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Editor’s Note: The NASF-AESF Foundation Research Board selected a project on electrodeposition
toward developing low-cost and scalable manufacturing processes for hydrogen fuel cells and electrolysis
cells for clean transportation and distributed power applications. This report covers the 8 quarter of work,
from October to December 2023. A printable PDF version of this report is available by clicking HERE.

1. Introduction

Hydrogen has been identified by the US government as a key energy option to enable full decarbonization
of the energy system.! 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-year period
2022-2026, including $1B for the Clean Hydrogen Electrolysis Program. In alignment with the BIL and the
mission of Hydrogen Energy “Earthshot” to reach the goal of $1 per 1 kg in 1 decade (“1 1 1”), the US is
projected to invest in priority areas that will advance domestic manufacturing and recycling of clean
hydrogen technologies.

Solid oxide electrolyzer cells (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 the steam methane reforming (SMR) process that
releases the greenhouse gas carbon dioxide.# Electrolytic hydrogen (with no pollution) is more expensive
compared to hydrogen produced using the 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
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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.> Recently (2022), the Pl 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.

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
solid oxide fuel cells (SOFCs) and SOECs.

2. Summary of Accomplishments (October-December 2023 Quarter)

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
reports. We worked on the effect of sintering temperature on the amount of porosity and grain size in 3D
printed yttria-stabilized zirconia (YSZ).

3. Activity
To understand the effects of sintering temperature on shrinkage, porosity and grain size, cubes with
dimensions of 4 x 4 x 4 mm were printed. The printed cubes were then sintered at different temperature

profiles ranging from 1100°C to 1450°C (Figure 1).
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Figure 1 - Green and sintered body of 3D printed 3YSZ.

The SEM images of the sintered body of the 3D printed 3YSZ cubes were acquired at different sintering
temperatures, as shown in Figure 2. Sintering was observed to be generally associated with shrinkage of
the cubes because of the densification of the grain structure, which considerably reduced the porosity of
the material. In contrast, the grain size gradually increased in the 3D printed 3YSZ sintered body as the
sintering temperature increased.

Figure 2(G) demonstrates shrinkage of the cubes in x-y plane and z (print) direction. As the sintering
temperature increased, a minimum of ~12 and 14% and a maximum of ~14 and 26% shrinkage for in-plane
and print direction was observed at 1100°C and 1450°C, respectively (Table 1). In a similar study, for 3D
printed 3YSZ material, the horizontal and vertical shrinkages were reported to be ~24% and 30% at the
sintering temperature of 1450°C, respectively.!
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Figure 2 - SEM images of 3D printed 3YSZ sintered body at different temperatures: (A) 1100°C, (B)
1150°C, (C) 1200°C, (D) 1250°C, (E) 1400°C and (F) 1450°C. Figures (G), (H), and (I) show shrinkage,
relative density and grain size at different sintering temperatures, respectively.

Table 1 - Shrinkage, porosity/density and grain size vs. sintering temperature.

Tempoerature Sl;:i;lf;ge Shrii:l;age Porosity Densitsy 1:)211?:::; Gs::i“
(© (%) (%) O @m ey am
1100 12 14 40 3.6 60 80
1150 i 18 33 4 67 115
1200 20 22 20 4.8 80 175
1250 22 24 13 5.2 86 215
1400 24 26 6 5.6 94 305
1450 24 26 6 5.6 94 550

The relative density and grain size of the sintered body of the 3D printed 3YSZ cubes were analyzed
according to the sintering temperature, as shown in Figures 2(H and I). The relative density was measured
by the Archimedes method, ranging from 60% to 94% for sintering temperatures of 1100°C and 1450°C,



respectively (Table 1). Using the line intercepting method according to the ASTM standard E112-13,2 the
average grain size was estimated to be ~80 nm for a sintering temperature of 1100°C and ~550 nm for a
sintering temperature of 1450°C.

According to sintering theory,? a three-step sintering mechanism was identified. The first stage occurred
around 1100°C and was characterized by particle rearrangement, including the sliding and rotation of
grains. This stage contributed to the formation of grain boundaries and an increase in the grain size.
Moving to the second stage, which occurred at approximately 1250°C, cooperative particle rearrangement
and atomic diffusion became the governing mechanisms. This stage was significant, as it began reduction
of the pores within the sintered body. It was during this phase that the densification process continued. As
the sintering temperature was further elevated to 1450°C, strong grain growth was observed. This resulted
in the sintered body becoming even more compact, and it reached its maximum values of relative density
and grain size.’

The potential uses of porous YSZ include serving as electrodes in SOFCs and SOECs, among other
applications. In both applications, the amount of porosity of the electrodes is crucial for ensuring reliable
operations. This porosity allows for sufficient gas diffusion and reactant flow through the anode, facilitating
efficient electrochemical reactions within the cell.46 Li, et al.” stated that SOEC and SOFC air electrodes
have different optimum porosity values, 25-30% and 20-50% for electrolysis and fuel cell modes,
respectively. Weng, et al.8 reported that electrodes had to possess porosity within the range of 30-40% for
optimum cell performance. Deng, et al.? concluded an optimal porosity between 27-44 % for anodes in
SOFCs. Figure 2(H) highlights the region where the desired porosity could be achieved at different
sintering temperatures, ranging from ~40% to ~20% at 1100°C and 1200°C.

Our research currently focuses on investigating the mechanical properties, particularly flexural strength, of
porous ceramics with a target porosity of approximately 33%.
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Scientific Research to design high-performance materials inspired by bone that can reinforce itself under
high stress. This critical research can be used for aircraft and other defense applications, but also
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