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PLENARY

The heat is on: Power electronics and the challenge of cooling
in a changing world

Christian Kasztelan

Infineon Technologies Cegléd Kft., Budapest, Hungary
E-mail: christian.kasztelan@infineon.com

Keywords: power modules, power electronics, energy conversion, ceramics, direct copper bond

The challenge of global warming (1) (2) has made it essential to improve how we produce
and use energy, with a focus on renewable sources like solar and wind power. Efficiently
managing this energy is crucial, especially when it comes to transporting and utilizing it in
devices that rely on electricity. Modern power electronics play a critical role in this, as they
control complex energy conversions and help to distribute energy effectively.

To meet the increasing demand for these technologies, materials science has made signifi-
cant strides, particularly in the use of advanced ceramics (3)

These materials are critical because they provide both high electrical insulation and excel-
lent thermal conductivity — key features for the next generation of power modules that must
operate at high temperatures above 175°C (4) and withstand harsh conditions over extended
periods.

Ceramics have proven to be indispensable in this sector due to their durability at high
temperatures, resistance to sudden temperature changes, and inertness to chemicals. They are
becoming increasingly important for power electronics that are striving for better efficiency
and smaller sizes (5).

There's a growing interest in wide bandgap technologies, such as SiC and GaN, which
offer compact solutions and increased power density compared to traditional silicon-based
power transistors like IGBT (6). The use of wide bandgap technologies also necessitates
power electronics that can perform at higher operating temperatures. Although ceramics like
AIN and SiN are known for their superior performance, their high cost remains a barrier for
widespread application.

To truly transition from fossil fuels to green energy, it's imperative to intensify research
and development into new, cost-effective ceramic materials that can conduct heat well. In-
vesting in the innovation of such materials is a crucial step toward a sustainable energy future
powered by advanced, efficient, and more affordable power electronics.
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Figure 1: Earth temperature & CO2 development, Source: NASA GISS, NOAA NCEI, ESRL

Figure 2: Current Smart City with examples of energy paths starting from electrical energy creation (e.g.
off shore wind, solar panels) to its consumption (e.g. trams/trains, heat pumps, EV charging, factory mo-
tors, data centers) and energy storage systems (solid state batteries, water reservoirs).
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Figure 3: On the left side a 3D drawing of an Infineon Econo2 Power Module including the current path
(red) from DC input to AC output. On the right hand side an examplary cross section throuth the same mod-
ule. The power chips (IGBT or SiC Power Mosfets) are die attached onto a direct copper bond (DCB) here
called substrate). The DCB core is typically AI1203, SiN, AIN. Its most important function is high electrical
isolation (to an external heasink) and high thermal conductivity (heat from chips to baseplate and exteranl
heatsink, not depicted here).
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Advancements in material selection and optimization for high-efficiency
halide perovskite solar cells

Sang Il Seok

Department of Energy and Chemical Engineering, Ulsan National Institute of Science and Technology
(UNIST), Ulsan, South Korea
“E-mail: seoksi@unist.ac.kr

Keywords: halide perovskite solar cells, electron transporting layer, perovskite crystallization,
alkylammonium chlorides, TiO,, SnO,

Halide perovskite solar cells (PSCs) hold immense promise for next-generation photovol-
taic technology, boasting high efficiency and cost-effective fabrication. The architecture of
PSCs typically involves a layered structure comprising transparent conductive oxide (TCO),
electron transport layer (ETL), perovskite, hole transport layer (HTL), and counter electrode
stacks. Meticulous material selection and preparation, particularly focusing on ETLs, HTLs,
and perovskites, significantly influence both structural and optoelectronic properties, thereby
maximizing performance. Recent advancements in perovskite research have highlighted the
efficacy of alkylammonium chlorides (RACI), notably methylammonium chloride (MACI),
in modulating perovskite crystallization dynamics, resulting in improved device perfor-
mance. While TiO, stands as one of the most efficient ETL materials, its high-temperature
processing poses challenges. Low-temperature processed ETLs, such as SnO,, have been
explored to address this, with novel strategies involving synthesizing SnO, colloids in an
H,0, solution to reduce oxygen vacancies within the lattice, resulting in enhanced device
performance. Furthermore, a hybrid electrode comprising a blend of TiO, nanosols and SnO,
colloidal solution has been introduced, offering superior mechanical reliability and efficiency
compared to standalone SnO, colloids. Flexible PSCs fabricated with this hybrid electrode
demonstrate promising performance, emphasizing the importance of strategic material se-
lection and optimization in achieving highly efficient and stable PSCs. In this presentation,
our contributions to optimizing key materials for PSCs will be discussed, encompassing ad-
vancements in material synthesis, interface engineering, and device fabrication techniques
aimed at pushing the boundaries of PSC efficiency and stability.
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Novel oxide ceramic LSI device for the Al age

