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            Abstract
          
        

        
          Solid oxide fuel cell (SOFC) has received significant attention recently because of its potential for the clean and efficient power generation. The current manufacturing processes for the SOFC components are somehow complex and expensive, therefore, new and innovative techniques are necessary to provide a great deal of cell performance and fabricability. Three-dimensional (3D) printing processes have the potential to provide a solution to all these problems. This study reviews the literature for manufacturing the SOFC components using 3D printing processes. The technical aspects for fabrication of SOFC components, 3D printing processes optimization and material characterizations are discussed. Comparison of the SOFC components fabricated by 3D printing to those manufactured by conventional ceramic processes is highlighted. Further advancements in the 3D printing of the SOFC components can be a step closer to the cost reduction and commercialization of this technology.
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      1. Introduction
      Solid oxide fuel cell (SOFC) is an electrochemical device which converts the chemical energy from the hydrogen fuel to electrical energy1,2). The working of the SOFC is illustrated in Fig. 1. The SOFC is composed of three main components namely the anode, electrolyte, and cathode3,4). The operation of the SOFC starts by supplying air and fuel to the cathode and anode, respectively5). At the cathode side, the oxygen after conversion to oxygen ions diffuses through the cathode, as it contains oxygen ion deficiencies, to the electrolyte6). The electrolyte is an ionic conductor that conducts those oxygen ions to the anode side where it reacts with the fuel to generate electrons7). The summary of the reactions in the SOFC is given next8).

      Cathode side : 1/2O2 + 2e- → O2-Anode side : H2 + O2- → H2O + 2e-Overall : H2 + 1/2O2 → H2O + ΔE

      
        
        

        Fig. 1. 
				
        

        
          Schematic illustration of the working principle of the SOFC
        
        

        

      

      The SOFC single cell can be structured into a variety of configurations dependent on the requirement. There are two broad categories into which the configurations can be classified i.e. the self-supporting and external-supporting9). The self-supporting configurations can be further divided into the anode supported (Fig. 2[a]) or electrolyte (Fig. 2[b]) depending on the component used as a support. In the self-supporting configuration, the support is one of the SOFC components whereas, in the external-supporting configuration, an external substrate other than the cell components is used as a support (such as porous metal support shown in Fig. 2[c])10).

      
        
        

        Fig. 2. 
				
        

        
          Various types of SOFC configurations including (a) anode supported, (b) electrolyte supported, and (c) porous metal-supported type SOFC
        
        

        

      

      The SOFC can also be fabricated in the form of different designs. Two of the most commercialized SOFC designs include the tubular and the planar design11,12). The tubular design shown in Fig. 3(a) consists of a cell fabricated in the form of a tube. The tubular cells show higher mechanical and thermal stability and simpler gas seal requirements but offer lower power densities as compared to the planar cells13-15). On the other hand, planar cell design shown in Fig. 3(b) consists of components fabricated in the form of flat layers. The planar design is preferred because of its cost-effectiveness, simple design, high power density, and ease of fabrication16,17). However, in the case of planar cells, it is difficult to achieve good sealing of the cell18). Moreover, another design known as the flat tubular design (Fig. 3[c]) combines all the advantages of planar and tubular designs and minimize the limitations associated with those two designs19).

      
        
        

        Fig. 3. 
				
        

        
          SOFC geometries comprising of (a) planar, (b) tubular, and (c) flat-tubular SOFC geometries
        
        

        

      

      Several manufacturing techniques such as tape casting20-29), screen printing30-34), sputtering33-37), spray pyrolysis38-42), physical vapor deposition (PVD)43-45), chemical vapor deposition (CVD)46-50), electrophoretic deposition (EPD)51-53), inkjet printing54,55) etc. have been used in the fabrication of the SOFC components. The tape casting process is associated with limitations such as difficulty in producing layers less than 10 μm and lesser design flexibility56). On the other hand, screen printing is usually a manual process and it is difficult to achieve uniformity through it57). Processes such as PVD, CVD, and EPD are costly processes and require huge capital costs57). Moreover, to produce a SOFC stack a very high number of steps (more than 100 steps) are required58). This large number of steps compromise the reliability of the SOFC system because of the multiple joints and seal requirements to achieve the stack57).

      Many research works have been dedicated to the commercialization of the SOFCs59-62). To commercialize the SOFC there is a need for a single-step fabrication technique that is not only cost-effective, automated, and simple in function but also provides design flexibility, reproducibility, durability whilst resulting in high-performance cells56). Three dimensional (3D) printing is a single step and automatic process which has the potential to overcome the limitations associated with the conventional manufacturing processes of the SOFCs. Implementation of the 3D printing processes would play a pivotal role in the production of highly durable and reproducible SOFCs. Moreover, by using the 3D printing processes, the initial startup cost and the fabrication cost can also be decreased. It also has the potential to increase the SOFC design flexibility whilst reducing the energy cost and the material wastage at the same time, In this context, pursuing the 3D printing processes would be a major step towards the commercialization of the SOFCs.

      The present work reviews the 3D printing processes for the fabrication of the SOFC components and complete unit cell, material characterization, and 3D printed cell performance. This paper is divided into seven different sections. The first section i.e. three-dimensional printing (3D printing) reviews the 3D printing process, its various types, and process parameters in detail. The next four sections review the use of 3D printing for the manufacturing of the components of the SOFC i.e. electrolyte, anode, cathode, and manifold respectively. The section “complete single SOFC” focuses on the production of the complete 3D printed SOFCs. This paper is concluded by giving a summary and outlook towards the 3D printing of the SOFCs.

    

    

  
    
      2. Three dimensional printing
      
        2.1. Process and mechanism
        3D printing is an additive manufacturing process in which the material is added layer upon layer to achieve the final product63). The schematic of the 3D printing process is represented in Fig. 4. The 3D printing process begins by creating a model of the final product with the help of computer-aided design (CAD)64). The model produced is then subjected to change in the STL (stereolithography) file format. The STL file format slices the model in layers to assist with the layer by layer deposition65). After that, the STL file is uploaded to the printing machine where printing is performed in a layer by layer fashion to achieve the final product63). It may be noted that after the production of the part by 3D printing, usually sintering is required to achieve the final strength of the fabricated part.

        
          
          

          Fig. 4. 
				
          

          
            Demonstration of the steps involved in the 3D printing process
          
          

          

        

      

      
        2.2. Characteristics of the 3D printing process
        The 3D printing process carries numerous advantages over the other subtractive technologies in terms of material wastage, cost, and automation. In contrast to other processes such as the injection molding and casting techniques, there is no need for expensive molds, tools, and dyes to be used66). Additionally, no complex and labor-intensive machining is required for the part after manufacturing. Moreover, 3D printing is an automated process thus eliminating the element of human errors. The ability to recycle as much as 98% of the waste material makes it one of the most cost-effective technologies67). The applications of 3D printing majorly lie in the production of prototypes, replacement parts, and medical/dental implants66). However, the 3D printing process is also associated with some limitations such as it provides a reduced choice of materials, limited strength, and higher cost for producing a large number of products.

