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Abstract: Solid oxide electrolysis cells (SOECs) and solid oxide fuel cells (SOFCs) are the leading
high-temperature devices to realize the global “Hydrogen Economy”. These devices are inherently
multi-material (ceramic and cermets). They have multi-scale, multilayer configurations (a few microns
to hundreds of microns) and different morphology (porosity and densification) requirements for
each layer. Adjacent layers should exhibit chemical and thermal compatibility and high-temperature
mechanical stability. Added to that is the need to stack many cells to produce reasonable power. The
most critical barriers to widespread global adoption of these devices have been their high cost and
issues with their reliability and durability. Given their complex structure and stringent requirements,
additive manufacturing (AM) has been proposed as a possible technological path to enable the
low-cost production of durable devices to achieve economies of scale. However, currently, there is no
single AM technology capable of 3D printing these devices at the complete cell level or, even more
difficult, at the stack level. This article provides an overview of challenges that must be overcome for
AM to be a viable path for the manufacturing of SOECs and SOFCs. A list of recommendations is
provided to facilitate such efforts.

Keywords: SOEC; SOFC; hydrogen economy; renewable energy; decarbonization; additive
manufacturing; market competitiveness; scale-up and high-volume manufacturing

1. Introduction

Hydrogen, as an important chemical feedstock in the global economy, has growing
demands in transportation, steel production, power generation, and load balancing in
grid services. Recently, there has been a significant global investment in the “Hydrogen
Economy”, which in turn will advance the manufacturing and recycling of clean hydrogen
technologies. For example, in the United States, the mission of the Department of Energy’s
“Hydrogen Shot” is to reach USD 1 per 1 kg in 1 decade (“1 1 1”) for hydrogen. Sectors
such as long-distance transport via heavy- and medium-duty vehicles, high-temperature
heat, energy storage, and synthetic fuels for air and marine transport are among the energy-
intensive and difficult sectors to decarbonize. Hydrogen has been proposed as a key energy
option for the decarbonization of these sectors (Figure 1).

Hydrogen is the simplest element on earth; however, it does not typically exist by
itself in nature. It must be produced through chemical reactions from compounds that
contain it. Currently, the majority (~95%) of the world’s hydrogen is produced by steam
methane reforming (SMR) that releases the greenhouse gas CO2. The electrolytic hydrogen
(without any pollution) is more expensive compared to hydrogen produced using the SMR
process [1]. Today’s hydrogen market is approximately 10 million metric tons per year
(MMT/year) in the U.S. and 65–100 MMT/year globally. However, only approximately 2%
of total global hydrogen production is generated via electrolysis. The electrolytic hydrogen
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market could grow substantially to at least 100 MMT/year by 2050 to meet potential future
demands and help difficult-to-decarbonize sectors. In order to meet this market size, the
U.S. electrolyzer capacity will likely have to increase from 0.17 gigawatts (GW) today to
up to 1000 GW in 2050—or 20% compound annual growth from 2021 to 2050 with an
annual manufacturing requirement of over 100 GW/year [2]. In addition, over 50 GW
of domestic fuel cell capacity is required in the decarbonization scenario, with an annual
manufacturing requirement of over 3 GW/year. Investments in manufacturing and process
development and increasing production scale and industrialization will reduce the cost of
electrolytic hydrogen.
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SOFCs convert the chemical energy stored in a fuel (H2, CO, CH4, etc.) to electricity di-
rectly through an electrochemical reaction (by oxidizing a fuel). SOFCs are often com-
posed of approximately 40–60 individual cells that produce nearly 25 W per cell, intercon-
nected into a single module [4]. 

The key barriers to the existing technologies are fabrication time and cost, quality 
assurance and quality control, as well as stack durability. Despite their high efficiency, the 
global market rollout of these devices is currently short of economies of scale. The benefits 
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film deposition, chemical infiltration and ex-solution for catalysts, and laser cutting of the 
fabricated tapes, punching, laminating, stacking, and firing/sintering [5–7]. Many steps, 
with most requiring manual inputs and multiple joints and seals, result in low reliability, 
durability and reproducibility, high cost, and a long time to market (Figure 2). For the 
global-scale adaptation of these devices, manufacturing technologies are needed that re-
duce the number of cell components in a stack, lower processing temperature, reduce the 
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SOFCs and SOECs are considered among the electrochemical energy storage and con-
version devices that are essential for the global rollout of a hydrogen economy. SOECs are
energy storage units that produce storable hydrogen from electricity and water (electrolysis
of water), electrolyze CO2 to produce CO and oxygen, or even co-electrolyze water and
CO2 to produce syngas (CO + H2) and oxygen [3]. High-temperature steam electrolyzers
use both electricity (preferably renewable) and heat (preferably waste heat or a low-cost
thermal energy generator such as a nuclear reactor) because they operate with steam.
SOFCs convert the chemical energy stored in a fuel (H2, CO, CH4, etc.) to electricity directly
through an electrochemical reaction (by oxidizing a fuel). SOFCs are often composed of
approximately 40–60 individual cells that produce nearly 25 W per cell, interconnected into
a single module [4].

The key barriers to the existing technologies are fabrication time and cost, quality
assurance and quality control, as well as stack durability. Despite their high efficiency, the
global market rollout of these devices is currently short of economies of scale. The benefits
of the hydrogen economy will be best played out when it is deployed at scale and across
multiple applications. However, the high cost of these devices compared to alternative
energy systems is the single most important factor hindering their widespread applications.

SOFCs and SOECs and their stacks are geometrically complex, inherently multi-
material, and multilayer devices. The cells are made of thin active elements (~10–50 µm
electrolyte and ~50–300 µm anode and cathode) with different compositions and microstruc-
tures (porous anode and cathode and dense electrolyte). More than a hundred steps could
be involved in the traditional manufacturing process of a complete stack, including tape-
casting, screen printing, slip-casting, slurry spraying, spray pyrolysis, dip-coating, thin
film deposition, chemical infiltration and ex-solution for catalysts, and laser cutting of the
fabricated tapes, punching, laminating, stacking, and firing/sintering [5–7]. Many steps,
with most requiring manual inputs and multiple joints and seals, result in low reliability,
durability and reproducibility, high cost, and a long time to market (Figure 2). For the
global-scale adaptation of these devices, manufacturing technologies are needed that re-
duce the number of cell components in a stack, lower processing temperature, reduce the
number of processing steps, and shorten the overall processing time. These improvements
may result in an increase in throughput and lower-cost production at scale [2].
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Development or application of suitable additive manufacturing (AM) technologies
has the potential to lower the manufacturing cost, decrease waste of often expensive raw
materials, provide use of more environmentally friendly materials and processing methods,
and use fewer solvents. AM technologies may reduce the number of steps and result in
more durable and reliable devices. Another advantage of AM technologies may be the
augmentation of the design space for more efficient devices, such as enabling complex
geometries beyond planar and tubular ones or enhancing surface area for electrochemi-
cal reaction sites and enhancing specific power [8]. Thermomechanical modeling of 3D
manufactured electrodes for SOFCs, and rational design of 3D manufactured composite
electrodes point to the benefits of 3D printing for performance improvement if certain
design criteria are considered [9,10].