Shunpei Yamazaki

Semiconductor Energy Laboratory Co., Ltd., 398 Hase, Atsugi, Kanagawa 243-0036 Japan
E-mail: yamazaki@sel.co.jp

Keywords: oxide semiconductor, IGZO

Oxide semiconductor LSI (OSLSI) uses indium—gallium—zinc oxide (IGZO) or indium oxide
(IO) as its core material [Ref. 1].

Power saving is an increasingly urgent issue for humanity to mitigate global warming.
Servers and other equipment however consume more and more power with the boom of gen-
erative Al and its technological innovations, which is raised as a significant issue.

Unlike widely used Si LSI, OSLSI has not been brought into the mass production phase
yet, but we have been transferring our OSLSI techhology to achieve its first mass production,
which is currently expected to start from the summar of 2024. The first product will be an LSI
for OLED/OS/Si displays for AR/VR applications. Our paper on this system display [Figs.
1-2][Ref. 2] is in the top 10% of the downloaded papers among all JSID pepers published in
2022. This leads us to the belief that this product would be suitable as the first OSLSI product.

As a next step, we are developing a highly integrated vertical FET structure for extremely
low power consumption computers, which is our true target[Ref.3]. The DRAM active times
are set to 1%, 10%, and 90% [Fig. 3], and we aim to achieve nonvolatility of the most power
consuming RAM.

In this presentation, we propose a three-dimensional (vertical) oxide semiconductor mem-
ory (3D OS memory) as a game changer enabling both global warming mitigation and further
spread of Al

o ot o O )
- OLED T
Light—emitting portion (OLED / OS)

i s /
" Display dr vinggdrﬂ_dpf
D' r{ ';:Irli\:rer ' Driver circuit

scan driver Si

Fig. 1 Conceptuial diagram of the OLED/OS/Si Fig. 2 Photograph of the 3 kppi display.
monolithic stack.
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S. Yamazaki et al., C-axis aligned crystalline indium—gallium—zinc oxide ceramics and oxide sem-

iconductor LSI as countermeasures against global warming. Ceramics International 49, 24123—
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KEYNOTE

T1 Ceramics for Energy Conversion, Storage, and Distribution Systems

T1.1 HiGH-TEMPERATURE FUEL CELLS AND ELECTROLYSIS

Status and challenges on Solid Oxide Fuel Cell development for
mobility use

Takeshi Shiomi"", Manabu Sugino’, Yohei Miura’', Mohammed Hussain Abdul Jabber’,
Yoshihisa Furuya’

"Nissan Motor Co., Ltd., Japan
2Nissan Technical Center North America, USA
“E-mail: t-shiomi@mail.nissan.co.jp

Keywords: SOFC, vehicle, power density, metal support cell, AFA

SOFC (Solid Oxide Fuel Cell) is generally considered for residential and industrial power
supply, but in recent years the research and the development of SOFC powered application
has been spreading to various applications such as portable device, datacenter, high tempera-
ture steam electrolysis and so on. Under these circumstances, Nissan has been researching
SOFC-powered system for mobility use as well as stationary use (Figure 1). The requirement
of SOFC-powered system for mobility use is different from that of stationary use because
operating environment for automotive application is very unique. Among lots of technical
challenges from system level to cell level, the increase in power density and the reduction
of rapid start-up time are two main challnges to realize SOFC system (Figure 2). In order
to install SOFC-powered system on a vehicle, the development of metal supported cell and
stack is desirable to realize smaller volume and lower thermal mass which link to improving
both power density and start-up time.

In this presentation, technical challenges of SOFC for mobility use are shown. Then, as
one of detailed technical topics, the progress of reducing ohimc resistance with using metal
supported stack is described. In particular, the technical challnge to use AFA, alumina form-
ing alloy, in a SOFC stack is described. Finally future challenges to expand SOFC application
are summarized.
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Figure 2. Challenges of SOFC for mobility use

Acknowledgments
Dr. Singh Prabhakar (University of Connecticut) is acknowledged for metal corrosion discussion.