      

      
        2.3. Types of 3D printing
        
          2.3.1 Inkjet printing
          Inkjet printing is a 3D printing technique that utilizes inks as a source of the required material and produces the required model with the help of layer by layer deposition68). The advantages of the inkjet printing are 1) low cost56); 2) high reproducibility56); 3) low material wastage69); 4) fine resolution control; and 5) simplicity70). The inkjet printing mechanism is illustrated in Fig. 5.

          
            
            

            Fig. 5. 
				
            

            
              Representation of the inkjet printing apparatus
            
            

            

          

          The inkjet printing process also starts by creating a CAD model of the required part which is then converted to an STL file and uploaded to the printing machine71). The required ink containing a specific composition is prepared and the cartridge (ink reservoir) is filled with ink70). The ink is then sent to the printing head where it reaches the nozzle and is printed on the substrate68). After the deposition of the first layer, drying time is given for the solvent to dry or evaporate72). The second layer is then deposited on the first and this procedure is repeated to achieve the final product72).

          2.3.1.1. Ink composition and properties

          The inks used for inkjet printing of ceramics usually consists of these components73): 1) powder of the material which is to be deposited, 2) a solvent which acts as a liquid carrier for carrying the powder particles, 3) a dispersant used to disperse the powder particles in the solvent and prevent agglomeration, and 4) a surfactant to prevent the nozzle from clogging73).

          For selection of the ink for the inkjet printing process, numerous properties of the 3D printing ink are to be considered including its surface tension, density , and viscosity74). Jettability which is the ability to form a continuous flow after passing through the nozzle is affected by these properties74). To assess the jettability of the material some dimensionless numbers are considered i.e. Reynolds (Re), Weber (We), and Ohnesorge (Oh) numbers74). Re, We, and Oh numbers are the ratio of inertial forces to viscous forces (Eq. 1), the ratio of inertial forces to surface tension forces (Eq. 2), and the ratio of viscous forces to the surface tension and inertial forces (Eq. 3) respectively.
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          In the above equations, ρ, η, σ, L, and V are the density, viscosity, surface tension, nozzle diameter, and droplet velocity, respectively. To achieve stable droplets of the ink, the value of Z, which is the reciprocal of the Oh number, should be larger than 275) or at least in the range of 1<Z<1076).

        

        
          2.3.2. Aerosol jet printing
          Aerosol jet printing (AJP) is a method similar to inkjet printing but differs in a way that it uses aerosolized inks77). The advantages of the AJP include 1) ease of patterning, 2) high reproducibility, and 3) high resolution. The inks can be aerosolized pneumatically or by using the ultrasonic method78). After the creation and uploading of the CAD model to the AJP machine, the aerosol stream flows towards the print head where a coaxial sheath gas flow focuses it aerodynamically onto the substrate to deposit the layer (Fig. 6)78).

          
            
            

            Fig. 6. 
				
            

            
              Schematic of the aerosol jet printing (AJP) process
            
            

            

          

        

        
          2.3.3. Fused deposition modeling
          Fused deposition modeling (FDM) is an additive manufacturing process in which the raw material in the form of a filament feedstock is deposited layer by layer via extrusion, to achieve the required product65). The FDM process is advantageous in a way that has 1) high reproducibility79), 2) can produce complex geometries80), and 3) produce parts safely in an office-friendly environment80). To start the FDM process a CAD model is prepared and converted to an STL file, which is then uploaded to the FDM machine81). The schematic illustration of the FDM process is shown in Fig. 7.

          
            
            

            Fig. 7. 
				
            

            
              Schematic representation of the FDM process
            
            

            

          

          The FDM system consists of a coil of the material, a liquefier head, an extrusion nozzle, and a build platform. The material to be deposited is supplied to the liquefier head in the form of a filament which is unwound from the coil82). Heating elements are incorporated within the liquefier head which converts the material into a semi-molten state80). After that, the material is extruded from the extrusion nozzle that moves in the X-Y plane following the computer model. Moreover, when the first layer is deposited, the build support moves downwards for the deposition of the additional layers. In this way layer by layer deposition of the material is done to achieve the final product81).

        

        
          2.3.4. Stereolithography
          Stereolithography (SLA) is a 3D printing technique that relies on the photopolymerization of the resin or polymer to produce the required part83,84). The advantages of SLA include: 1) can prepare fully-dense structural ceramics, 2) shows high resolution, and 3) excellent surface finish85).

          Like any other 3D printing process, the model of the required product is prepared on the CAD, followed by converted to the STL file and uploading it to the SLA machine84). SLA process uses photo-curable resins (usually monomers) which are cured under the influence of a laser86). As shown in Fig. 8, in the SLA system there is a resin tank with a support platform. The laser which is computer-controlled cures the resin according to the required pattern87). As a result of curing, the resin solidifies and adheres to the support platform. Following the deposition of the first layer, the platform is removed and a layer of liquid resin is coated on the printed sample which is then subjected to curing87). This procedure is repeated to achieve the required part.

          
            
            

            Fig. 8. 
				
            

            
              Schematic illustration of the SLA apparatus
            
            

            

          

        

        
          2.3.5. Selective laser sintering
          Selective laser sintering (SLS) is a 3D printing process in which a powder is sintered using a laser to achieve the final product83). SLS provides advantages in many ways such as 1) construction of complex internal and external geometries, 2) no usage of organic solvents, 3) easier to incorporate multiple materials, 4) fast and cost-effective, and 5) any powder that fuse but not decompose under laser can be produced88).

          After the preparation of the CAD model, the STL file is uploaded to the SLS machine. The SLS system shown in Fig. 9 contains a powder bed. The laser in the system is computer controlled and guides the laser movement according to the pattern required88). The energy from the laser is utilized to fuse and bind together the powder particles89). The binding between the powder particles can be achieved via solid-state sintering, liquid phase sintering, or sintering by full melting90-92). After the first layer is formed the platform moves downwards and another layer of granules is added. The process is repeated to achieve the final product93).

          
            
            

            Fig. 9. 
				
            

            
              Schematic illustration of the SLS process
            
            

            

          

        

      

    

    

  
    
      3. Electrolyte
      The electrolyte is a very critical component of the SOFC which requires being dense and thin. The dense electrolyte prevents the intermixing of fuel and oxidant, whereas, the thinner electrolytes are used to reduce the ohmic losses and the area-specific resistance of the cell92-94). Therefore, the method of 3D printing used in the preparation of electrolyte should satisfy the aforementioned requirements of an electrolyte. Moreover, the cells in which the electrolyte is fabricated by the 3D printing processes should exhibit high electrochemical performance.