Given the largely nascent nature of the SOEC and SOFC industries, there are limited
data on supply chain needs and constraints [1]. High-volume production of these energy
devices requires building multi-industry supply chains to support components, materials,
and equipment [2]. Some cell materials and components, such as interconnects, may face
supply chain issues, considering that interconnects are more prone to degradation (cracking,
delamination, and coating pinholes). AM allows for distributed manufacturing that can
elevate some of the concerns in the supply chain.

The goal of this article is to provide a brief overview of challenges that should be
overcome for AM to be a viable path to produce these energy devices. The aim is to help
identify current bottlenecks and the required R&D strategies that will result in maturation of
these technologies and the at-scale production of these devices. A list of recommendations
is provided to facilitate such efforts. This article does not discuss various AM processes
and their working principles in depth. Readers are encouraged to refer to more focused
reviews on various AM processes [5,11–16].

2. SOECs and SOFCs Components and Requirements

At the basic level, these electrochemical devices are made of an electrolyte and two
electrodes (anode and cathode). Interconnects and sealing materials are also required
for complete cells and stacks. The electrolyte and the electrodes should have a proper
thickness to reduce electric and diffusion resistance. The microstructure and, to some
extent, the thickness of the functional materials in these devices primarily govern the
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device’s performance [17]. The electrolyte is a pure ceramic, while the anode and cathode
are ceramic-metal composites (cermet). A dense, thin electrolyte is required to separate
oxidation gases from fuel gases. When the cell is electrode-supported, the thickness of the
electrolyte can be substantially reduced (to a few microns), which results in a significant
reduction in the overall ohmic resistance of the cell. Thinner electrolyte, however, limits the
number of 3D printing technologies that are applicable. Cathode and anode are a mixture
of electrolyte and electrode materials, which is preferred for reduced polarization and
expansion of the triple phase boundaries (TPBs).

ZrO2 doped by Yttrium (Y) or Scandia (Sc) are conductors of oxygen ions above
800 ◦C. Currently, yttria-stabilized zirconia (YSZ) is the state-of-the art electrolyte mate-
rial for SOFCs and SOECs. YSZ can be generally sintered in the temperature range of
1300–1500 ◦C [18]. Sc-stabilized zirconia (ScSZ) and gadolinium-doped ceria (GDC) have
also been used as electrolytes [19]. The electrolyte must be sufficiently dense to avoid
leakage of the fuel/oxidant gases to the electrodes and reduce the resistance to oxygen ion
diffusion in the electrolyte. The electronic conductivity of the electrolyte should be low to
prevent losses due to leakage current. The density of the electrolyte, which is related to
porosity, plays an important role in its electrical conductivity. Flaws, pinholes, and other
defects in the electrolyte can drastically reduce the electrochemical performance of the cell.
The sintering step of the electrolyte ceramic is, therefore, vital.

Nickel-YSZ (Ni-YSZ) cermet is used as the anode in SOFC and the cathode in SOEC
(considered fuel electrode in both devices). YSZ ceramic in this cermet provides ionic
conductivity and structural support, while Ni functions as the catalyst and electronic
conductor [20]. The cathode in SOFC and anode in SOEC (or the oxygen electrode) can be
made of mixed conductors such as lanthanum-strontium cobalt ferrite (LSCF) or lanthanum-
strontium cobaltite (LSC). LSCF is a mixed ion-electronic conductor capable of fast oxygen
ion and electron conduction. It promotes oxygen reduction reaction as a highly active
catalyst. Strontium (Sr)-doped LaMnO3 (LSM) in a cermet with YSZ may be used for less
demanding applications. LSM has good compatibility and low chemical reactivity with
YSZ and a similar coefficient of thermal expansion (CTE) to YSZ. In this case, LSM provides
electronic conduction and catalytic function, while YSZ is the structural component and
provides ionic conduction. In some designs, a buffer layer of gadolinium doped ceria
(GDC) is used between the electrolyte and the LSCF cathode. In order to prevent a reaction
between the oxygen electrode materials and YSZ, a thin (0.1 to 5 µm) layer of GDC may
also be utilized [3].

In terms of recycling and circular economy in SOFCs and SOECs, Ni and Lanthanum
elements are considered among the materials with environmental burdens. These burdens
can be remediated (estimated ~70%) with recycling and considerations of the circular
economy approach [21].

Cathode and anode are porous, electrically conductive, and should possess high
catalytic activities for fuel oxidation and oxygen reduction, which requires a high density
of reactive electrochemical sites, or triple phase boundaries, TPBs. An electrochemical
reaction occurs at the TPBs, where electrons, ions, and reactants meet. Porosity is required
to provide pathways for mass transport, i.e., diffusion of gaseous fuels and byproducts. The
polarization in each electrode includes ohmic, activation, and concentration polarizations,
which should be optimized for the overall minimization of the cell polarization [22]. Ohmic,
activation, and concentration polarizations are related to electrical conductivity, triple
phase boundary, and porosity, respectively. The volume percentage (vol%) of pores is
an important parameter. Additionally, factors such as proper connectivity (open/close)
pores, pore size and size distribution, and pore tortuosity play dominant roles in impacting
polarization characteristics.

The porosity is often provided by pore-formers (such as graphitic carbon, short carbon
fibers, polymer spheres, flour, rice, starch, etc.) in addition to the pore generated by NiO
to Ni reduction [22]. In general, larger pore-formers (~20 µm) are more effective than
small ones (a few microns) [22]. A certain vol% of pore-formers is necessary to generate a
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network of open percolated pores, which is often ~30 vol%. It has also been suggested that
composite pore-formers containing two or more pore-formers with different size ranges
can be used to augment the pore network connectivity and tailor the shrinkage kinetics [22].
Other methods, such as freeze-casting, can also be used to generate pores. In freeze-casting,
pores are generated as a result of ice sublimation in aqueous slurries [23]. Figure 3 shows
side-view schematic of the multilayer structure in a SOEC/SOFC. The corresponding
materials, morphology, and other attributes of each layer are given in the right column.
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The interconnect is a layer that sits between each individual cell and connects them in
series. Interconnects are exposed to both oxidizing and reducing sides of the cell at high
temperatures and, therefore, have the most demanding material requirements among other
cell components in terms of stability. Generally, in these devices, two types of interconnects
are used, metallic and ceramic oxides [24]. Ceramics are more stable (particularly for
long-term stability) under oxidizing environments; however, they have lower electrical
conductivity compared to metals and are expensive. Metallic interconnects have a lower
cost and higher electrical conductivity; however, they have less stability than ceramics
at high temperatures. One approach to increase the stability of metallic interconnects is
coating them with protective ceramic layers, including oxides, perovskites, and spinel.
The most common ceramics for interconnect applications include lanthanum and yttrium
chromites (YCrO3 and LaCrO3) and perovskite p-type semiconductors [24]. AM processes
on these particular ceramics are very limited. The main challenge with these materials has
been difficulty in sintering Cr-containing oxides due to the vaporization of Cr-O species
that complicates the sintering process.