References
https://www.nissan-global.com/JP/INNOVATION/TECHNOLOGY/NRC/FIELDS EV/

CMCEE14 / 18-22 August 2024 / Budapest, Hungary 8



Keynote T1.2 Ceramics-Related Materials, Devices, and Processing for Heat-to-Electricity...

T1.2 CERAMICS-RELATED MATERIALS, DEVICES, AND PROCESSING FOR
HEAT-TO-ELECTRICITY DIRECT CONVERSION AND THERMAL ENERGY
HARNESSING

New directions in half-Heusler and metal phosphide thermoelectric
materials

Jan-Willem G. Bos

EaStCHEM School of Chemistry, University of St Andrews, North Haugh, KY 16 9ST, St Andrews, UK
E-mail: j.w.g.bos@st-andrews.ac.uk

Keywords: half-Heusler, metal phosphide, thermoelectric energy

Thermoelectric conversion can be used to generate power, scavenge ambient heat, is applied in
thermal management, and is a potential carbon negative renewable technology. The past two
decades have seen major advancements in materials design and greatly improved thermoelec-
tric performance. However, large-scale application is held back by the high cost compared to
grid-price electricity, and technical issues in translating materials performance to generators.

Scientifically, the challenge is to find materials that have both low thermal conductivity
and outstanding electrical properties, whilst not losing sight of translation into a working
technology. This is a difficult challenge but fortunately there is no fundamental limit on the
thermoelectric performance.

We have focused on intermetallic half-Heusler materials, and more recently on metal
phosphide thermoelectrics. Both are based on abundant elements and could provide a route
towards sustainable thermoelectric energy conversion [1].

In the half-Heusler materials, we pioneered the use of interstitial Cu in the leading XNiSn
n-type compositions [2]. This enables synergistic reductions of lattice thermal conductivity
and improvements in the electronic quality of the materials. Competitive figures of merit,
zT =1 at 793 K are found for compositions with high X = Ti content.

Recently, we have used aliovalent alloying as a route to achieve unusually low lattice ther-
mal conductivities, far below expected based on mass and strain disorder [3]. We postulate
that this is driven by bond disorder, which unfortunately also reduces the electronic quality of
the materials. This limits the maximum achievable performance, requiring a careful trade-off
between thermal and electronic parameters.

Metal phosphides are underexplored but offer great structural diversity, often achieving
low thermal conductivities, despite low gravimetric densities. The final part of this presenta-
tion will give an overview of our recent work on several ternary metal phosphides [4], includ-
ing high-mobility CaCuP.
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Mixed-anion oxides for eco-friendly high-performance thermoelectric
materials
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High energy-conversion efficiency (Z7) of thermoelectric materials has been achieved in
heavy metal chalcogenides, but the use of toxic Pb or Te is an obstacle for wide applications
of thermoelectricity. Development of high-efficiency and eco-friendly thermoelectric materi-
als has been a challenging issue. In this talk, I like to introduce our recent works on the devel-
opment of eco-friendly high-performance thermoelectric materials using concept of mixed
anions. Here, we introduce new design routes for strong phonon scattering and Z7 enhance-
ment of transition metal oxide, SrTiO, by hydride anion (H") substitution [1] and also recent
discovery of high ZT ~2.1 in inverse perovskite Ba,SiO without using toxic elements [2].

Usually, heavy (toxic) elements are widely used to reduce lattice thermal conductivity
(x,)- On the other hand, we found that the light element H- substitution largely reduces x,,
from 8 W/(mK) of SrTiO, to 3.6 W/(mK) for SrTiO, H_ with x = 0.216. The mass difference
effect on phonon scattering is small in the SrTiO, H , while substituting a portion of the O*
with H™ results in a mixture comprising a strong Ti—O bond and a weak Ti—H bond. These
randomly distributed Ti—(O,H) bonds strongly enhance phonon scattering, in turn, largely
decrease «,,. As a consequence, SrTiO, H_bulk exhibits maximum Z7 = 0.11 at room tem-
perature and the ZT value increases continuously up to 0.22 at 7= 657 K. The H substitution
idea offers a new approach for ZT" enhancement in thermoelectric oxides without utilizing
heavy elements.