      Inkjet printing and SLA are the most used 3D printing methods for the fabrication of thin-film SOFC electrolyte94-110) and stabilized zirconia is the mostly commercializd electrolyte material111). Most research on the 3D printing of the SOFCs has been focused on electrolyte fabrication.

      The first major concern regarding the 3D printing processes is their ability to fabricate a dense electrolyte. Responding to that concern, many researchers in the reported work were able to manufacture dense SOFC electrolytes using 3D printing processes94-110). Fig. 10 shows the dense electrolyte fabricated via 3D printing processes.

      
        
        

        Fig. 10. 
				
        

        
          shows the dense electrolyte fabricated via 3D printing. Printed with permission from [112]
        
        

        

      

      Another crucial parameter is the thickness optimization of the electrolyte film. The electrolyte is generally preferred to be thin because a thicker electrolyte will lead to more performance losses due to the relatively poor ionic conductivity of it112). Both inkjet printing and SLA are utilized for the fabrication of thin SOFC electrolytes. Farandos et al.102) fabricated a 23 μm YSZ electrolyte using inkjet printing. Inkjet printing was also utilized by Sukeshini et al.68,106) to produce the YSZ electrolyte of thickness 10 μm. Tomov et al.67), Li et al.54) and Esposito et al.70) were able to manufacture YSZ via inkjet printing with thickness as low as 2 μm, 1.5 μm, and 1.2 μm respectively. Additionally, the GDC electrolyte of thicknesses 3 μm and 8 μm were also produced by El-Toni et al.100) and Wang et al.99,103) respectively, by utilizing inkjet printing. Moreover, the technique of SLA was utilized by Masciandaro et al.110) and Kirihara95) to produce YSZ electrolyte but with thicknesses >10 μm. As a result of utilizing the 3D printing processes, the thin 3D printed electrolyte contributed towards the low ASR values in these works.

      Another way of achieving high-quality inkjet printed YSZ film is by optimizing the printing parameters such as nozzle opening time, printing pressure, layer overlapping, the thickness of the printed layer, and the number of printing layers. Tomov et al.67) optimized all the printing parameters for printing a YSZ electrolyte via inkjet printing. They prepared various suspensions by varying the mass load of the YSZ powder in the range of 5-15%. However, the suspension with a 15 wt% mass load was chosen for optimizing procedure because its droplet showed more visibility on the substrate as compared to other compositions. Here, important factors to be considered are the roundness (R) and circularity (C) as shown in equations 4 and 5, respectively.
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      In Eq. 4 and 5, A is the area of the ellipse, a and b are the major and minor axes of the ellipse, and p is the perimeter. Image J analysis was used to analyze these values. Moreover, the values for R and C is 1 for a perfect circle67). Hence, the jet opening time of 500 μs and printing pressure of 0.8 kgcm-2 were selected as the optimized condition for inkjet printing of the YSZ electrolyte as they depicted the highest R and C values.

      The thickness of the printed layer is a key factor in the deposition of the electrolyte layer by inkjet printing. Regarding the thickness of the printed layer, the most important factor is the critical cracking thickness (Hcric)113). The Hcric is defined as the thickness of the film at which the cracking of the film occurs. The dependency of various parameters on Hcric is shown in equation 6.
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      where, R is the deposited particle radius, N the coordination number, Φ is the particle packing density, ν is the poisson ratio and ϒ is the surface area.

      Ink composition plays a pivotal role in inkjet printing; an optimized ink can lead to better results and fewer defects. The ink is comprised of three components i.e. the solvent, the dispersant particles, and the functional oxide particles99). Out of the three, the solvent is the most crucial component as both the stability and rheological properties of the ink are affected by this99). For that purpose, Wang et al.99) optimized the GDC inks using a solvent incorporating α-terpineol and methanol mixture. Various inks were prepared by using different ratios of terpineol and methanol as shown in Table 1. A higher α-terpineol amount led to lower sedimentation and stable inks. However, with the increase in α-terpineol content the viscosity of the solvent also increased which hinders the drop ejection. Thus, the ink 55 in Table 1 was considered as the optimum ink as it satisfied all the criteria required such as ink stability, drop integrity, and printability. Moreover, using the optimized ink (ink 55), they also optimized the printing parameters for the GDC suspension. The nozzle opening times and printing pressure were optimized to be around 550-600 μs and 400-800 mbar respectively.

      
        Table 1. 
				
        

        
          Summary of the inks produced in ref. [99]
        
        

      

      
        
          
            	Type of ink
            	Jetting pressure
(mbar)
            	Terpineol to methanol volume ratio
            	Viscosity
(cP)
          

        
        
          	Inktm28
          	100
          	20:80
          	7.2
        

        
          	Inktm37
          	100
          	30:70
          	12.5
        

        
          	Inktm46
          	200
          	40:60
          	15.2
        

        
          	Inktm55
          	400
          	50:50
          	19.2
        

        
          	Inktm64
          	700
          	60:40
          	23.1
        

        
          	Inktm73
          	Not printable
          	70:30
          	25.6
        

      

      

      An additional factor affecting the printing of the electrolyte layer via inkjet printing is the concentration of the inks which was exploited by Esposito et al.70). In that work, two YSZ inks were prepared: a dilute ink (0.9 vol.% powder) and a concentrated ink (3.7 vol.% powder). It was found out that extremely dilute inks e.g. 0.9 vol. % (6 wt. %) ink can result in residual porosity and pinholes. However, the concentrated inks e.g. 3.7 vol. % (20 wt. %) led to better densification when multilayer printing was done and produced fewer pinholes.

      Other than that, 3D printing provides immense advantages over other conventional techniques when it comes to complex designs and shapes. It has been reported that the corrugated design of the support could lead to higher performances114-116). However, the limitation of other techniques led to researchers not using those designs. Moreover, the electrolyte self-supported SOFCs have also been attracting attention due to the simplicity of stack design as shown in Fig. 11.

      
        
        

        Fig. 11. 
				
        

        
          The design simplicity offered by 3D printing (c) over the other techniques (a, b)
        
        

        

      

      For that purpose, Xing et al.117) and Masciandaro et al.110) manufactured YSZ electrolyte self supports using the 3D printing processes. Moreover, Pesce et al.114) developed YSZ corrugated electrolyte support by using the 3D printing process of SLA. The corrugated supports outperformed the traditional electrolyte support with an increase of 57% in performance. Similarly, Xing et al.118) manufactured a ripple shaped electrolyte with Digital light processing (DLP)-SLA process. The ripple shaped electrolyte showed a 32% increase in the performance as compared to the flat cells. 3D printed electrolytes showed good electrochemical performances in various other studies which are summarized in Table 254,67,68,70,98,102,106,110,114,119,120). In these reference studies, an electrolyte in the unit cell was fabricated using 3D printing processes.