Ferritic stainless steels (FSSs) are good candidates among metals, given their low cost,
favorable CTE, ease of manufacturing, and formation of high electrical conductivity oxides
on their surface. Chromium (Cr) evaporation under high operation temperature, however,
has been a major limiting factor. Formation of native chromium oxide, which increases the
ohmic resistance, and chromium poisoning of the SOFC cathode are two major degradation
mechanisms in these devices [24]. Metal-ceramic composites (cermets) are also under
consideration for interconnects, given their thermal stability at high temperatures and good
electrical conductivity.

Sealant is another important component in these devices, for which no AM process
has been yet reported. Often, the maximum working temperature of these devices is
determined by the glass transition temperature of the sealant. Gas-tight (hermetic) sealants
provide electrical insulation (prevent short-circuiting) and prevent mixing of the fuel and
the oxidant. Glass-ceramic sealants are low-cost and have acceptable performance and
stability (in both reducing and oxidizing environments) [25]. Thermal attributes of sealants,
including CTE, glass transition temperature, crystallization temperature, and melting point,
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are the defining parameters for choosing a sealant. Glass-ceramic sealants form chemical
bonding with the adjoining components and hence do not require external load during
operation. These sealants provide low cost and reasonable stability, as well as flexible
design by varying the composition. Partial crystallization by sintering above the device’s
operating temperature can be achieved, which results in hermetic sealings. Currently, glass
ceramics are fabricated by rolling, casting, pressing, and spin casting, among other methods.
Both sealants and interconnects can be made of ceramic materials. As such, it is possible to
develop AM processes based on full ceramics and cermets.

3. Reports in the Literature on Additive Manufacturing of SOFCs and SOECs

Several AM processes have been used for 3D printing of these devices, although
mostly for a partial device [13,16]. These methods include inkjet printing (IJP) [11,26–41],
stereolithography (SL) [8,42], and digital light processing (DLP) [18,43], with inkjet printing
currently being the prevalent method. However, perhaps other than printing corrugated
surfaces, so far, the printed cells and functional layers have all been planar, and no advanced
3-dimensional configurations to potentially gain higher specific power have been reported,
yet. We also note that most of the reports have been on SOFCs. However, considering
that these devices are very similar in structure and operation, processes can be applied to
printing SOECs.

3.1. Inkjet Printing

Inkjet printing of SOFC components has been widely reported in the literature. The
first report on inkjet printing of fuel cells dates back to 2008, in which the authors printed a
NiO-YSZ interlayer and a YSZ electrolyte layer (both ~6 µm thick) on commercial NiO-YSZ
anode support [44]. Since then, various components of SOFCs have been printed using
inkjet printing, including electrolyte [29,40,41,44], anode micro-pillars [45], oxide cathode
and composite cathode [28,32–34], intermediate cathode layer [35], cathode, interlayers,
and electrolyte [30], anode and electrolyte [36], and even an entire SOFC [26]. It has
been demonstrated that inkjet printing can be used to produce complete SOFCs with an
electrochemical performance consistent with traditional processing methodologies [30].
Electrolyte layers with a thickness in the sub-micron [26] to several microns range have
been reported. Most inkjet-printed cells were anode-supported [26,44,45]. Often other
layers are added using traditional manufacturing processes such as screen printing or
brush coating. In addition to printing the structure, inkjet printing has also been used to
inject or infiltrate other chemicals (such as yttrium-doped barium zirconate) into porous
electrodes [31].

Farandos et al. printed micro-pillar arrays and square lattices with an optimized ink
composition, and minimum feature size of 35 µm was achieved in sintered structures [29].
Han et al. used a commercial low-cost office printer (HP inkjet printer) to print an entire
anode-supported SOFC with a sub-micron thin YSZ electrolyte [26]. To synthesize the
ink, the authors used ceramics with particle size distribution in the range of 0.15–0.19 µm,
smaller than the printer nozzle diameter [26]. The printed SOFC maintained high open
circuit voltage and robust uniform microstructure during the electrochemical performance
and, in the durability test, achieved a power output of 730 mW·cm−2 at 650 ◦C and a low
degradation rate of 0.2 mV·h−1.

In 2022, Jang and Kelsall reported printing 3D NiO-YSZ structures using inkjet printing
for enhanced performance of SOFCs [45]. Specifically, pillars with a 50 µm diameter and
100 µm inter-pillar spacing were printed using a custom-made NiO-YSZ ink. A pillar
height of ~28 µm was obtained for 90-layer printing. The authors initially prepared porous
NiO-YSZ support pellets by mixing powders with graphitized carbon black pore-formers
and pressing them into pellets, and heating them to 800 ◦C. Afterward, NiO-YSZ pillar-
structured layer was printed on the support using an inkjet printer, followed by coating the
surface of the pillars with YSZ electrolyte by dip-coating. Smaller particle sizes compared
to the substrate were used to prevent nozzle clogging, and no pore-formers were used. The
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YSZ electrolyte was sintered at 1450 ◦C for 5 h. The cell was completed by brush-coating
LSM-YSZ ink on the surface of the sintered YSZ, followed by heat treatment at 1000 ◦C for
2 h [45].

The authors claimed that in NiO-YSZ pillar structures, the increased power density
would not only result from the larger electrode/electrolyte interfacial area but also from
extended TPB lengths in the Ni-YSZ pillars. Since the inkjet-printed NiO-YSZ pillars did
not have pore-formers, the porosity in the pillars only originated from the volume decrease
associated with NiO to Ni reduction, which is smaller than the porosity in the substrate
originated from pore-formers. This lower porosity in the pillars can decrease the gas
permeability, particularly for tall pillars with small diameters. Hence, the optimal height of
pillars needs to be identified [45].

Huang et al. reported printing microtubular SOFCs using inkjet printing [46]. The
anode (NiO-YSZ), electrolyte (YSZ), and cathode layers were all printed by inkjet onto
a cylindrical ceramic substrate. Based on cross-section SEM images, the thickness of the
cathode and anode was less than 30 µm. The 3D-printed cell achieved more than 4000 h of
long-term operation at a constant current of 18.5 A and performed more than 1000 cycles of
rapid thermal cycling without cell failure [46].

