing compositions to fabricate the NiO-10YSZ (60:40 wt.%) anode support, NiO-10YSZ (40:60 wt.%) anode functional layer (AFL), and 10YSZ electrolyte were determined. Effects of the pore former and laser post-treatment on the morphology of the as-prepared anodes for the manufacture of SOFC anode supports were studied, and the optimum laser exposure for hybrid 3D printing was determined. A mechanism of influence of the exposure of laser post-treatment on the morphology of the NiO-10YSZ anode supports has been proposed. The mass content of 10YSZ and the number of layers were shown to affect the surface microstructure and the thickness of the thin-film electrolytes deposited on the surface of the anode supports. The hybrid inkjet 3D printing offers great opportunities as it allows a one-pot procedure to fabricate a NiO-10YSZ/10YSZ SOFC half-cell for SOFC anode supports.
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1. Introduction


Currently, due to the environmental pollution resulting from energy production from fossil fuels, the search for alternative sources of energy is of great scientific interest [1]. In this regard, hydrogen has become an important fuel due to a number of significant advantages, such as high specific energy, environmental safety of combustion products, and the possibility of producing it locally [2,3]. Solid oxide fuel cells (SOFCs), generating energy by the oxidation of hydrogen-containing fuels with oxygen, can also be considered renewable energy sources using hydrogen [4]. SOFCs consist of a gas-tight ceramic electrolyte with ionic conductivity located between a porous anode and a cathode [5]. SOFCs have a number of significant advantages, such as high efficiency (60–65%), a wide range of fuels that can be used due to the relatively high chemical stability of the oxide systems, lower costs for internal reforming of hydrogen-containing fuel, and the option of not using expensive catalysts such as platinum or ruthenium [6,7].



However, despite the above advantages of SOFCs, their commercial application is difficult due to a great need to develop a scalable and universal method for producing SOFCs of complex shapes in order to increase the electrode/electrolyte interface [8,9]. At present, there are several traditional methods to fabricate SOFC functional elements. Thus, screen printing is one of them, and it is simple, efficient, and versatile. However, it has a low resolution, it cannot be used to print on curved or three-dimensional surfaces, and it is not well suited for printing complex designs [10,11]. Chemical vapor deposition [12] and pulsed laser deposition [13] are well-suited to produce stretchable thin-film electrodes and electrolytes of complex design; however, they are expensive due to the use of complex equipment. Therefore, it can be concluded that the development of a versatile method that allows the fabrication of both thick porous and thin gas-tight functional layers is of great practical importance and relevance.



In recent years, additive manufacturing technologies (AT) have increasingly been used in various energy sectors to improve the characteristics of the materials and products produced therefrom [14]. Additive manufacturing technologies are becoming more frequent in the fabrication of complete SOFCs and their individual functional layers [14,15]. The use of AT can significantly reduce the cost of the final product (by reducing energy and material consumption), and it allows the manufacturing of high-precision elements with complex product geometry [16,17].



There are a number of studies reported on the 3D printing of SOFC anodes using various approaches. Thus, the ink containing precursors of oxide anode materials [18,19] and ceramic inks [20,21] was used for inkjet printing. The method of inkjet printing using ceramic printing compositions is cost-effective, easily scalable, and allows precise control of the shape, size, and morphology of the printed object [20,22]. Microextrusion or robocasting has also been used for the 3D printing of a SOFC anode based on the NiO/YSZ ceramic composite [23,24,25]. In general, microextrusion has the same advantages as inkjet printing. It is important to note that, due to the slow printing speed, the fabrication of supporting anodes or electrolytes by these additive manufacturing methods is significantly difficult.



As to supporting electrolytes used to manufacture a first generation of SOFCs, they are produced by stereolithography [26,27,28] or the ceramics extrusion process [29,30]. Due to the high resolution, stereolithography allows the fabrication of products of complex shapes [31]. In addition, stereolithography has such advantages as high printing speed and low cost of printers. However, when using stereolithography for manufacturing the supporting electrolytes, it has a number of significant drawbacks, such as a significant shrinkage of the supporting electrolyte during sintering [28]. Apart from that, stereolithographic 3D printers are much more expensive to operate due to both the high cost of the UV-curable resin and the regular replacement of resin tanks [31]. The ceramic extrusion process has also been used to produce supporting electrolytes for SOFCs [29].