      
        Table 2. 
				
        

        
          Cell outputs of SOFC in which electrolyte was made via 3D printing
        
        

      

      
        
          
            	Printing method
            	Material used
            	Thickness (μm)
            	Open current voltage (OCV) (V)
            	Peak power density (PPD) (Wcm-2)
            	Temperature (℃)
            	Reference
          

        
        
          	Inkjet
          	YSZ
          	1.2
          	1.15
          	1.5
          	800
          	[70]
        

        
          	Inkjet
          	YSZ
          	23
          	0.84
          	-
          	800
          	[102]
        

        
          	Inkjet
          	YSZ
          	10
          	1.14
          	0.30
          	800
          	[68]
        

        
          	Inkjet
          	YSZ
          	6
          	0.9
          	0.17
          	800
          	[98]
        

        
          	Inkjet
          	YSZ
          	5.9
          	1.01
          	0.17
          	800
          	[67]
        

        
          	Inkjet
          	YSZ
          	7.5
          	1.1
          	1.04
          	750
          	[54]
        

        
          	Inkjet
          	YSZ
          	10
          	1.14
          	0.46
          	850
          	[106]
        

        
          	SLA
          	YSZ
          	270
          	1.10
          	0.41
          	900
          	[114]
        

        
          	SLA
          	YSZ
          	340
          	1.14
          	0.1
          	900
          	[110]
        

        
          	DLP-SLA
          	YSZ
          	500
          	1.08
          	0.176
          	850
          	[119]
        

        
          	3D printing
          	SDC
          	1200
          	1.0
          	0.448
          	550
          	[120]
        

      

      

      To sum up this section, it can be safely concluded that 3D printing processes such as inkjet printing and SLA can be used for the fabrication of the SOFC electrolyte. The 3D printing processes provides numerous advantages over the other conventional techniques. The most important of which is the formation of complex designs such as the corrugated and ripple designs of the electrolyte support which ultimately led to an increase in the cell performances. Moreover, the development of the SOFC assembly using 3D printed self-supported electrolytes and then 3D printing of the assembly (Fig. 11) will lead to a humongous reduction in the number of steps required for the assembly and stacking of the SOFC which could be a huge step to the commercialization of the SOFCs.

      The inkjet printing is reported to be the most feasible technique for the manufacturing of the electrolyte as most of the printing parameters for the inkjet printing of the electrolytes such as YSZ and GDC have been optimized. Moreover, the cells using inkjet-printed electrolyte has delivered high-performance results with peak power densities as high as 1.5 Wcm-2 (Table 3). However, the fabrication of the electrolyte by SLA shows a lot of promise regarding the manufacturing of complex designs. Moreover, using the DLP-SLA process the speed of the manufacturing process could also be increased.

      
        Table 3. 
				
        

        
          Different conditions of the cells fabricated in ref. [105] including the number of printing passes, sintering temperature, and peak power densities.
        
        

      

      
        
          
            	
            	Cell 1
            	Cell 2
            	Cell 3
            	Cell 4
          

        
        
          	Cathode
          	LSM
          	LSM
          	LSM
          	LSM
        

        
          	No. of printing passes
          	40
          	60
          	40
          	40
        

        
          	Sintering T (℃)
          	1,200
          	1,200
          	1,200
          	1,150
        

        
          	Solid wt. %
          	34.7
          	34.7
          	17.3
          	34.7
        

        
          	Peak Power Density at 800℃ (Wcm-2)
          	0.21
          	0.13
          	0.27
          	0.32
        

      

      

    

    

  
    
      4. Anode
      The anode is another major component of the SOFC. The anode of the SOFC requires stability at high temperatures112), good electronic conduction121), optimum porosity (optimized microstructure)8), etc. Moreover, for the commercial applications, the anode should be easy to fabricate, fuel-flexible, and exhibit low cost121).

      The anode microstructure is of tremendous importance; an optimized microstructure can lead to higher performance cells. To improve the anode performance and reduce the polarization losses, infiltration has proven to be an effective method that increases the triple-phase boundaries (TBP)122). In recent years, many researchers have made efforts for the microstructural optimization of the anode using infiltration123-129).

      One of the major problems regarding SOFCs is its high operation temperature130). To resolve this issue anode component of the SOFC was used as the support to provide mechanical strength to the SOFC. Moreover, utilizing the anode as the support was a major development in lowering the temperature of the SOFCs131,132). However, controlling the microstructure of the anode support is critical. The particle size, particle size distribution, porosity, size of the pores, and tortuosity remain the critical parameters to be addressed. Using other conventional techniques such as powder pressing, tape casting, etc, the control on these parameters is very difficult which results in problems relating to the reproducibility and ultimately the fuel cell performance. However, using an automatic process such as the 3D printing processes can lead to control over all the above-mentioned parameters and thus resulting in high power IT and LT SOFCs133,134). For that purpose, Miyamoto et al.133) developed Ni-YSZ supports using the SLA process. However, their work only was limited to the manufacturing of the supports and not the full cells. In this regard, the work of Han et al.134) was very crucial. Not only did they develop the NiO-YSZ supports using the 3D printing process but also they fabricated the complete SOFC using the inkjet printing process. Development of the anode support by a cost-effective process such as inkjet printing is a major breakthrough and the advantages of high control over the microstructure such also be taken into consideration.

      As far as the thin anode layers are concerned, Wang et al.135) infiltrated GDC ink (1.5 M total metal concentration) using inkjet printing in the NiO-GDC scaffold. In this study, two types of cells were prepared. In the first type, the NiO-8YSZ anode support was prepared by the tape casting process and then pre-sintering was performed at 1,100℃. After that, the functional layer of NiO-GDC was inkjet printed on it and the cell was fired at 900℃ to produce a porous NiO-GDC anode scaffold. After the infiltration, the GDC electrolyte was inkjet printed on the anode, and sintering was done at 1,400℃. Moreover, an La0.6Sr0.4Co0.2Fe0.8O3−δ (LSCF) - Ce0.9Gd0.1O1.95(GDC) interlayer was screen printed on the anode followed by the addition of the current collection layer of LSCF by the same method. The complete cell was finally sintered at 1,200℃. However, the only difference in the other cell was that no infiltration was performed in it. It was referred to as the reference cell. The impregnation of GDC nanoparticles (size varying from 50-200 nm) led to an increased amount of TPB which resulted in higher electrochemical performance. Utilizing the multiple infiltrations i.e. 12 infiltration cycles, the performance was increased even further. The OCV and PPD (0.90 V, 380 mWcm-2) of the infiltrated cell was higher as compared to the OCV and PPD of reference electrode (0.85 V, 150 mWcm-2) at 600℃ (Fig. 12). This implied a huge promotion factor of ɛPPD=2.53 (where ɛPPD=PPDinf/PPDref).