Inkjet printing is compatible with metal, polymer, ceramic, and composite inks. It
requires relatively low-cost equipment, and conventional office printers can be modified to
use for this purpose. The most important fabrication process aspects include ink formula-
tion of active materials, inkjet deposition, printing optimization, and characterization of
inkjet-printed thin films. These parameters overall affect the electrochemical performance
of the printed cells. Inkjet printing requires a “printable” ink, which entails certain rheo-
logical properties. Suitable dispersants should be used to obtain “stable” inks to prevent
sedimentation and particle agglomeration, which may result in clogged nozzles [37]. The
particle size should be also much smaller than the nozzle diameter. This may require
synthesizing customized inks [47].

SOFC and SOEC devices printed by inkjet printing may achieve lower operation
temperatures since the printed electrodes and electrolytes can be thin films (a few microns
down to submicron), which reduce ion transport energy loss. In principle, inkjet is scalable
to large-area manufacturing since the substrate can be moved under the nozzle, in addition
to the nozzle motion. For example, with proper design, inkjet printers may be integrated
with roll-to-roll processes.

If inkjet printing is used to print several functional layers, given different sintering
temperatures, not all layers can be sintered at one step, and often multi-step sintering
is used. For example, in a study the anode/anode interlayer/electrolyte structure was
co-fired at 1400 ◦C for 2 h, and after printing the cathode and cathode interlayer the cell
was again sintered at 1200 ◦C for 1 h [30]. Along the same line, novel designs to achieve
monolithic fuel cell stacks that require only a single heat treatment during manufacturing
are promising [48].

The ink in the inkjet printer has low viscosity; hence, it has low solids loading. It has
been claimed that thermal inkjet printing (as opposed to the more conventional piezoelectric
inkjet printing) can operate with higher solids loading inks, which would increase print
efficiency [38]. In inkjet printing, the required porosity for electrodes can be obtained by
controlling the print density through “grey scale” adjustment in the digital print file [32].
In order to fabricate the microstructure-controlled LSCF cathodes with controlled porosity
and thickness, Han et al. adjusted the grayscale of a black-and-white drawing in the
software with luminosity or “brightness” values from 0 (black) to 255 (white) [32]. A
similar approach can be used in a multi-cartridge printer to fabricate composite cathodes
with a controlled composition [33]. Specifically, to print LSCF/GDC composite, the content
and porosity of the LSCF and GDC layers were adjusted by controlling the color level in
the printed images and the number of printing cycles [33]. The authors concluded that an
optimum amount of GDC in the composite cathode improves the oxygen reduction rate.
Similarly, inkjet printing of composite cathode (LSCF-GDC) has also been reported. The
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composition and microstructure of the composite cathode were controlled by adjusting the
proportions of source materials in ink and by varying the printing parameters [33].

To print SOECs and SOFCs, inkjet printing has, however, inherent limitations. The
process is limited to thin films (hence planar designs), and special designs are required
to obtain non-planar surfaces. It should be mentioned that micro-pillar-type geometry
has been obtained using this process [29,45]. For example, a pillar height of ~28 µm was
obtained by 90-layer printing [45]. Obtaining thicker samples as the support would require
many print layers and hence is time-consuming. Substrate wetting and film solidification
become important for printing multilayers and should be considered in the process design.
Organic solvents are used in certain inks, which may not be desirable [11]. Although, there
has been a good number of reports that used water-based inks [29,40,41].

3.2. Aerosol Jet Printing

Aerosol Jet Printing (AJP) has also been used to print components of SOFCs. This is a
more involved and costly piece of equipment compared to an inkjet printer. Sukeshini et al.
have reported the deposition of YSZ electrolyte and functionally graded anode interlayers
with compositional variation by AJP using ink suspensions of NiO and YSZ [27]. The
dual atomizer configuration of the system allowed for on-demand material mixing to
deposit a graded composite anode interlayer. For the composite anode layer, the authors
prepared two separate inks using YSZ and NiO powders, solvents, dispersants, binders,
and plasticizers, with solid loading of ~35 wt.%. A compositionally graded composite
of NiO-YSZ was deposited on a YSZ substrate and sintered at 1400 ◦C. Hand-pasted
LSM, sintered at 1200 ◦C, was used as the cathode layer to complete the cell [27]. Before
electrochemical characterization, the anode side was reduced in 5% hydrogen in argon for a
few hours. Reduced ohmic resistance and better electrochemical performance are expected
by grading the anode such that a larger volume fraction of YSZ relative to Ni exists in
the regions adjacent to the electrolyte, which, according to the authors, is achievable with
further optimization [27].

3.3. Lithography-Based Printing (DLP and SL)

DLP and SL have the advantage of good surface quality and dimensional precision.
The resolution of a DLP printer is generally ~50 µm in-plane (XY-plane) [18], with a layer
thickness of 25 µm [18] to 50 µm [43]. Herein lies the significant challenge for printing
SOECs and SOFCs, which is obtaining thin electrolyte layers (~5–10 µm) using lithography-
based printers since several layers are often required to obtain a structure with reasonable
mechanical properties. Hence, these processes (DLP and SL) would not be suitable if
achieving thin electrolytes (and hence lower ionic loss) is desirable. Consequently, current
reports on lithography-based printing of these devices are all electrolyte-supported with
a thick electrolyte layer [8,18,42,43]. The thickness of printed electrolytes in these reports
varies from 200 µm to 500 µm [8,18,42,43].

If DLP and SL processes are used to only print a component of the cell (often the
electrolyte), the anode and cathode are added by conventional means, including brush
painting, spraying, etc., followed by heat treatment (or annealing), which is often at a
higher temperature for NiO-YSZ than for LSM-YSZ [8,18,42,43]. For example, NiO-8YSZ
slurry and LSM slurry were applied to the surface of the as-sintered 8YSZ electrolyte
layer by brush painting. The NiO-8YSZ slurry and LSM slurry were prepared using their
corresponding commercial powders [18]. Wei et al. sprayed cermets consisting of Ag and
GDC as the materials of anode and cathode on printed electrolyte [43]. After application,
the anode and cathode materials were annealed. In another report, commercial NiO-YSZ
and LSM-YSZ paste were painted on a 3D-printed YSZ electrolyte as fuel and oxygen
electrodes, respectively, followed up by thermal treatment at 1400 ◦C (3 h) and 1200 ◦C
(1 h), respectively [8]. In this work, 250 µm-thick 8YSZ electrolyte-supported SOFCs with
conventional planar and high-aspect ratio corrugated electrolytes were printed using the SL
process [8]. Cells with corrugated layers showed an increase of 57% in their performance
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in the fuel cell and co-electrolysis (of CO2 and steam) modes in the temperature range of
800–900 ◦C. This enhancement was attributed to the larger area (~60%) compared to the
cells with planar layers. The printed cells showed a degradation rate of 0.035 mV h−1 [8]. In
another electrolyte-supported design, authors printed honeycomb geometry cells consisting
of 260 µm-thick hexagonal cells forming a network connected by 530 µm-thick beams of
220 µm in width. A simulation study confirmed that the honeycomb structure enhanced
the cell performance compared to the flat counterpart. The authors speculated that this was
because of enabling a thinner membrane and partly using the area increase associated with
the beams [42].