Inkjet printing is also used to form a thin-layer electrolyte on an anode support for the fabrication of a second generation of SOFCs [32,33]. Inkjet printing combined with an optimized sintering procedure allows the production of thin (5–30 µm), dense electrolyte layers with good adhesion and a defect-free, dense structure with excellent electrical performance. For example, Esposito et al. [32] fabricated a 1.2 μm thin, dense, and gas-tight SOFC electrolyte exhibiting a close-to-theoretical open circuit voltage and a peak power density of more than 1.5 W∙cm−2 at 800 °C.



Thus, we can conclude that, currently, there are no appropriate approaches to 3D printing allowing the successful production of both thin gas-tight electrolytes and supporting porous anodes. In this work, a layer-by-layer approach to fabricate the anode support, anode functional layer (AFL), and electrolyte by hybrid inkjet printing, followed by layer-by-layer selective laser treatment, was carried out. The use of laser treatment to produce high-temperature electrochemical devices allows for full automation and flexibility of the production processes. The precise adjustment of the main parameters of laser irradiation allows precise control of the penetration depth of laser light, size, and temperature in the area of its impact. In addition, laser treatment ensures high production efficiency and low economic costs [34]. The unique capabilities of laser and inkjet printing allow precise control of the porosity and thickness of the layers and a one-pot procedure to fabricate SOFCs with a complex gradient microstructure.




2. Materials and Methods


Nickel(II) oxide NiO (≥99.5%, SOFCMAN, Ningbo, China), yttria-stabilized zirconia 10 mol %, 10YSZ (Neohim LLC, Moscow, Russia), dipropylene glycol monobutyl ether DPGBE (Sigma–Aldrich, Saint Louis, MO, USA), polyvinyl butyral PVB (Acros Organics, Antwerp, Belgium), dibutyl phthalate DBF (Sigma–Aldrich, Saint Louis, MO, USA), and graphite (Sigma–Aldrich, Saint Louis, MO, USA) were used as received without further purification.



To prepare the NiO/10YSZ (60:40) composite material, nickel(II) oxide and 10YSZ were milled and homogenized in a laboratory-submerged ball mill (VMA-Getzmann, Reichshof, Germany) using yttria-stabilized zirconia 8 mol %, 8YSZ balls (dballs = 1.2 mm). The powders were ball-milled and homogenized in ethanol for 1 h at 5000 rpm and at a powder:ethanol:balls volume ratio of 1:1.5:2. The as-prepared slurry was kept in a drying box at 80 °C until completely dry.



To prepare the paste, PVB and DBP were dissolved in DPGBE with stirring and heating at 70 °C and then placed in a laboratory-submerged ball mill with milling balls made of yttria-stabilized zirconia YSZ8 (dballs = 0.6 mm). Composite powder was added to the paste and dispersed at 5000 rpm for 2 h; then, the paste was separated from the milling balls. To prepare the paste with a pore former, the powder was dispersed in an organic binder for 1.5 h at 5000 rpm; then, the speed was reduced to 1000 rpm, and a pore-former graphite was added and stirred for 0.5 h.



To prepare anode printing compositions, PVB and DBF were dissolved in DPGBE under stirring at a temperature of 70 °C. The as-prepared organic binder was then placed in a laboratory-submerged ball mill with 8YSZ balls (dballs = 0.6 mm), followed by the addition of NiO/10YSZ composite material to the mixture at a composite-to-binder weight ratio of 60/40 or 20/80. The mixture was dispersed at 5000 rpm for 1.5 h, then the speed was reduced to 1000 rpm, and pore-former graphite was added to the suspension, followed by stirring for 0.5 h. Then the paste was separated from the milling balls and used to print the NiO/10YSZ AFL and for anode support fabrication.