In addition, we recently discovered high ZT in toxic-element free Ba,SiO with inverse-
perovskite structure. Unlike normal perovskites, such as SrTiO,, the positions of cation and
anion sites are inverted in inverse-perovskites Ba,SiO. So, they contain a large amount of
the heavy element, Ba, and their crystal structure is formed by a soft flamework made up
of weak O-Ba bonds. These characteristics realize the low x,, = 1.0-0.4 W/mK in Ba,SiO
bulk polycrystal at 7= 300-600 K. In addition, the negatively charged Si anion contributes
to hole transport with long carrier life time, and their highly dispersive bands with multiple
valley degeneracy realize both high p-type electronic conductivity and high Seebeck coef-
ficient, resulting in high power factor (PF). As a consequence of high PF and low «,,, Ba,SiO
bulk exhibits rather high Z7'=0.16-0.84 at 7= 300-623 K. Finally, based on first-principles
carrier and phonon transport calculations, maximum Z7 is predicted to be 2.14 for Ba,SiO at
T=600 K by optimizing hole concentration. Present results propose that inverse-perovskites
would be a new platform of environmentally-benign high Z7 thermoelectric materials.
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Refractory composites stand as pivotal materials for critical component and advanced sub-
system concepts in the exploration of future fusion power. Over recent decades, the use
of silicon carbide (SiC) ceramics and composites, most frequently in a form of continuous
SiC fiber-reinforced SiC matrix (SiC/SiC) composites, has been assumed in various concep-
tual design studies. These studies were primarily intended to resolve the design challenges
around liquid metal and/or helium cooled blanket, a fusion reactor subsystem that converts
kinetic energy of fusion reaction products to heat and facilitates the tritium fuel breeding.
Furthermore, there is a recognized imperative for damage- tolerant composites to replace
conventional bulk refractory metals or alloys to enable robust plasma-facing components
(PFCs) such as the divertor plates and the first wall armor. Moreover, the recent develop-
ments of refractory composite technologies have introduced expectations for extra-refractory
composites, particularly those featuring ultra-high temperature ceramics, as potential high
performance PFC materials. Although promising strides have been made in some material
classes, it is crucial to acknowledge that these composite materials necessitate substantial ad-
ditional research and development (R&D) efforts before robust components can be designed
with technical confidence. In 2023, the U.S. fusion materials science and technology com-
munity initiated the development of

experts started the development of R&D roadmaps for fusion materials, encompassing the
structural and PFC materials. The publication of the initial document is anticipated in 2024.
This presentation gives an overview of the preliminary U.S. fusion materials R&D roadmap,
with a primary focus on the refractory composite materials.
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In this lecture I discuss the concept of digital twin and how it can be used to optimize bat-
tery electrodes design and their wet manufacturing process, from powder to power. Differ-
ent types of pioneering digital twins developed in my research group, coupling numerical
simulations with Artificial Intelligence, are presented, with illustrative application examples
arising from my past and ongoing research projects, such as the ERC-funded ARTISTIC
(https://www.erc-artistic.eu/). Methodologies to ensure the proper experimental calibration
and validation of these digital twins are also discussed. Demonstrations of inverse design of
lithium ion, sodium ion and solid state battery electrodes are shared, together with the dem-
onstration of the concept transferability to dry electrode processing methods. I also present
our Virtual and Mixed Reality tools designed to support the training of students, researchers
and operators in the battery manufacturing field. Finally, I will briefly introduce a startup,
originating from our work, which gives the promise to be a game changer for battery manu-
facturing process optimization.
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Solid-state batteries are attracting attention. There are advantages when batteries are solid-
state. These include improved reliability and safety, increased energy density and power out-
put, shorter charging times and an increased operating temperature range. However, there are
still challenges in the development of solid-state batteries

We have been involved in the development of solid-state batteries. We investigated (1)
the solid electrolytes to improve the performance of solid-state batteries, and (2) the battery
reactions using model-type solid-state batteries.