To achieve the desired densification and prevent warpage, crack formation, and delam-
ination during shrinkage in debinding and sintering in lithography-based printing, high
solids loading (>30–60%) and stable and uniform photocurable slurries are required [18,43].
Successful sintering and debinding additionally requires optimization of thermogravi-
metric properties of the binder, which is nontrivial for multilayers and multi-materials in
SOECs and SOFCs. Generally, a viscosity <5–20 Pa at a shear rate of 30 s−1 is recommended
for a photocurable resin [49], which makes using highly-loaded resins challenging. Heating
the vat during printing can be used to lower the viscosity. To a certain degree, the addition
of several particle sizes in the slurry can help achieve high solids loading while maintaining
low viscosity [43].

Noticeable interfaces from layer-by-layer printing may compromise the mechanical
and electrical properties of the printed ceramic (and cermet) layers and affect the elec-
trochemical performance of the cell. Xing et al. obtained a smaller power density for
electrolytes printed by DLP compared to cells with similar electrolyte thickness, which the
authors attributed mainly to the layer boundaries between the printed 50 µm thick layers in
the DLP process, in addition to the separation of the cathode layer from the electrolyte [18].
This is despite an OCV of ~1.1 obtained for the cells, which is more indicative of the gas
tightness of the printed electrolyte.

It is not clear if DLP or SL processes are capable of printing porous electrodes. A
possible method to obtain porous parts would be adding pore-formers to the photocurable
resin. However, the addition of pore-formers may result in the diffraction of light and
compromised geometrical tolerance or even partial curing. Pores can also be obtained
by partial sintering, which is not desirable due to compromised mechanical properties.
The reduction of NiO to Ni is associated with a 40% volume reduction [22]. Therefore,
depending on the amount of NiO, small pores (either open or closed) (<1–3 µm) can be
obtained by NiO to Ni reduction.

It should be noted that electrodes (cathode and anode) can also be printed first and
then impregnated [17]. In this scenario, the ceramic phase of the cermet is 3D-printed (for
example, the YSZ phase in NiO-YSZ) and then impregnated (infiltrated) with the corre-
sponding metal phase. Generally, there are three impregnation methods, which include
metal-salt solutions with various additives, impregnation with nanoparticles in a suspen-
sion, and molten salt impregnation [17]. Impregnation, in fact, has certain advantages since
the catalytic phases are not sintered under the high temperatures required for sintering
ceramic phases. They can be simply fired and dried under lower temperatures. This lower
processing temperature and the small catalyst particle sizes can potentially prevent Ni
migration and coarsening and complex microstructural evolution.

3.4. Robocasting

Robocasting (or direct ink writing) process is essentially compatible with any materials
and pore-formers [5]. However, the resolution of this process is comparatively low. Addi-
tionally, achieving thin electrolytes in the range of several microns by robocasting would be
nontrivial. As such, this method will need to be combined with other methods in a hybrid
process to print a full cell. Anelli et al. reported symmetrical cells with the composition
LSM-YSZ/YSZ/LSM-YSZ by a robocasting and inkjet printing hybrid technology, followed
by a co-sintering step [50]. The LSM-YSZ electrodes were printed by robocasting by adding
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pore-formers, while the water-based YSZ ink was printed using inkjet printing. After print-
ing all layers, co-sintering of the fully printed cell was carried out at 1200 ◦C for 1 h in air.
The final sintered electrolyte had a thickness of ~2.8 µm. For this cell, the electrochemical
characterization led to an area-specific resistance (ASR) value of ~2.1 Ω cm2 at 750 ◦C.

3.5. Other Potentially Applicable Processes

There are other AM processes that have the potential to contribute to the fabrication of
these electrochemical devices. For example, the layer-wise nature of these devices is com-
patible with the laminated object manufacturing (LOM) process [51]. However, currently,
the relevant scales are not compatible. Perhaps a process such as LOM with the possibility
of achieving thinner laminates can be a useful process to be developed. Laser process-
ing of ceramic materials can be potentially applicable to these devices, more for surface
modification for patterning or subtractive processes such as drilling and machining [52].

Table 1 provides a comparison of the two main AM processes for printing SOECs and
SOFCs. The first column lists the advantages of each printing process. The second column
provides the limitations of each process in printing SOFCs and SOECs. The third column
adds other considerations that must be considered when each process is used for printing
these devices. Table 2 provides a summary of the reported work in the literature.

Table 1. Comparison of the two main AM processes for printing SOECs and SOFCs.

Printing Process Advantages Limitations Considerations

Inkjet

- Compatible with thin films
(sub-µm to several µm)

- Possible to design aqueous inks
(to reduce use of organic solvents)

- Compatible with metal,
polymer, ceramic and
composite inks

- Scalable to large areas
- Control of porosity through

“grey scale” adjustment

- Mostly limited to
planar geometries

- Low solids loading inks, hence
prone to delamination and
warping during sintering

- Limitation in particle
size << nozzle diameter

- Limited surface quality
- Limited dimensional precision

- Substrate wetting
- Film solidification
- Co-sintering
- Organic solvents
- Ink stability

Lithography based (SL
and DLP)

- Good surface quality
- Good dimensional precision
- Compatible with 3D design

and geometries
- Compatible with high solids

loading slurries

- Print thickness of >25–50 µm,
not suitable for thin electrolytes

- Lengthy debinding (hours to
days), resulting in high cost

- Not compatible with
multi-materials

- Handling pore-formers to
obtain porous structures

- Low slurry viscosity
requirement for printing
while desiring high solids
loading

- Slurry rheology and
stability

- Interfacial properties

Table 2. A summary of reported work in the literature.

Printed Component Printing Method Notes Reference

NiO-YSZ interlayer and YSZ
electrolyte layer Inkjet

Both layers were ~6 µm thick. Sintering
temperature 1375–1400 ◦C. Open circuit voltages

ranged from 0.95 to 1.06 V, and a maximum
power density of 0.175 W·cm−2 was achieved at

750 ◦C.

[44]

Entire anode-supported cell Inkjet
Achieved power output of 730 mW·cm−2 at

650 ◦C and a low degradation rate of
0.2 mV·h−1.

[26]

YSZ electrolyte and
Micro-pillar anode Inkjet

A pillar height of ~28 µm was obtained for
90-layer printing. YSZ electrolyte was sintered

at 1450 ◦C.
[45]
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Table 2. Cont.

Printed Component Printing Method Notes Reference

YSZ electrolyte and
YSZ-LSM electrode Inkjet

YSZ electrolyte and YSZ-LSM electrode were 9
and 20 µm thick, respectively. At 788 ◦C, the

peak fuel cell power density was 0.69 W·cm−2,
and at a cell potential difference of 1.5 V.