To print NiO/YSZ anodes, a hybrid laboratory inkjet 3D printer with the possibility of laser post-treatment of layers was used, which can use various dispensing systems for low-viscosity and high-viscosity compositions to control the layer thickness and shape of the final sample [35]. All experiments on printing were carried out using a pneumatic pulse valve with a nozzle diameter of 0.25 mm (Nordson Corporation, Erkrath, Germany; Westlake, OH, USA). Laser sintering of the printed layers using a fiber laser operating at a wavelength of 1.064 μm in a pulsed-intermittent mode was carried out in a single-pass mode with variable laser power. The duration and frequency of the laser pulse were 4 ns and 250 kHz, respectively; the average power varied in the range of 0.45–2.7 W. The printed samples were sintered at a temperature of 1400 °C for 2 h.



The printing of NiO/10YSZ (60:40 wt%) anode support, NiO/10YSZ (40:60 wt%) anode functional layer, and 10YSZ electrolyte was carried out using a hybrid laboratory inkjet 3D printer with the option of laser post-treatment of the layers according to the published procedure [35,36]. For joint sintering of the anode and electrolyte layers, a modified co-firing technique was used, which allows a temperature gradient inside the sample to be eliminated and controls the shrinkage of the individual layers. The latter allows for reducing the distortion of the structure [37]. The general scheme of the printing unit of a hybrid inkjet printer is shown in Figure 1a. The samples formed at different stages of co-firing technique are shown in Figure 1b. The NiO/10YSZ (60:40 wt%) anode support and NiO/10YSZ (40:60 wt%) anode functional layer were successively printed on the 3D printer. The resulting two-layer structure was sintered in a furnace at a temperature of 1100 °C for 1 h. Then, the YSZ electrolyte layer was printed, followed by sintering the layer at a temperature of 1350 °C for 1 h.



The morphology of the samples was analyzed using a Hitachi 3400N scanning electron microscope (Hitachi, Tokyo, Japan). The paste viscosity was measured using a Brookfield DV3T-RV viscosimeter (Brookfield Engineering Labs, Middleborough, MA, USA) with the cone/plate geometry at 25 °C. The granulometric composition of the samples was analyzed using a SALD-7500 nanolaser particle analyzer (SHIMADZU Corporation, Kyoto City, Japan). The contents of the pores in the sample were determined by means of ImageJ software (ImageJ 1.53k) using SEM images.




3. Results and Discussions


Figure 2a shows the particle size distribution of the NiO/10YSZ (60:40) composite used for 3D printing of the supporting anodes after milling and homogenization. When measuring the particle size, five cycles were done; therefore, the values plotted in Figure 2a are the average values calculated from five measurements. According to study [38], for the 3D printing of high-viscosity ceramic pastes, the optimum particle size should be ≤3 μm. Thus, the milling of the NiO/10YSZ (60:40) composite is a necessary technological stage when 3D printing the anode supports. Analysis of the percentile values D75 showed (Figure 2b) that the optimum milling and homogenization time of the NiO/10YSZ composite (60:40) is 1 h. A further increase in the milling time almost does not affect the average particle size.



In our earlier study [35], it was shown that the introduction of a pore former is required to achieve the optimum porosity of the anode support. Figure 3 shows the dependence of the dynamic viscosity on the shear rate for an organic binder and for pastes in the absence and the presence of the pore-former graphite (20 wt.%). In the case of the organic binder and the presence of the pore former, the dynamic viscosity of the paste remains unchanged, or it changes a little with increasing the shear rate; therefore, it shows Newtonian flow behavior. A similar flow behavior is typical for unfilled or weakly filled printing compositions [39]. In the case of a printing composition with graphite as the pore former, the dynamic viscosity of the paste decreases with increasing the shear rate, showing non-Newtonian or thixotropic flow behavior. The phenomenon of thixotropy for highly filled printing compositions, such as the paste based on the NiO/10YSZ composite and graphite, is due to the fact that the dispersed filler particles form aggregates under a static state, while under applied shear stress, the aggregates disintegrate, which leads to a decrease in viscosity.



In order to measure the thixotropic properties of the printing compositions, the thixotropy indexes were determined. The thixotropy index is the ratio between the viscosity of a sample at low and high shear rates [39] (in this study, shear rates were 2 and 20 s − 1). The results of the calculations are shown in Table 1. As seen, both the organic binder and the pastes in the absence and in the presence of the pore former show Newtonian flow behavior (1 < IT < 2). These data are of high practical value for the 3D printing process since the dynamics of the flow of printing composition significantly affect the quality of the printed sample [40]. Non-Newtonian fluids liquefy under pressure; therefore, the intrinsic viscosity of a droplet inside a nozzle can differ significantly from that of the ejected droplet. If the applied pressure is too high, the droplets will be torn apart, thus leading to a discontinuous stream of liquid from the nozzle [41]. In this regard, it can be concluded that the as-prepared printing composition meets the rheological requirements for hybrid 3D inkjet printing of an anode support.