(1) We have explored new solid electrolytes and found a material Li,;GeP,S,,(LGPS) with
conductivity comparable to or higher than the ionic conductivity of Li-based organic sol-
vent electrolytes. It was also found that the power density of batteries can be dramatically
increased by utilizing the advantages of superior ionic conductivity. In the present study, the
electrolyte development is reviewed, including recent development of LGPS materials group
and future challenges to improve their chemical and electrochemical stabilities and conduc-
tivities. Based the LGPS material developments, the intrinsic advantages of the solid-state
battery, fast ion diffusion mechanism in the LGPS solids, and the technological development
issues necessary for the fabrication of practical batteries will be described.

(2) We have developed model batteries based on the idea that battery reactions can be
observed more in detail when batteries are solid-state. Battery reactions proceed at the elec-
trode/electrolyte interface. It is not well understood how the electrochemical reactions at the
interface and the changes in the electronic structure of the electrode proceed during charging
and discharging. In liquid batteries, the electronic structure is difficult to determine due to
restrictions in observation techniques. In solid-state batteries, the electrode-electrolyte inter-
face can be considered as a heterojunction interface in semiconductors. Spectroscopic meth-
ods can reveal the electronic structure of the battery. The following topics will be reported:
Construction of a thin-film battery to investigate battery reactions, the band structure of the
battery, and changes in the band structure during charge-discharge reactions.

As solid-state batteries become practical devices, the battery science and technology will also
progress. We expect a new battery science to appear with the new devices.
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Nae-Lih Wu", Hao-Wen Liu

Department of Chemical Engineering, National Taiwan University, Taipei 106, Taiwan
“E-mail: nlw001@ntu.edu.tw

Keywords: all-solid-state Li-ion battery, NCM cathode, halide solid electrolytes, interface debonding

All-solid-state lithium-ion batteries (ASSLIBs) have been considered suitable alternatives to
commercial lithium-ion batteries (LIBs) in the aspect of safety issues that come from using
inflammable solid electrolytes to replace organic flammable electrolytes. Nevertheless, much
room remains for a better understanding of their properties and behaviors to upgrade their
performance to reach the practical application level. Ni-rich layered oxides, LiNi,_,_ Co Mn-
,0, (NCM), are promising cathodes for high-energy ASSLIBs because of their high capaci-
ties and redox potentials, and low material cost when compared with conventional LiCoO.,.
However, certain challenges associated with their use in ASSLIBs must be addressed for their
effective use and industrialization. In particular, the structural integrity of the all-solid-state
NCM composite electrodes suffers from not only intragranular cracks but also debonding
at the cathode-solid electrolyte (SE) interface. The latter constitutes the major cause of fast
capacity fade. To overcome this problem, it is a common practice to apply very high stacking
pressure, typically higher than several tens MPa, on the ASSLIBs during operation. Lower-
ing the battery operation stacking pressure, for example, to the level of the liquid-electrolyte
batteries will certainly facilitate the wider applications of ASSLIBs. Using the composite
cathode consisting of a LiNi,,,Co,,,Mn, 0, (NCM811) cathode and brittle Li,InCl, (LIC)
solid electrolyte (SE), this study demonstrates that forming a chemically reinforced cathode-
solid electrolyte interface via limited interfacial reactions may serve as an effective means to
mitigate interface debonding so as to enable ASSLIBs to maintain long-term operation under
reduced stacking pressures.
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Novel 3D thermal energy storage materials based on molten salts fully
encapsulated into patterned printed clay supports
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The thermal energy is one of the most appealing energy sources to reduce the greenhouse
gas emissions and the dependence on fossil energy resources. In this way, molten salts stand
out as excellent thermal energy storage (TES) materials for medium-high temperature ap-
plications, including renewable energies like concentrated solar power (CSP) plants, which
are able to dispatch power even during the night time, in contrast to the most well-known
photovoltaic technology. However, these molten salts commonly exhibit energy efficiencies
below expectations, are highly corrosive to the containers, and can present liquid leakage
in their molten state, compromising their storage capabilities. To overcome this problem, a
novel approach is presented, which is based on the development of three-dimensional (3D)
engineered TES structures (3DTES) able to efficiently storage and release thermal energy to
be potentially employed in CSP plants.

Highly macro-porous (~93%) 3D expanded clay supports have been printed by direct ink
writing using a strategy that combines optimized patterned architectures with the addition of
up to 20 wt.% of pore formers to the printable clay inks. Expanded vermiculite (EV) has been
selected as clay material because its low cost, large specific surface area, and high chemical
compatibility and thermal stability. 3D printed EV scaffolds have subsequently been infil-
trated with molten sodium nitrate due to its high thermal capability and low supercooling,
leading to promising 3DTES materials for medium temperature applications (melting tem-
perature ~ 307 °C), such as CSP systems.