      
        
        

        Fig. 12. 
				
        

        
          I-V curve of an inkjet-infiltrated and reference cell. Reproduced from ref. [135]
        
        

        

      

      Similarly, Mitchell-Williams et al.136) infiltrated propionic acid-based and water based GDC inks utilizing the inkjet printing process in the NiO-8YSZ anode. Mitchell-Williams et al.136) reported 7 and 12% higher power density at lower voltages for H2O and PPA samples respectively when compared to the reference (un-infiltrated) cell. Moreover, the infiltrated cells displayed no substantial degradation after aging for 50 hours at 600℃ as shown in Fig. 13.

      
        
        

        Fig. 13. 
				
        

        
          Nyquist plot for GDC infiltrated NiO-8YSZ anode 0h aged, 50h aged, and reference cell (0h aged). Reproduced from ref. [136]
        
        

        

      

      Optimizing the printing conditions of the anode is another way to improve the performance of the SOFC anode. Therefore, Tomov et al.104) optimized the printing conditions of a NiO-GDC anode. For that purpose, two suspensions were prepared, one in methanol (MeOH based inks) solvent and the other in 1-Propanol (PrOH based inks). The inks were deposited using direct ceramic inkjet printing (DCIJP) which is an influential technique for the fabrication of ceramic coatings. It is a non-contact method which can dispense droplets in the range of nL volumes104). The anode was inkjet printed on a stainless steel porous support. To find out the optimum conditions, the temperature of the porous support was varied from 100-180℃ and different opening times were provided to form a droplet on the substrate. As suggested by equations 4 and 5, to achieve high values of circularity and roundness, 120℃ temperature and 400 μs opening time were chosen for the methanol solvent ink (Fig. 14[a]) whereas for the PrOH solvent temperature of 160℃ and 500 μs were considered ideal (Fig. 14[b]).

      
        
        

        Fig. 14. 
				
        

        
          Images of the drops at different substrate temperatures and opening times, (a) MeOH (methanol), and (b) PrOH based inks. Reproduced from ref. [104]
        
        

        

      

      To solve another major problem regarding anode of the SOFC i.e. the sulfur poisoning and carbon deposition in the direct carbon solid oxide fuel cell (DCFC), Dudek et al.101) used inkjet printed Ni-YSZ anode infiltrated with 0.5 M solution of Cu(NiO3)2.3H2O in their study. This type of anode that is inkjet printed in this case, not only prevented sulfur poisoning, corrosion, and carbon deposition but also exhibited better electronic conductivity. Moreover, these cells with infiltrated Cu solution, exhibited an increased performance of 80 mWcm-2 at 850℃ as compared to 60 mWcm-2 shown by the cell in which Cu was not infiltrated.

      For the improvement in the electrochemical performance of the anode functional layer, AJP can be utilized. The AJP can be incorporated with a dual atomizer i.e. one for each component55). In the dual atomizer configuration, there are two separate chambers for two components. It allows the functional gradation of layer composition which provides the potential for improved cell design and higher performance55). Sukeshini et al.55) fabricated such functionally graded AFL by utilizing the dual configuration of the AJP composed of NiO/YSZ (type 2 cell) utilizing AJP on a tape cast anode support and compared its performance with the cell in which the AFL layer was not graded (type 1 cell), as displayed in Fig. 15. The microstructural analysis of both cells showed that the cell with functionally graded AFL showed a higher volume fraction of YSZ as compared to NiO in areas near the electrolyte when contrasted to the regions adjacent to the anode support thus resulting in higher performance than the non-graded cell.

      
        
        

        Fig. 15. 
				
        

        
          Schematic of AFL; (a) nongraded and (b) graded fabricated in ref. [55]
        
        

        

      

      The reported research work indicates that it is feasible to produce anode with the help of inkjet printing. The most important factor for improving the performance of the anode was the infiltration by using the inkjet printing machine. With the help of inkjet, printing excellent volume control, dosage, and distribution of the infiltrated particles can be achieved. By using DCIJP, even better results can be obtained as it spreads the droplets in nL volumes. With the help of AJP, gradation in the functional layer can be achieved which can further increase the electrochemical performance. There have been reported works on 3D printing of anode support, which shows the immense promise of the 3D printing processes in the development of the anode supports. However, SLA is considered to be an expensive and slow process. So, the cost analysis of such a technique for the manufacturing of the anode support of SOFC would be a crucial development. Moreover, using inkjet printing for the development of the anode support was a crucial breakthrough. However, other 3D printing processes such as the FDM also need to be explored as a contender to the development of the anode supports of SOFCs. The work on the manufacturing of anode support of SOFCs using the 3D printing process is still in its early stages and needs more R&D in contribution to the high-performance SOFCs.

    

    

  
    
      5. Cathode
      The cathode is another core component of the SOFC. To achieve a high performance of the cell, the cathode must possess 1) optimum porosity for the diffusion of the oxygen; 2) stability under oxidation atmosphere; 3) high electronic and ionic conductivity; and 4) low cost137). Thus, the 3D printing process should fabricate a cathode exhibiting these properties.

      Infiltration is an important technique by which the microstructure of the cathode can be improved. The infiltration results in an increase of the TPBs which result in smaller resistance values, consequently, resulting in higher electrochemical performance138,139). The methods used for infiltration are usually micro-pipettes, syringes, or dip coating140,141). These are manual techniques and reproducibility is a major issue associated with them142). However, Da’as et al.142) showed that as compared to other techniques, with the help of inkjet printing, controllable infiltration can be performed.

      Similarly, Tomov et al.143) infiltrated LSCF-GDC composite cathode scaffolds with ethanol-based Ce0.9Gd0.1(NO3)3 inks via inkjet printing under optimized conditions of 400 mbar pressure and 220 μs opening time. Two types of cathodes i.e. LSCF: GDC 40:60 vol.% and LSCF: GDC 60:40 vol.% (denoted for further reference as 40:60 and 60:40 cathodes, respectively) were used in this study. Both types of cathodes (40:60 and 60:40) were infiltrated with the GDC ink. For reference, un-infiltrated samples with the same composition of the cathode were also prepared. In comparison with the as-sintered (un-infiltrated) cathode (Fig. 16[a]), the infiltrated cathodes (Fig. 16[b]) showed lower resistances142). It may also be noted that the 60:40 cathodes showed more improvement in the polarization losses when infiltrated as compared to the 40:60 cathode. It was because the LSCF grains in the 60:40 electrode provided a higher grain surface availability for the nano-decoration with GDC nano-particles than the 40:60 electrode, thus extending the TPBs and also increasing the sites for oxygen reduction reaction (ORR). Hence, by infiltration and manipulating the ratio of two powders used in the composite cathode, the polarization losses in the cathode can be reduced resulting in higher electrochemical performance.