[28]

Microtubular cells (anode
(NiO-YSZ), electrolyte (YSZ)

and cathode layers)
Inkjet

More than 4000 h of long-term operation at a
constant current of 18.5 A and at 788 ◦C, the

peak fuel cell power density was 0.69 W cm−2,
and at a cell potential difference of 1.5 V.

[46]

YSZ electrolyte Inkjet
23 mm thick planar electrolyte. A current density

of −0.78 A cm−2 was obtained. Sintered at
1500 ◦C.

[29]

YSZ electrolyte Inkjet 150 nm films were obtained. [40]

YSZ electrolyte Inkjet
1.2 µm film was obtained. Peak power density

above 1.5 W·cm−2 at 800 ◦C was obtained.
Sintered at 1300 ◦C.

[41]

YSZ electrolyte Inkjet Power density of 170 mW·cm−2 at 800 ◦C was
obtained.

[39]

Electrolyte and buffering
(SDC) layers Inkjet (thermal) Peak power density (PPD) of 860 mW·cm−2 at

800 ◦C. Sintered at 1400 ◦C.
[38]

NiO anode Inkjet Calcinated in air at 900 ◦C. [47]

Nio-YSZ Inkjet Sintered at 1295 ◦C. [37]

Anode interlayer and
electrolyte Inkjet

Sintered at 1400 ◦C. Open circuit voltage of 1.1 V
around 800 ◦C. A maximum power density of

500 mW·cm−2 was achieved at 850 ◦C.
[36]

LSCF-GDC composite cathode Inkjet Power output of over 570 mW cm−2 at 650 ◦C
was obtained. Sintered at 950 ◦C.

[33]

Intermediate cathode layer Inkjet Maximum power density of 0.71 W/cm2 at
600 ◦C was obtained. Sintered at 1000 ◦C.

[35]

YSZ pillar electrolyte Inkjet (hybrid with
tape casting) Sintered at 1200 ◦C. [53]

Composite cathode Inkjet PPD as high as 940 mW cm−2 at 750 ◦C was
obtained. Calcined at 1000 ◦C.

[34]

Nio-YSZ anode layer, YSZ
electrolyte and LSM

cathode layer
Inkjet

An open–circuit voltage of 1.1 V and a maximum
power density of 430–460 mW/cm2 at 850◦C

was obtained. Sintered at 1200 ◦C.
[30]

LSCF cathode Inkjet
A maximum peak power density of

377 mW cm−2 at 600 ◦C was obtained. Sintered
at 950 ◦C.

[32]

Ni-YSZ anode Inkjet
Sintered at 1400 ◦C. Anode with

distribution-controlled Yttrium-doped
Barium Zirconate.

[31]

Electrolyte and
symmetric electrodes Hybrid inkjet and robocasting YSZ electrolyte by inkjet and LSM-YSZ

symmetric electrodes by robocasting. [50]

YSZ electrolyte and
functionally graded

anode interlayers
Aerosol Jet Printing

Graded composite anode interlayer was
obtained. Anode interlayer was sintered at

1400 ◦C.
[27]

YSZ electrolyte DLP
An open circuit voltage of approximately 1.04 V
and a peak power density up to 176 mW cm−2 at

850 ◦C was obtained. Sintered at 1550 ◦C.
[43]
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Table 2. Cont.

Printed Component Printing Method Notes Reference

YSZ electrolyte DLP Sintered at 1450 ◦C. [42]

YSZ electrolyte
(corrugated surface) DLP Sintered at 1300 ◦C. [8]

YSZ electrolyte DLP Sintered at 1450 ◦C. [18]

4. Opportunities and Challenges for AM Technologies

Considering the reported AM work in the literature, limitations of the current man-
ufacturing technologies and several challenges that must be overcome for AM to be a
viable path for the manufacturing of SOECs and SOFCs are outlined below. Corresponding
recommendations are provided to facilitate such efforts.

1. Eliminate or reduce stacking and lamination steps and enhance durability: Cur-
rent AM technologies can print individual components such as the electrolyte or an-
ode/cathode, and in some cases, several of the components such as anode and electrolyte.
However, to compete with traditional manufacturing technologies for SOECs and SOFCs
market, AM technologies should eliminate or reduce the stacking steps and/or enable
continuous printing of integrated layers at the cell level and/or stack level, something that
remains a formidable challenge [43]. Reducing the number of parts and interfaces will
result in minimizing degradation and failure opportunities in these devices. Another point
of view may be using AM only for components that are suitable for 3D printing rather
than printing integrated cells and stacks. In this approach, a combination of additive and
traditional manufacturing methods may be used. Essentially, AM will be used only if it
can deliver reliable component(s) with complex geometries that cannot be manufactured
otherwise and when there is enough performance gain justification. An example would be
printing the electrolyte using DLP/SL and adding the electrodes by spraying or brushing
or printing the electrolyte using an inkjet printer on a cathode fabricated by a traditional
route such as power consolidation.

The push toward lower-cost hydrogen should be achieved with a long-term considera-
tion of durability and efficiency. Such efforts, particularly in relevance to AM technologies,
demand a holistic approach integrating standardization of testing and characterization
protocols (including accelerated stress tests, ASTs), identification of common degradation
mechanisms (preferably over the entire device lifetime and under realistic operation con-
ditions), and their mitigation strategies, and improving durability (at the cell and stack
level) and overall efficiency. Reproducible and uniform manufacturing and performance
for high-volume manufacturing is a requirement for quality assurance and quality control
(QA/QC). Currently, there are no studies in the literature on the long-term performance,
durability, and degradation mechanisms of 3D-printed SOECs and SOFCs.

2. Facilitate co-sintering: Heat treatment comprises ~40% of the total manufacturing
cost of these electrochemical devices (due to high temperature and long duration sintering
and expensive equipment), and hence it is a major area for cost reduction [2]. This cost
reduction is mostly through co-firing multiple layers. Several of the limitations or challenges
of AM are common with traditional fabrication methods. An example is a requirement
for co-sintering (co-firing) multiple layers of different materials (sometimes metals and
ceramics) with different sintering temperatures and time requirements. The heating and
cooling of such complex multilayer, multi-material parts is further complicated by the
different CTE of adjacent layers. Continuous sintering (as opposed to batch furnaces) is
considered a cost-reduction strategy. Similarly, microwave and plasma-assisted sintering
are also considered viable cost-reduction strategies [54]. AM may enable denser and
thinner layers, which will result in lower heat treatment time and cost, and more sample-
to-sample uniformity. In addition to materials, another consideration in co-sintering is the
influence of pore-formers on the shrinkage and sintering characteristics of electrodes [22].
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Co-sintering is particularly attractive when electrodes are fabricated by catalyst infiltration
into a porous ceramic scaffold since the interface between the ceramic electrolyte and the
porous ceramic electrode will be strong, or no interface will be formed if the processing
method can fabricate the porous electrode and dense electrolyte continuously. AM may
also facilitate the manufacturing of functionally graded structures such that the transition
from one material to another is optimized in terms of CTE.