A maximum encapsulation capacity of the molten salt into the scaffold of 87% has been
attained, which comes from the full infiltration of the salt into the vertical and horizontal
macrochannels of the supports, as well as from the penetration of the molten salt into the
macroporous clay struts. The channels configuration and partial infiltration of the struts
contribute to avoid liquid leakage of the molten salt inside the 3D structure. In addition, a
good chemical compatibility between the supporting material and the salt has been observed.
3DTES exhibit an outstanding thermal energy storage efficiency of ~90% that is maintained
after thermal cycling. Besides, they present low supercooling degree (2.7 °C), good thermal
conductivity (1.0 W-m'-K""), and high corrosion and mechanical resistance (compressive
strength of ~46 MPa) despite their lightness (~1.6 g-cm™). These findings encourage the use
of 3DTES in medium-high temperature applications, among others, in renewable energies
and waste heat recovery.
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SiC-based Ceramic Matrix Composite behavior enhancement for
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Silicon carbide fibers reinforced silicon carbide based-matrix composites and Oxide fibers
reinforced Oxide based-matrix composites, are probably becoming a major leading alterna-
tive for the design and manufacturing of the next gas turbine engines components as airfoils,
shrouds, combustion chambers and exhaust. These materials offer higher temperature capabil-
ity than the current state-of-the-art metallic superalloys. The growing interest in CMC technol-
ogies is directly linked to the new short-term engine design constraints for dual military and
commercial aircraft, namely an increase of functioning temperature and an increase of mass
saving, a drastic decrease of community noise and air polluting emissions and a specific fuel
consumption decrease. During the last fifteen years, substantial research efforts have been de-
voted to evaluating a wide range of CMC and manufacturing routes. Available experiences, in
term of sub-element rig tests and engine ground and flight tests, confirmed the expected gains
and provided significant lessons in field service. Furthermore, design tools and tests methods
have been optimized for fine understanding of behaviour, damage tolerance, design criteria
and certification approach {1, 2]. The aim of this paper, after a brief description of the CMC
interests for the next aero-engine generation, is to illustrate these different aspects, through
different examples of Safran experiences, including different types of CMC associated to dif-
ferent type of component. These results come from several years of studies of Safran Ceram-
ics. A focus will be done on specific tests methodologies development, for a better analyse of
damage mechanism and some engine CMCs components tests will be presented.
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Ceramic matrix composites (CMC) are mainly applied in high temperatures and extreme
environmental conditions. This can have a positive impact on the global environment by
increasing efficiency in the aerospace, power generation, defense, and nuclear industries,
contributing to solving the global warming problem in various ways.

In particular, SiC/SiC composite materials are currently a game-changer in the aviation
engine field and are gradually expanding their application range. South Korea also has the
technology to successfully manufacture and deploy its own supersonic fighter through the
KF-21 program, and is considering applying CMC to fighters with improved performance
in the future. Additionally, two engine manufacturers are also actively reviewing the ap-
plication of CMC components and participating in various CMC development programs to
maximize efficiency and secure international competitiveness. Accordingly, a value chain of
universities and research institutes researching and developing CMC, material companies to
commercialize it, and end users to utilize it began to form in Korea.

Starting with the SiC/SiC material component development project that began in 2007, we
are currently preparing to mass produce 3rd generation SiC fibers (Tensile strength 2.5GPa,
Elastic Modulus 300GPa, Oxygen content 1wt%). In addition, over the past 16 years, we have
secured the basic technology for manufacturing material parts using LSI, PIP, and CVI process-
es. In particular, when applying the LSI-based process, we are currently producing and selling
various aviation parts, and recently, we are developing a dipping-type infiltration process for
mass production (Korea Institute of Energy Research, DACC Carbon, etc.). In addition, in the
case of PIP, we are focusing on developing technology to minimize the number of impregna-
tion-heat treatment processes and expand the application temperature range to 20000C (Korea
Institute of Materials Research). CVI process technology has conducted research on matrix
strengthening using assisted whisker growth, and is currently conducting research on uniform
matrix formation for parts with complex shapes (Korea Atomic Energy Research Institute).