Based on the printing tests carried out at different frequencies and print head valve opening times, the optimum mode for hybrid inkjet printing of NiO/10YSZ (60:40 wt%) anode supports in the presence of the pore former was selected. The optimized printing conditions are shown in Table 2.



The effect of laser exposure on the morphology of the anode supports printed with laser treatment at various laser exposures and sintered at 1350 °C was studied (Figure 4). The conventional inkjet printing procedure leads to the formation of a dense sample, which, however, has a porous structure due to the presence of the pore former in the printing composition. Nevertheless, the use of layer-by-layer laser treatment results in the formation of a unique morphology of the anode support with two types of porosity: longitudinal, interlayer porosity, and intralayer porosity formed in the presence of graphite. At a laser exposure of 18.1 J/cm2, a pronounced layered structure maintaining the intralayer porosity is formed. However, at a laser exposure of 51.0 J/cm2, the layered structure is destroyed with the formation of dense areas passing into large cavities 250–300 μm long. We suggest that the change in morphology is due to the partial removal of the organic binder from the sample during laser treatment. As a result, the area of laser exposure has a significantly higher porosity, and the higher the laser exposure, the wider the interlayer space. However, if the interlayer space is too wide and porous, it has a significantly lower hardness, thus leading to the collapse of the layers upon heating and their sintering into a dense non-layered structure. For this reason, a laser exposure of 36.7 J/cm2 was considered optimal for producing NiO/10YSZ anode support (60:40 wt%) with the optimized porous structure. The values of the anode support porosity are shown in Table 3. As seen, an increase in the laser exposure values results in an increase in the porosity. The porosity of the NiO/10YSZ (60:40 wt%) anode printed at a laser exposure of 51.0 J/cm2 is almost comparable to that obtained without laser post-treatment. Therefore, the anode supports printed at a laser exposure of 10.6 J/cm2 were selected to deposit further the electrolyte layer.



Figure 5a shows the granulometric composition of the 10YSZ powder used for the 3D printing of electrolytes after milling and homogenization. The values plotted in Figure 5a are the average values calculated from five measurements. Importantly, the particle size distribution of 10YSZ is a key factor in the formation of a thin, gas-tight electrolyte. Thus, electrolyte densification occurs much better when using particles with a small diameter; in addition, the microstructure after sintering submicron and nanosized particles has a much larger grain boundary and, thus, higher conductivity and lower activation energy [42]. In order to establish the optimal grinding time for the 10YSZ powder, percentile values of D75 were analyzed depending on the grinding time (Figure 5b). The optimized milling time for the 10YSZ powder was found to be 1 h (Figure 5b).



According to the data reported in the literature, a solid phase content in the pastes for the fabrication of a thin electrolyte for SOFC anode supports, depending on the type of organic binder and the volume fraction of the rest components, can vary from 5 to 50 wt% [43,44]. Too high a content of the solid phase in the paste can lead to delamination of the organic binder and solid phase and to the formation of too thick electrolyte layers, thus resulting in an increase in Ohmic resistance of the SOFC electrolyte layer [45]. At the same time, the low content of the solid phase in the paste composition leads to the need for multiple coating over a patterned anode substrate in order to obtain a layer of sufficient thickness. In this work, for the fabrication of the 10YSZ electrolyte, three pastes containing 15, 25, and 35 wt% 10YSZ were used. The dependence of the dynamic viscosity on the shear rate for electrolyte printing compositions with a different mass content of zirconium oxide is shown in Figure 6. As seen, all the printing compositions show nearly Newtonian flow behavior; therefore, they can be used to fabricate 10YSZ electrolyte structure by inkjet printing.