      
        
        

        Fig. 16. 
				
        

        
          Nyquist plot of (a) as-sintered and (b) infiltrated LSCF: GDC cathode. Reproduced from ref. [143]
        
        

        

      

      In the case of inkjet printing, for the optimization of cathode microstructure, optimization of ink parameters such as We and Z number becomes necessary. Fig. 17 illustrates the formation of defects in the un-optimized inks as compared to a defect-free optimized ink.

      
        
        

        Fig. 17. 
				
        

        
          Illustration of the formation of a defect-free droplet and a defected droplet using inkjet printing
        
        

        

      

      For that purpose, Hill et al.144) prepared numerous α-terpineol based inks including 1) neat α-terpineol, 2) α-terpineol+ethyl cellulose (EC) (0.03-0.4 wt.%), 3) α-terpineol+La0.6Sr0.4Fe0.8Co0.2O3 (LSCF) (3.5-12 wt.%), and 4) α-terpineol+LSCF (3.5-12wt. %)+EC (0.03-0.4 wt. %). The inks were printed on YSZ electrolyte and glass substrates. In this work, the contributions of the Z and We numbers were distinguished by varying the droplet velocity or print-head temperature as it resulted in a change in those numbers e.g. at a velocity of 9 m/s, We number of 57 is achieved. In this work, it was explained that the We number is the crucial factor related to defect formation. Moreover, it was concluded that within the limit of Z number i.e. 3<Z<24 there exists a threshold for We number i.e. 35 (Fig. 18). Printing above this threshold limit will result in defects such as splash and satellite defects as whereas printing below this threshold limit will result in uniform and defect-free droplets.

      
        
        

        Fig. 18. 
				
        

        
          Representation of the printing regions according to the We and Z numbers
        
        

        

      

      In an additional study by Han et al.71), LSCF cathodes were fabricated by using a low-cost inkjet printer to achieve high cell performance. Different cathode samples with various printing cycles such as 40, 80, 160, and 200 were prepared and they were designated as L-50, L-100, L-150, and L-200 samples respectively. The L-50 and L-100 samples showed an inhomogeneous surface with cracks at various places in the samples. This can be attributed to the high thickness per printing cycle which resulting in slow evaporation thus the cracks appeared at the surface. In the L-150 and L-200 samples, the microstructure improved as no cracks were observed on the surface. However, it should be noted that the L-200 sample resulted in a reduced amount of porosity which is not ideal for cathode microstructure. Therefore, a sample L-150 was considered ideal to achieve an ideal cathodic microstructure. The L-150 sample also resulted in the highest performance amongst other cathode performance with a power density of 377 mW cm-2 at 600℃71).

      The electrochemical performance can also be improved by manipulation of the number of printing passes and the sintering temperature of the cathode. To exploit this effect, Sukeshini et al.105) utilized AJP to fabricate inkjet printed LSM cathode with LSM-YSZ interlayer. In this study, AJP was utilized to remove the need for ball milling of the two powders used in the composite cathode. The anode support in these cells was Ni-YSZ prepared from tape casting whereas the YSZ electrolyte was also printed using AJP105). Four different types of cells were prepared by varying the number of printing passes, solids wt. %, and sintering temperature. The cell-1 comprised 40 printing passes, 1,200℃ sintering temperature, and a solid wt.% of 34.7. Cell-2 had similar conditions to cell-1 except that it is comprised of 60 printing passes. Cell-3 although exhibited a similar sintering temperature and printing passes to cell-1 but comprised of 17.3 solids wt.%. However, the cell-4 had a different sintering temperature than the cell-1 (1,150℃) whereas the remaining conditions were similar to cell-1. Cell-4 exhibited the highest PPD as shown in the Table 3 which is made from the results obtained from this work. This was also suggested that further manipulation of these factors can result in further improvement of the performance. Moreover, by utilizing LSCF-GDC cathode the performance was increased twice as compared to that of LSM cathodes.

      Moreover, to improve the cathode performance, inkjet printed composite cathodes are preferred as compared to the inkjet-printed single component cathode. Lee et al.145) reported that the performance of an inkjet-printed composite cathode is higher than an inkjet-printed single component cathode. In this effort, it was observed that the inkjet-printed Ag-SDC cathode showed a superior performance to the inkjet-printed Ag cathode. The composite cathode showed a higher current density, power density, and a lower value of polarization losses as compared to the single component cathode. Accordingly, to achieve higher electrochemical performance, composite inkjet-printed electrodes are to be considered.

      Additionally, to further improve the performance of the cathode Li et al.146) used a pore former where the pivotal role of pore former in the cathode was explained. For that purpose, a Sm0.5Sr0.5CoO3 (SSC)+ Sm0.2Ce0.8O1.9 (SDC) composite cathode was inkjet printed on a cell which is composed of NiO-YSZ anode support prepared by tape casting whereas the YSZ electrolyte and SDC buffer layer were prepared through the wet powder spraying technique. Three types of cathodes were inkjet printed. The electrode-1 had no pore former whereas the electrode-2 and electrode-3 comprised 15% and 10% PVP-K30 pore formers respectively. The electrode-3 showed the best results with high porosity, homogenous thickness, and good adherence to the buffer layer as compared to the other samples. The electrode-2 cells showed PPD as high as 940 mW cm-2 at 750℃.

      Cathodes prepared by a 3D printing technique such as inkjet printing is advantageous over the other techniques in many ways. Yu et al.147) used Silver - Sm0.2Ce0.8O1.9 (Ag-SDC) as a cathode material for LT-SOFC in which cathode was prepared via inkjet printing was compared to the cells prepared with the sputtering technique. The ASR values showed a clear difference between the inkjet-printed (Fig. 19[a]) and sputtered (Fig. 19[b]) samples. This was due to the porous structure of the inkjet-printed cathode which provided more potential for the ORR, thus, leading to a lower ASR as compared to the sputtered cells which had a dense structure that contributed to a higher ASR value. Therefore, it can be seen in Fig. 20, that the cells in which inkjet printed cathode showed higher PPD and current density values than the sputtered cells. In these cells, platinum (Pt) was chosen as reference material for the cathode. It showed a higher performance because of its nano-porous structure which increases the ORR sites but it suffers severe degradation at elevated temperature140,141).

      
        
        

        Fig. 19. 
				
        

        
          Nyquist plots of (a) inkjet-printed and (b) sputtered Ag. Reproduced from ref. [147]
        
        

        

      

      
        
        

        Fig. 20. 
				