Korea's CMC industry is not limited to gas turbine parts, but is currently expanding its
scope of application to the entire industrial range, including small launch vehicles and de-
fense fields, and an explanation of this will be included in the presentation material.

Additionally, the current Korean government has begun strategic investments to become a
leading country in the aerospace industry, and is also making efforts to secure a larger market
share in the defense industry. Above all, the government has recently placed great importance
on research cooperation between countries, and the demand for research is greatly increasing.
The CMC field is a very suitable topic for such international joint research, and our Korean
research institutes are prepared to conduct co-research at any time, so we have high expecta-
tions for it.
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Non-oxide ceramic matrix composites (CMC) provide a damage tolerant failure behavior,
a high proportional limit, a high stability at high temperatures and aggressive atmospheres,
and a low weight. A prominent example is SiC fiber reinforced SiC (SiC/SiC), which is used
for the application in aeroengines. The properties of a SiC/SiC-CMC crucially depend on
the properties of the interface region between fiber and matrix, the so-called interphase. The
interphase defines the adhesion between the fibers and the matrix. A low fiber-matrix bond-
ing results in a quasi-ductile failure behavior and a high damage tolerance of the CMC. In
addition, the interphase protects the fibers during CMC processing and under the conditions
of use, e.g., under hot gas corrosive atmosphere.

To ensure full functionality of the CMC under application conditions, a specifc design of the
interphase is crucial. Interphase modification in SiC/SiC can be realized by coating of the SiC
fibers using chemical vapor deposition. Coating systems based on layers of BN and SiC can
fulfill the requirements. Gentle processing routes are necessary to minimize damage to the
coating system during SiC/SiC manufacturing by reactive melt infiltration.

To optimize the properties of the interphase in SiC/SiC-CMC, it is necessary to have a
fundamental understanding of the interactions between SiC fibers, coating system, and SiC
matrix during CMC processing and under the conditions of use. The reactions and damage
mechanisms occuring on the nano- and microscale affect the macroscopic fracture behavior
of the CMC. These correlations are investigated by extensive high-resolution material analy-
sis, including transmission electron microscopy and single fiber push-out tests. A comprehen-
sive picture of the failure behavior of the SiC/SiC material under hot gas atmosphere results.
Based on the various experimental results material models for simulation of crack propaga-
tion in SiC/SiC-CMC are developed. The aim is a digital material development, which can
predict the ideal interphase design and processing conditions and supports real SiC/SiC mate-
rial development.

To summarize, the design of fiber-matrix interphases in SiC/SiC improves the failure be-
havior and the hot gas stability, supporting an implementation of CMCs in industrial applica-
tions such as turbines.
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Figures