A series of experiments with different numbers of deposited electrolyte layers and different 10YSZ mass contents was carried out. It should be noted that in the case of 3D printing of a thin-layer electrolyte, laser post-treatment was not used in order to avoid the formation of porous and the distortion of the geometry of the electrolyte layer. Figure 7 shows SEM micrographs of the electrolyte surface obtained by inkjet 3D printing for the different mass contents of 10YSZ and the number of layers. As seen, in the case of 15% 10YSZ, the anode support surface was completely covered only when five electrolyte layers were deposited. When one and three layers of the electrolyte paste were deposited, the grooves, specific to hybrid printing, were formed. When five layers were deposited, the anode support grooves overlapped, but the 10YSZ electrolyte layer remained unevenly interspersed with pores. A similar trend is observed with 25% 10YSZ; however, the degree of coverage of the anode, in this case, is obviously higher. When the content of 10YSZ is 35%, the surface microstructure of the electrolyte is very different from the previous two (Figure 7e,f). As seen, the first layer deposited on the surface of the NiO-10YSZ anode support covers it fully with the formation of a gas-tight smooth coating.



The thickness of the electrolyte layers having a continuous structure was estimated using the SEM method (Table 4). Table 4 shows that the as-prepared printing compositions allow the fabrication of a dense electrolyte with a thickness that meets the requirements for a second generation of SOFC anode supports [46]. In Figure 8, the SEM cross-section images of the NiO-10YSZ/10YSZ half-cells with the electrolyte fabricated from the 35% 10YSZ paste with the different number of electrolyte layers are shown. As seen, a gas-tight electrolyte layer is formed after the first deposition of the printing composition on the anode support, thus allowing the fabrication of both porous thick anode supports and gas-tight thin-film electrolytes by hybrid inkjet printing.





 





Table 4. Effect of the 10YSZ mass content in the paste and the number of printing cycles on the average electrolyte thickness.






Table 4. Effect of the 10YSZ mass content in the paste and the number of printing cycles on the average electrolyte thickness.





	
Number of Layers

	
10YSZ Content in the Paste, wt%




	
15

	
25

	
35




	
Electrolyte Thickness, μm






	
1

	
Not formed

	
Not formed

	
11.7




	
3

	
Not formed

	
11.6

	
16.0




	
5

	
8.2

	
14.1

	
23.7









Apart from the anode support and electrolyte, the most important part of the SOFC half-cell is the anode functional layer disposed between the anode support and the electrolyte, which is commonly made of Ni/YSZ cermet with a high mass content of YSZ. A big difference between the porosity of the anode support and the electrolyte results in the formation of pores at the anode/electrolyte interface, which reduces the contact between the electrolyte and the porous substrate, thus reducing the length of the three-phase interface [47]. A decrease in the three-phase interface leads to a decrease in the efficiency of the corresponding anodic and cathodic reactions, which significantly impairs the fuel cell performance [48]. Figure 9 shows the effect of the shear rate on the dynamic viscosity of the paste for 3D printing of the NiO-10YSZ (40:60 wt%) anode functional layer. As seen, this printing composition shows Newtonian flow behavior; therefore, it can be used for inkjet printing.



The effect of laser post-treatment on the morphology of the AFL fabricated by hybrid 3D printing was studied. Figure 10 shows the SEM cross-section images and energy-dispersive X-ray spectroscopy (EDS) elemental mapping of the NiO-10YSZ/YSZ half-cells printed under different conditions. As seen, in the absence of the AFL, the macropores are observed at the electrolyte/anode interface, which reduce the three-phase interface and make worse the electrochemical SOFC performance. Laser post-treatment during the fabrication of the anode functional layer was shown to result in its complete destruction. In the absence of laser post-treatment, the anode functional layer does not contain macropores, and that improves the interfacial contact between the anode and electrolyte.