        

        
          I-V curve of inkjet printed porous Ag (2.5 μm), sputtered Ag (2.5 μm and 1 μm), and Pt Reproduced from ref. [147]
        
        

        

      

      Moreover, it was also observed (in Fig. 21) that the inkjet-printed cathode remained porous even following the fuel cell test while the cathode which was subjected to sputtering displayed a dense microstructure with increased grain size147). Hence, the inkjet printing is a more feasible way to deposit the porous Ag films as compared to the conventional sputtering technique147).

      
        
        

        Fig. 21. 
				
        

        
          SEM images of the inkjet-printed and sputtered samples before and after electrochemical testing. Reproduced from ref. [147]
        
        

        

      

      Sukeshini et al.106) compared the electrochemical performance of an inkjet-printed cathode to the screen-printed cathode. The cathode layers deposited for both types of cells were LSM-YSZ and LSM. Moreover, both the cells had a NiO-YSZ tape cast anode support whereas the anode interlayer (NiO-YSZ) and the electrolyte layers (YSZ) were deposited by the inkjet printing process. It was observed that the cells with inkjet-printed cathode showed almost identical performance to the cell with a slurry pasted cathode i.e. the PPD at 850℃ was around 0.45mW cm-2 for both types of cells.

      Similarly, Yashiro et al.148) have also compared the inkjet printed and paste painted cathodes. Table 4 shows the three types of cells used in this study which are comprised of the same anode (NiO-GDC), electrolyte (GDC), and a cathode (LSCF-GDC). The cell-1 had a single layer inkjet printed cathode with a thickness of 3 μm. The cell-2 had a single layer of the painted cathode with 30 μm thickness. However, the cell-3 had a double layer (painted and printed) cathode with a thickness of 32 μm. In this work, TPBs created at the interface of the cathode particle, electrolyte, and oxidant gas phase is of major importance. With the increase in the TPBs, the ORR is increased which resulted in better electrochemical performance. It was observed that the cell-3 showed superior performance than the other two types of cells. This was because the inkjet printing increases the amount of TPBs formed thus increasing the performance. In the case of cell-1 (inkjet printed) at sintering temperature of 1,000℃ a dense layer was produced which resulted in reduced performance of the cell. Cell-2 showed a higher performance than cell-2 because no dense layer was observed for it. Cell-3 showed the highest performance as compared to the other two cells. This was because the inkjet-printed layer created a higher number of TPBs thus, contributing to higher electrochemical performance. Unlike cell-1, the inkjet-printed layer was covered by a painted layer which prevented it from becoming dense.

      
        Table 4. 
				
        

        
          Different planar cells fabricated having the same anode and electrolyte but different cathode. Cell 1 had an IJP cathode, cell 2 was fabricated using a painted cathode, whereas cell 3 comprised of a combination of painted and IJP cathode in ref [148].
        
        

      

      
        
          
            	
            	Cell 1
            	Cell 2
            	Cell 3
          

        
        
          	Cathode
          	LSCF-GDC
          	LSCF-GDC
          	LSCF:GDC
        

        
          	Printing type
          	Inkjet printing
          	Brush painting
          	First layer brush painting and second layer inkjet printing
        

        
          	Anode
          	NiO-GDC
          	NiO-GDC
          	NiO-GDC
        

        
          	Electrolyte
          	GDC
          	GDC
          	GDC
        

      

      

      To produce high electrochemical performance using inkjet-printed cathode, Li et al.54) fabricated an SDC buffering layer by inkjet printed, deposited onto an inkjet-printed YSZ which was deposited on a NiO-YSZ tape cast anode support. The cells with SDC buffer layer and BSCF (also inkjet printed) as a cathode showed superior performance to the LSM cathode sample. Moreover, the SDC buffer layer BSCF cathode sample showed a PPD of 1,040 mW cm-2 at 750℃ which is very high when compared with that of an LSM cathode sample i.e. 600 mW cm-2 at 750℃.

      It can be concluded considering the reported work on the fabrication of cathode by 3D printing processes that inkjet printing is a feasible method for the production of it. Like the anode, infiltration in the case of the cathode has also proven to be an effective method to improve the performance of the cells having inkjet printed cathode. Moreover, by the optimization of the inkjet printing parameters and sintering temperature, the performance can be improved further improved. The inkjet printing for the cathode provided many advantages such as 1) automation, 2) control of the film pattern, such as the size and thickness 3) high production reproducibility, 4) non-contact fabrication, and 5) additive fabrication. Additionally, it was shown in the reported work that the cells having inkjet printed cathode performed better than cells prepared using the sputtering and paste painting techniques, achieving performances with a peak power density as high as 1.04 Wcm-2 (Table 5). However, other than inkjet printing and AJP there has been no reported technique used for the fabrication of SOFC cathode.

      
        Table 5. 
				
        

        
          The PPD of SOFC in which the cathode or buffer layer was fabricated from the 3D printing process
        
        

      

      
        
          
            	Printing method
            	Material used for cathode/ buffer layer
            	Peak power density (mWcm-2)
            	Temperature (℃)
            	Reference
          

        
        
          	Inkjet
          	SDC (buffer)
          	1,040
          	750
          	[54]
        

        
          	Inkjet
          	SDC-SSC
          	940
          	750
          	[146]
        

        
          	Inkjet
          	LSCF-GDC
          	710
          	600
          	[148]
        

        
          	Inkjet
          	GDC-LSCF
          	600
          	800
          	[55]
        

        
          	Inkjet
          	LSM
          	460
          	850
          	[106]
        

        
          	Inkjet
          	LSCF
          	377
          	600
          	[71]
        

      

      

    

    

  
    
      5. Complete single SOFC
      Developing a complete single SOFC with a single process is an immense task. Additive manufacturing provides a massive advantage that in this process no destruction of material occurs (machining or other material removal processes) rather all the materials additively form the required product61). Therefore, producing a complete SOFC from some 3D printing process will produce a low-cost SOFC which will help in the commercialization of it.

      Sukeshini et al.68) in his earlier work developed all the non-supported layers i.e. the anode interlayer (NiO-YSZ), electrolyte (YSZ), cathode interlayer (LSM-YSZ), and cathode current collection layer (LSM) by inkjet printing process on NiO-YSZ anode support that was pre-sintered after being manufactured through the tape casting process. That cell was compared with another cell in which the cathode was painted while all the other layers were similar to the previous cell68). The results, in this case, indicated a higher performance for the pasted cathode cell i.e. 0.38 W cm-2 at 800℃ as compared to the 0.21 W cm-2 at 800℃ of the printed cathode cell (Fig. 22). There was a clear difference in the performance values of the printed and pasted cathode cells. This was associated with the un-optimized inks used for cathode printing68).

      
        
        

        Fig. 22. 
				