3. Enable lower temperature operation: Potential AM technologies should also ad-
dress the current push toward lower temperature operation (to ~500–600 ◦C or lower).
Lower temperature operation is desirable to reduce or resolve some of the challenges,
such as thermal management and the need for insulation, thermal stress, and the high
degradation rate of current collectors and sealings. Lower operation temperatures may
result in an increase in the device efficiency, as well as the possibility of using metals
and polymers for these devices. This trend either requires thinner layers (using current
materials) to reduce ionic/electronic resistance or the discovery of new low-temperature
oxygen ion conductors. Additionally, microstructural variations such as columnar grains
that have less resistance, substitutional doping, defect control, and fabrication of interfaces
with less resistance (or elimination of interfaces in monolithically printed devices) may
facilitate lower temperature operations.

The trend toward low temperature and thinner layers (tens of microns) will require
printing technologies with better resolution. The thickness of each layer in the DLP/SL
process is ~50 µm, while to reduce the resistance, a lower thickness electrolyte is required.
One way to achieve thinner layers using AM is incorporating (printing) topologically
optimized mechanical supports, for example, an electrolyte with thin and thick sections,
which requires complex 3D designs [18].

4. Enable high-volume production and lower total cost: Ultimately, AM technologies
will be compared to high-throughput processes such as roll-to-roll processes. Hence, cost
analysis is a major factor in the success of AM technologies. For these electrochemical
devices, materials and manufacturing costs are the major portion (~80%) of the total
cost [2]. By increasing the number of units per year, the total manufacturing cost will
significantly decrease. Currently, SOEC systems are not at cost-parity with conventional
hydrogen production technologies (e.g., natural gas reforming) and will require technology
development to achieve widespread deployment and commercialization. Likewise, SOFCs
will require significant technological advancement to be cost-competitive with conventional
combustion-based technologies currently used in stationary and vehicular applications.
Without further development, these technologies are unlikely to economically support the
predicted hydrogen market size.

There are three factors in the cost reduction of clean electrolytic H2, namely electricity,
capital cost, and fixed operations and maintenance. The current DOE goal is USD 2/kg
by 2026 and USD 1/kg by 2031. The key enablers for lower-cost electrolytic H2 include
low-cost electricity, high electrical efficiency, low-cost capital expense, increased durability
and lifetime, low-cost manufacturing processes, manufacturing at the MW scale, and
increased power density. Analyses have projected a 4.5–6-time reduction in SOEC stack
manufacturing cost through increasing manufacturing rates from 25 MW to 1 GW per
year [2].

We should note that several manufacturing steps of 3D printing and traditional manu-
facturing are identical or similar depending on which process is used. These include slurry
preparation (ball milling, rheological characterization), debinding (binder burnout), and
(co)sintering. Accurate cost analysis for 3D printing technologies to produce SOECs and
SOFCs requires consideration of the potential economies of scale. With the increase in
demand, raw materials cost may reduce, and combined with enhanced device efficiency
and durability, increased manufacturing throughput may result in an overall cost reduction
and economic competency of 3D printing.

As an example, interconnects are often a major contributor to the total cost. Since
interconnects are exposed to both oxidizing and reducing high-temperature environments,
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ceramic materials can offer a stable and reliable option, albeit at a steep price. Metal-based
interconnects will be more promising as lower temperature range (600–800 ◦C) devices
are developed. Additive manufacturing can offer solutions for both metallic and ceramic
interconnects, particularly for novel designs that incorporate optimized gas channels and
better mechanical performance.

5. Enable complex geometries (beyond planar and tubular cells), different cell con-
figurations and larger cell size: Currently, the most common geometries are planar and
tubular geometries. Each of these designs has advantages/disadvantages in terms of volu-
metric efficiency, startup time, sealing quality and reliability, and manufacturing cost [55].
Modified planar designs enabled by AM may incorporate a wave-like (corrugated) struc-
ture or a micropillar-covered surface to increase the surface area. Additionally, AM may
enable the incorporation of optimized gas flow channels within the cell structure to im-
prove transport and ultimately result in higher power density. On the other hand, for more
complex geometries, the dimensional changes during binder burnout and sintering become
more challenging to predict and account for, which will require sophisticated modeling
and simulation.

Generally, there are three configurations for each cell that includes electrolyte-supported,
electrode-supported, and metal-supported, and each may have its own sub-categories [56,57].
For example, an anode-supported cell can be monolithic, in which the entire anode has
the same morphology, or it can be a bi-layer, in which two different layers with different
morphology and composition form the anode. In a bi-layer configuration, the thinner anode
layer closer to the electrolyte is considered the anode functional layer (AFL). Similarly, the
cathode functional layer (CFL) may be implemented on the cathode side. Being able to
3D print these functional layers with fine microstructure and optimized composition is
expected to enhance the electrochemically active sites at the electrode/electrolyte interface
and reduce contact resistance.

In metal-supported cells (MS-SOFCs), the Ni-YSZ electrode support is replaced with
porous stainless steel, Ni, or other metals. The porous metal support is believed to improve
strength (mitigate brittle failure associated with ceramics) and tolerance to aggressive
operating conditions such as rapid thermal cycles, increase the redox tolerance and reduce
the cost [57]. Currently, metal-supported cells are not as developed as anode-supported
cells, and some aspects of degradation and oxidation issues need to be addressed. Given
the much-developed AM technologies for metals, the development of metal-supported
cells may benefit from 3D printing.

Larger cells require fewer stack materials and supporting infrastructure such as insula-
tion, and hence result in higher power density. Therefore, increased cell size is considered a
pathway for overall cost reduction. However, since the density of flaws increases with an
increase in size, these mostly ceramic devices would suffer from lower strength for larger
sizes (the Griffith theory of fracture mechanics). A similar concept may be applicable to
having integrated channels into the 3D printed devices since they will change the entire
stress field and stress concentration points, as well as electrochemical performance. Hence,
mechanics and electrochemical performance analysis must be performed for various 3D
printed designs.

6. Enable morphology (mostly pores) control: Porosity plays a significant role in
cell and electrode polarization; hence, control and optimization of pore morphology is
key to any manufacturing process. Traditional processing such as tape casting with pore-
formers, provides limited control over pore morphology. Although an open-pore network
is required, orientation and tortuosity of the pores deserve special attention. If the pores
are aligned in the direction of the electrolyte/electrode interface, they are ineffective.
Additionally, a tortuous path hinders gas diffusion. If AM can provide a type of porosity
that is aligned perpendicular to the electrolyte/electrode interface (for example cylindrical),
the generated porosity will effectively enhance gas diffusion. Creative channels and pores
can be designed, for example, as the ones inspired by biological systems that optimize gas
diffusion while maintaining mechanical integrity. We note that aspects of pore engineering
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vary depending on the cell configuration. If the structural support in the cell is provided
by an anode (anode-supported cells), the thickness of the anode needs to be higher (0.5–1.5
mm). With such a high thickness, engineering pore morphology becomes more important
to prevent increased polarization [22].