4. Conclusions


In this work, a new approach using hybrid 3D inkjet printing with laser and thermal post-treatment to prepare NiO-10YSZ/10YSZ half-cells for anode-supported solid oxide fuel cells has been developed. It was shown that the optimum porosity and morphology of the anode support are achieved at a laser exposure of 36.7 J/cm2. By using a printing composition containing 35 wt% 10YSZ, a gas-tight electrolyte layer was fabricated by depositing a single layer on an anode support. In this case, the minimum electrolyte thickness is 11.7 μm. It was shown that laser post-treatment leads to the complete destruction of the anode functional layer, while, without laser post-treatment, a gradient porosity of the half-cell with an increased three-phase boundary can be achieved. Hybrid 3D inkjet printing is a unique method that can be used to fabricate both porous anode supports and gas-tight thin-film 10YSZ electrolytes. This approach opens up great opportunities for the application of hybrid 3D inkjet printing to produce anode-supported SOFC half-cells. The comprehensive technology that makes it possible to produce equally well both porous supporting anode layers and thin gas-tight electrolyte coatings will significantly simplify and reduce the cost of the production of SOFC half-cells, through both saving the working areas and significantly lower consumption of expensive oxide materials. In addition, a high degree of automation of the inkjet printing and laser post-treatment processes will help to reproduce the complex microstructure of solid oxide fuel cells with a high degree of accuracy. It is important to note that further development of this work will be aimed at minimizing the stages of thermal sintering by increasing the laser output power, which, in turn, will significantly reduce the manufacturing time of SOFC half-cells.
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Figure 1. (a) A general view of the printing unit of a hybrid 3D inkjet printer. (b) Photographs of the NiO/YSZ anode sintered at 1100 °C, electrolyte-coated YSZ anode, and NiO-YSZ/YSZ half-cell sintered at 1350 °C. 
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Figure 2. (a) Particle size distribution of the NiO/10YSZ (60:40) composite after milling and homogenization. (b) Effect of milling time on the percentile value D75 for the particle size distribution of the NiO/10YSZ (60:40) composite. 
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Figure 3. Dynamic viscosity as a function of shear rate for pastes for the formation of SOFC anode support. 
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Figure 4. SEM images of cross sections of the NiO/10YSZ anode supports sintered at 1350 °C at various laser exposure values: (a) without laser treatment; (b) 3.1 J/cm2; (c) 18.1 J/cm2; (d) 25.6 J/cm2; (e) 36.7 J/cm2; (f) 51.0 J/cm2. 
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Figure 5. (a) Particle size distribution of 10YSZ after milling. (b) Effect of milling time on the percentile value D75 for the particle size distribution of 10YSZ. 
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Figure 6. Dynamic viscosity of the printing pastes as a function of shear rate for the formation of SOFC electrolyte. 
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Figure 7. SEM micrographs of the surface of the electrolyte fabricated using the pastes with the different mass content of 10YSZ and the number of layers: (a) 15% 10YSZ, one layer; (b) 25% 10YSZ, one layer; (c) 35% 10YSZ, one layer; (d) 15% 10YSZ, five layers; (e) 25% 10YSZ, five layers; (f) 35% 10YSZ, five layers. 
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Figure 8. SEM cross-section images of the NiO-10YSZ/YSZ half-cells with the different number of electrolyte layers made from the 35% 10YSZ paste: (a) one layer; (b) five layers. 
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Figure 9. Dynamic viscosity as a function of shear rate for pastes for the fabrication of the SOFC anode functional layers. 
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Figure 10. SEM cross-section images and energy-dispersive X-ray spectroscopy (EDS) data of the NiO-10YSZ/10YSZ half-cells printed with different anode functional layers (blue–Zr, red–Ni): (a) without AFL; (b) with AFL but without laser post-treatment; (c) with both AFL and laser post-treatment at a laser exposure of 25.6 J/cm2. 
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Table 1. The values of the thixotropy indexes of pastes for SOFC anode supports.
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	Paste Composition
	Thixotropy Index (TI)





	Organic binder
	1.01



	Paste without pore former
	1.06



	Paste with pore former
	1.24










 





Table 2. Optimum hybrid inkjet printing conditions for fabrication of NiO/YSZ anode supports (60:40 wt.%).
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	Parameter
	Value





	Nozzle diameter
	250 μm



	Nozzle inlet pressure
	2.1 atm



	Nozzle raster
	0.4 mm



	Laser raster
	0.091 mm










 





Table 3. The values of porosity for the NiO/YSZ anode support sintered at different laser exposures.
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	Exposure Values, J/cm2
	Porosity, %





	0
	12.6



	3.1
	14.1



	18.1
	19.8



	25.6
	22.5



	36.7
	29.9



	51.0
	33.4 (taking into account the large cavities)



	
	12.9 (not taking into account the large cavities)
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