        

        
          I-V curves of (a) printed cathode and (b) pasted cathode. Reproduced from ref. [68]
        
        

        

      

      For the further improvement of the previous work, Sukeshini et al.106) again dedicated a study to the manufacturing of a complete SOFC cell. The same types of cells were prepared as used in the previous study68). However, in this work, they changed the solid loadings in the cathode ink to optimize the inkjet-printed cathode layer of LSM. The solid loading was increased from 0.5 vol. % (used in ref. [68]) to 4 vol. % which led to the cathode ink optimization. The electrochemical performance of the two types of cells was compared again. These optimized cells showed an identical performance to the pasted cathode cell was observed i.e. 0.46W cm-2 at 850℃ for both the cells. Moreover, the impedance plot suggested that the impedance values for the printed cathode were lower as compared to the pasted cathode thus indicating a good potential for the inkjet printing process in the manufacturing of a complete SOFC. This displayed that inkjet printing is a better alternative to screen printing or pasting as the cells fabricated by inkjet printing not only showed a similar performance but also presented lower ASR values.

      Moreover, Manogharan et al.97) introduced a novel 3D fabrication process known as binder jetting and produced a complete SOFC using this technique. In this process, a layer of the material i.e. ceramic material is spread along with a selective composition of the binder. The binders are selectively applied using the inkjet printing depending on the slices from the CAD file. The layer by layer deposition occurs unless the final layer is deposited. In the end, a drying procedure is carried out to remove the binders. A complete SOFC cell with NiO-YSZ anode, YSZ electrolyte, and LSM cathode was prepared to utilize the binder jetting technique. This additive manufacturing method did not change the material properties as it was proved from the EDS analysis that showed minimal change in composition97). The fabricated cell also showed a 98% reduction in resistance at close to an operating temperature of 750℃ as compared to the lower temperature of 600℃. However, this process showed many limitations such as the electrolyte showed very low densification which led to an increase in resistance values and the OCV was also half to theoretical in this work which was attributed to gas leakage.

      The most important contribution to the development of the complete single SOFC by 3D printing process is of Han et al.134). They developed complete SOFC using the inkjet printing process. The SEM images of the complete cell fabricated are shown in Fig. 23. The cells prepared showed a fine distribution of pores and grains in the anode support layer and the cathode layer. Moreover, a very dense YSZ and GDC buffer layers were also achieved. All the inks used for the inkjet printing showed good stability over one month. The cells fabricated showed high performance of 740 mW/cm-2 at 650℃ as shown in Fig. 24. The fabricated cells showed stable performances over 100 hours too.

      
        
        

        Fig. 23. 
				
        

        
          SEM images of the complete cell fabricated by inkjet printing. (a) shows the complete cross-section image of the cell (scale: 10 μm) (b) shows the GDC buffer layer 0.5 μm thick (scale: 5 μm) (c) shows the cross-sectional and (d) shows the surface image of the 0.8 μm thick YSZ electrolyte(scale: 2.5 μm). Reproduced from ref. [134]
        
        

        

      

      
        
        

        Fig. 24. 
				
        

        
          Electrochemical performance of the cell produced in the ref. [134]. Reproduced from ref. [134]
        
        

        

      

      It can be seen that efforts have been made in the fabrication of a complete SOFC via 3D printing processes such as inkjet printing and binder jetting. It was distinguishable that the inkjet-printed cells displayed a higher performance than the binder jetted cells. Moreover, it was also shown that the cells in which all the non-supporting layers were produced by inkjet printing displayed a performance identical to the commercially used screen printing process. Moreover, the work on the fabrication of a complete SOFC via a novel technique of binder jetting is still in its initial stages and needs further work to explore the potential of it. Considering the work of Han et al.134), the potential of 3D printing processes in the fabrication of complete SOFCs has been demonstrated. The fabrication of the complete SOFCs using the inkjet printing process will not only result in the fabrication of the SOFCs with reduced cost (which is one the main problems towards the SOFC commercialization) but also will result in improved SOFC with improved performances, reproducibility, and stable operations.

    

    

  
    
      6. Summary and outlook
      3D printing provides immense advantages as it is an automated, simple, and accurate process that provides high geometrical freedom and good reproducibility which gives it preference over other techniques such as screen printing, tape casting, dip coating, chemical vapor deposition, and physical vapor deposition. 3-D printing processes have been successfully utilized in the production of various parts of the SOFC such as the electrolyte, anode, and cathode.

      The feasibility of the 3D printing processes for the fabrication of the electrolyte is proved by the fact that in the reported works dense and thin electrolytes have been manufactured. In the reported works for electrolyte manufacturing of the SOFCs, the inkjet printing process has been mostly utilized. However, some of the works also report the use of SLA and AJP for electrolyte fabrication purposes. These SOFCs having a 3D printed electrolyte showed high performance and good reproducibility as well. The extensive preference of the inkjet printing technique over the others to produce the electrolyte can be attributed to its low cost, and simplicity in use when compared with other techniques such as SLA and SLS. The manufacturing of the electrolyte supports by the 3D printing processes can be a huge step towards the SOFC commercialization as it significantly decreases the number of steps required for the SOFC stack formation.

      Similarly, in the case of the cathode fabrication of the SOFC, the inkjet printing process has been widely utilized. Most of the work on the fabrication of the SOFC components has been on the cathode side. The SOFCs with the cathode manufactured by the inkjet printing process performed better than the cells with sputtered and paste painted cathode. It also had a similar performance to the screen-printed cathodes. Considering the advantages that the 3D printing process such as inkjet printing provides over the manual technique of screen printing, it should be preferred. AJP has also been reported for cathode fabrication. It is specifically advantageous while using the composite cathodes such as the conventional LSCF-GDC cathode, as its dual atomizer configuration eliminates the need for a time-consuming ball milling process. However, in the case of the anode fabrication of the SOFC, the reported works have been few and far between. There is a need for massive attention to the R&D of the anode supports of the SOFCs. The resulting anode supports from the 3D printing process have the potential to show much improved SOFCs. The fabrication of the complete SOFC with the 3D printing process and commercialization of the process could be the missing step in the extensive commercialization of the SOFCs as it has the potential to fabricate the low-cost high performance IT SOFCs.

      Without a doubt, the inkjet printing process has been the most established if the fabrication of the SOFC components is taken into account. The inks for the cathode and electrolyte have already been optimized. The parameters for the fabrication of various components have also been defined. The speed of the inkjet printing and other 3D printing processes have concerns regarding them when mass-production is considered.

      The research on 3D printing of the SOFCs is still in its early stages and further efforts are required to help develop better performance SOFCs. Exploration and improvements in the 3D printing processes are required to achieve the cells with high specific power per unit mass. Moreover, the potential 3D printing processes other than inkjet printing such as SLA, SLM, and FDM, etc. should also be explored.
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