7. Enable “true” multi-material, multi-scale 3D printing: The “multi-material print-
ing” term has been used in various contexts in the literature [58], and it may need clarifica-
tion to be accurate. A printer that can print one of the general family of materials (polymers,
metals, or ceramics) in various forms and compositions may be called a multi-material
printer. Examples may include a polymer printer that can print two different polymers
with different stiffnesses, or colors, as in FDM (fused deposition modeling) printers; or
a multi-nozzle printer that is connected to two or more reservoirs and can print each or
combination of the inks by mixing and extrusion through the same nozzle such as in direct
write-type printers; or a metal printer that can print alloys with different components such
as in direct energy deposition printers.

The case for printing SOECs and SOFCs goes much beyond these points, and it can
be argued that, currently, there is no such technology to satisfy all the requirements. A
hypothetical multi-material, multi-scale printer to print these devices should be able to print
ceramics (electrolyte), cermets (anode and cathode), and metals (contacts and interconnects),
in addition to glass sealings. The printer should be able to print at multiple scales, as thin as
a few microns (for electrolyte and anode/cathode functional layers) and several hundreds
of microns (for example, for anode support). Currently, one inherent limitation of AM
technologies is the generation of porous structures required for electrodes because these
methods are not compatible with pore-formers (nozzle clogging in an inkjet printer and
light scattering in DLP and SL). Therefore, the ideal printer should be able to adjust and
control the porosity level (porous for anode and cathode and dense for electrolyte). Such
requirements are nontrivial.

If manufacturing of complete SOFCs/SOECs is intended, SL and DLP have limita-
tions in achieving multi-material printing capability. In order to print multi-materials
in a DLP/SL type printer, multiple vats with different resin compositions (multiple ex-
changing resin vats) should be used [58]. In this method, the printing plate (platform)
must be moved from one bath to another, with an additional step of washing and drying
between each vat, which overall results in a slow and complex process, with possible
contamination in between different vats and compromised materials composition and the
possibility of low adhesion between interlayers of different materials [58]. Although inkjet
printing is inherently compatible with different classes of materials, it is mostly limited to
2D geometries.

8. Enable robotic-assisted multi-printer process: Developing a printer that can print
these devices is a monumental challenge. However, as it is common in the semiconductor
industry, for a chip to be manufactured, multiple processes using multiple machines are
involved. If such processes can be developed that are able to print various components
of these devices in series, such a manufacturing process may be amenable to robotic and
automation [59]. Given that a single printer is unlikely to print an entire cell or stack,
robotic-assisted manufacturing may be relevant for SOFCs and SOECs. Robotic systems
can transfer parts from one printer to the next to complete the process. Within the traditional
manufacturing process, tape-casting, heat treatment, and stack assembly are considered the
best candidates for automation. Therefore, this may raise the question of “what the advan-
tages of such multi-process 3D printing would be compared to traditional manufacturing
processes, i.e., automation of tape-casting, and stacking process?” A question that needs to
be answered.

9. Incorporate computational design and modeling: Computational design may play
a major role in efforts toward commercialization of these technologies, given the high cost
of manufacturing and numerous iterations to find the optimal design with the most durable
configuration and the lowest cost. AM should be combined with physics-based modeling
and topology optimization to investigate the effects of complex 3D device geometries on
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temperature distribution, flow velocity, pressure, and air and gaseous fuel concentrations
through the cell and gas channels, and in turn, the effect of these parameters on the electric
potential and current density distribution and performance of the device. Modeling of
these devices often requires Multiphysics software platforms, including electrochemistry,
fluid flow, heat transfer, and thermal and structural models. As an example, it is known
that the gas channels in electrodes have a paramount effect on oxygen distribution and
cell performance.

Table 3 provides a summary of the challenges and opportunities of AM of SOECs
and SOFCs.

Table 3. Challenges and opportunities of AM of SOECs and SOFCs.

Challenges Opportunities

1. Eliminate or reduce stacking and
lamination steps and enhance durability

- Enable continuous printing of integrated layers.
- Reduce the number of parts and interfaces
- Integrate standardization of testing protocols (including accelerated stress tests),

identification of common degradation mechanisms and their mitigation strategies.
- Implement quality assurance and quality control (QA/QC) for AM devices.

2. Facilitate co-sintering

- Co-sintering of complex multilayer, multi-material parts having different CTE.
- Fabricate parts that are amenable to continuous, microwave, or plasma-assisted

sintering (thinner, topologically optimized for heat transfer, functionally graded
structures, etc.)

3. Enable lower temperature operation
- Columnar grains, defect control, optimized interfaces.
- Thinner layers through topologically optimized mechanical supports.
- Complex 3D design.

4. Enable high-volume production and
lower total cost

- Reduce number of manufacturing steps, automate the process.
- Increase manufacturing rate to reduce price.
- Enhanced device efficiency and durability.
- Design and manufacture durable and optimized interconnects.

5. Enable complex geometries, different
cell configurations and larger cell size

- Enable complex designs beyond planar and tubular.
- Manufacture wave-like (corrugated) structures or micropillar-covered surfaces to

increase surface area.
- Integrate with modeling to account for dimensional changes during binder

burn-out and sintering for complex 3D geometries.
- Expand on metal-supported cell design.
- Consider effects of increased size on the mechanics of ceramic components.

6. Enable morphology (mostly
pores) control

- Provide control over orientation and tortuosity of the pores (non-tortuous pores
perpendicular to the electrolyte/electrode interface).

- Pore designs optimized for gas diffusion (for example bioinspired).

7. Enable “true” multi-material,
multiscale 3D printing

- Enable printing ceramics (electrolyte), cermets (anode and cathode), metals
(contacts and interconnects), and glass sealings.

- Enable multiscale printing (a few microns for electrolyte) and tens-hundreds of
microns for electrodes.

8. Enable robotic-assisted
multi-printer process

- Develop processes based on several printers complemented with robotic
and automation.

9. Incorporate computational design
and modeling

- To find the optimal design, with the most durable configuration and the
lowest cost.

- Physics-based modeling and topology optimization to investigate effects of
complex 3D device geometries on device performance.
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5. Outlook

Overall, it can be argued that AM can provide a viable technological path for at-
scale and low-cost manufacturing of SOECs and SOFCs, or thinking more conservatively,
it can address several of the outstanding manufacturing issues. However, current AM
technologies have major limitations for production of these complex devices, in terms of
scale, time, cost, material compatibility, among others. It is expected that these issues will
be resolved overtime as AM technologies become more matured and new AM technologies
are developed. This endeavor will require investments from both the governments and the
private sector to organize global collaborative efforts and initiatives.
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