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Introduction

Hydrogen has been identified by the US government as a key energy option to enable full
decarbonization of the energy system [1]. The US government has recently initiated a significant
investment in the Hydrogen Economy, which is detailed in the recent “Road Map to a US
Hydrogen Economy: reducing emissions and driving growth across the nation” report. In June
2023, the first ever “US National Clean Hydrogen Strategy and Roadmap” was published [2]. On
Nov. 15,2021, President Biden signed the Bipartisan Infrastructure Law (BIL). The BIL authorizes
appropriations of $9.5B for clean hydrogen programs for the five 5-year period 2022-2026,
including $1B for the Clean Hydrogen Electrolysis Program. In alignment with the BIL and the
mission of Hydrogen Energy “FEarthshot” to reach the goal of $1 per 1 kg in 1 decade (“1 1 17),
the US is projected to invest in priority areas that will advance domestic manufacturing and
recycling of clean hydrogen technologies.

SOECs are energy storage units that produce storable hydrogen from electricity (more
recently increasingly from renewable sources) and water (electrolysis of water) [3]. The majority
(~95%) of the world’s hydrogen is produced by steam methane reforming (SMR) process that
releases the greenhouse gas carbon dioxide [4]. Electrolytic hydrogen (without any pollution) is
more expensive compared to hydrogen produced using SMR process. Investments in
manufacturing and process development and increasing production scale and industrialization will
reduce the cost of electrolytic hydrogen. Based on the recent DOE report, with the projected
growth of the hydrogen market the US electrolyzer capacity will have to increase by 20%
compound annual growth from 2021 to 2050, with an annual manufacturing requirement of over
100 GW/yr. Given the complex structure and stringent physical and functional requirements of
SOECs, additive manufacturing (AM) has been proposed as one potential technological path to
enable low-cost production of durable devices to achieve economies of scale, in conjunction with
the ongoing effort on traditional manufacturing fronts [5]. Recently (2022), the PI published an
article on challenges and opportunities in AM of SOCs [5], in which a comprehensive review of
the state-of-the-art in this field is presented.
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In this work, we aim to contribute to such effect of national interest to enable the hydrogen
economy through development of manufacturing processes for production of low cost, durable and
high efficiency SOFCs and SOECs.

Summary of accomplishments this period

In this period, we followed our work on 3D printing anode support for solid oxide fuel cells, SOFC
(or cathode for solid oxide electrolyzers, SOEC) based on our designed optimization outlined in
the previous report. We are currently optimizing the printing parameters, binder burn out and
sintering to obtain printed parts with desired geometry and properties.

Activity

Initially, we started the printing using pure resin to examine the size of the samples, their
arrangement on the build plate, and their geometry for the planned flexure experiment. Figure 1
shows the results on printing pure resin. Figure 1 (A) — (B) show 3D printed flat tube design SOFCs
with pure resin on the printed built plate. 9 samples were printed at once. Figure 1(C) presents
optical images that show the channels inside the support (left) and the cross-section print that
shows the profile of the channels inside (right). Figure 1(D) — (F) Show various views of one of
the samples on flexure test fixture. Overall, the initial result with the resin shows that several
samples (up to 9) can be printed simultaneously, and that the designed geometry is appropriate for
the planned flexure experiment.

A

Figure 1 (A) — (B) 3D printed flat tube design SOFCs with pure resin shown on the printed built
plate. 9 samples were printed at once. (C) Optical images show the channels inside the support
(left) and the cross-section print that shows the profile of the channels inside (right). (D) — (F)
Show various view of one of the samples on flexure test fixture.



In the next step, we moved forward with printing —
ceramic loaded photocurable resin, in this case, 3YSZ. Taple 1. refragtlve index of
Since we use photopolymerization technique for 3D | Various ceramics.

printing, the refractive index of the ceramic in the | Material ___| _Refractive index

photocurable resin is an important factor. Table 1 shows Photocurable Resin 15

. . . . alumina 1.76
the refractive index of various ceramics. The closer the =
. . . . Silica, glass 1.458
refractive index of the ceramic material to the = S0l
. . . . 3Ny <
photocurable resin, the less issues with refraction. For 0, =
example, the refractive index of alumina and silica is sic 268

close to 1.5, and that is why these materials are rather
straightforward to be 3D printed by photopolymerization.
On the other end of the spectrum, the refractive index of SiC is ~2.68 and it also absorbs the UV

light of the printer, which makes it nearly impossible to be

printed by photopolymerization. For YSZ, yttria stabilized
zirconia which is the material of relevance for SOFCs and
SOEC:s, the refractive index is close to that of zirconia (~2.2),
there are significant issues with refraction. Hence, we needed
to optimize our printing parameters.

Our initial prints were not successful because of
complications of refractive index, which resulted in partial

prints, or print layers failing to adhere to the build plate, instead

curing onto the vat film surface. Mid-print layer adhesion also -

proved problematic (Figure 2). . g
= 0

After a series of process parameter optimizations, we
successfully resolved most of these issues and were successful
in obtaining prints with good quality. Figure 3 shows the first
results on successful 3D printing of 3YSZ flat tube anode
support concept. Figure 3A is the green body as printed. After printing the resin in the print should
be burnt off and then the remaining ceramic particles to be sintered to produce the final part. The
binder burnout and sintering steps are critical and require extensive optimization. This is because
during binder burn out, volatile species are generated that must leave the part by diffusion. If the
burn out time-temperature profile is not optimized, this the

Figure 2. Initial prints of
3YSZ ceramic.

outgassing can generate delamination and cracks in the
printed parts and compromise the integrity of the samples.
Similarly, the sintering step is critical to obtain a ceramic
material without any obvious defects or delamination.

Currently, we are working on optimization of the
binder burn out and sintering processes.

Figure 3 (A) Green body 3D
printed 3YSZ anode support with
integrated channels. (B) results of
the first sintered samples.
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