BN coating

coating

Cross section of SiC/SiC-CMC containing coated SiC fibers.
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Ceramic matrix composites (CMCs) are promising materials for components in the hot sec-
tion of gas turbines and are already applied in the latest generation of aero-engines. They can
withstand higher service temperatures than the currently used Ni-based superalloys. Howev-
er, SiC-SiC CMC:s possess an insufficient oxidation resistance under the presence of rapidly
flowing water vapor as it is present in combustion atmospheres. They suffer from both vola-
tilization of silicon hydroxide, which leads to severe surface recession, and steam enhanced
oxidation. Therefore, environmental barrier coatings (EBCs) are mandatory that protect the
underlying CMC. In this presentation, multilayer EBCs manufactured by PVD (physical va-
por deposition) methods are introduced. Both SiC-based CMCs and model SiC-alloys were
coated by magnetron sputtering and by high rate EB-PVD processes. A first layer consisted
of a silicon-based bond coat. Oxidation of those Si-based bond coats at high temperatures
and the corresponding SiO, oxide scale growth rate is a life limiting factor for the EBCs. In
this work, two different coating deposition methods were used, namely magnetron sputtering
and electron beam physical vapor deposition (EB-PVD) to deposit Si-based bond coats on
SiC-SiC substrates. The upper layers consisted of an intermediate rare-earth di-silicate, and a
mono-silicate layer for protection against water vapor recession on top. The coating architec-
ture was designed to minimize chemical interactions between different layers and to have a
strain tolerant microstructure. Samples were tested up to 1250°C in air in a furnace cycle test
and under flowing water vapor at isothermal conditions. The EBC system showed no spall-
ation after up to 1000hrs of cyclic testing and retains stable interfaces between the layers.
The oxide scale growth rates for both sputtered and EB-PVD Si-bond coats were measured
and its influence on the life time of EBC system will be presented. Special emphasis is put on
the phase formation during a mandatory heat treatment of the initially amorphous EBC top
layers and the consequences of surface roughness for PVD layers. While the uncoated CMC
suffered from severe degradation under flowing water vapor and showed rapid loss of the
matrix material after only 1h of testing, the EBC systems considerably lowered the mass loss
and provide a good protection of the CMC in this test. Finally, the perfect coverage and good
adhesion of PVD-based EBCs on sharp edges and on a real CMC vane structure is addressed.
In addition, as CaO-MgO-AlO;- SiO, (CMAS) is a well-known threat to the EBC function-
ality, an additional CMAS resistant top layer is necessary which adds more complexity to
the multi-layer system. A multi-phase CMAS resistant coating containing Y-Fe-Si oxides has
been developed and its applicability on a state-of-the art EBC system will be demonstrated
and the CMAS infiltration results at high temperature will be presented.
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Manufacture and characterization of advanced termal/environmental
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Environmental barrier coatings (EBCs) protect fiber-reinforced ceramics (such as SiC/SiC
composites) from water vapor recession, which is a major concern in modern gas turbines. In
addition to the EBCs, also thermal barrier coatings (TBCs) are needed on top for the thermal
protection of the ceramic matrix composites. Both coatings are often made by thermal spray
deposition methods; a standard coating material system for EBCs is an ytterbium disilicate
(YbDS) topcoat with a silicon bond coat, standard thermal barrier coatings are produced from
yttria partially stabilized zirconia (YSZ).

The paper will describe recent results on the APS deposition and characterization of ad-
vanced EBCs and also T/EBCs based on YbDS and YSZ.

Results of thermogravimetric measurements of SiC samples coated with silicon bond coat

and dense ytterbium disilicate topcoat will give insight in the protection of the silicon bond
coat from oxidation by the top layer. The comparison with samples only coated with a silicon
bond coat showed a reduced oxidation rate of the sample revealing the low permeation rate of
the top coat. In addition, the effect of the heat treatment of the topcoat on the oxidation rate
of the bond coat will be shown.
Furthermore, results on the development and performance of combined environmental and
thermal barrier coatings using yttria-stabilized zirconia (YSZ) as thermal barrier coating will
be presented. Here recent findings on the influence of the degree of crystallization of the yt-
terbium disilicate before YSZ deposition on the lifetime of the systems in cyclic oxidations
test will be discussed.

Finally, advanced characterization tools for investigating water vapor recession will be
shown. In addition to furnace tests performed under slow flowing water vapor, the gas burner
test rigs already allow testing with higher gas velocities (above 10m/s). The highest gas
velocities are available with our high velocity oxygen fuel (HVOF) torch. The impact of the
different test conditions on the recession rates will be discussed.
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T2.3 ENGINEERING CERAMICS: ADVANCED PROCESSING, PROPERTIES,
AND APPLICATIONS

Microstructure and properties of diamond reinforced ceramic materials
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Wear-resistant materials are becoming increasingly important for industry in order to pro-
duce sustainable products that conserve resources. One material with excellent tribologi-
cal and wear properties are diamond reinforced ceramics, especially SiC bonded diamond
materials, which can be produced without high-pressure processes. The lecture will present
an overview concerning the preparation of such materials, the possibilities of microstructure
design and the resulting thermal, mechanical and tribological properties.

Particular attention will be paid to the integration of the hard phase into the ceramic ma-
trix. Diamond is metastable. Under sintering conditions, graphite can form at the interfaces.
In the case of SiC-bonded diamond materials, which are produced by silicon infiltration of
diamond preforms, the formation of the graphite layer at the interface can be avoided, which
leads to a strong bonding of the diamond into the SiC matrix. Results on materials specifi-
cally produced with graphitic interface layers show that graphite at the interface does not
fundamentally change the interface strength and properties. For example, the wear behavior
in the sandblasting test is no worse than that of materials without a graphite interface. The
wear rate under these conditions is more than a factor of 10 lower than for SSiC materials.
Also, the strength of the interface measured in microcantilever tests is also comparable to the
graphite-free interface.

During sliding experiments SiC bonded diamond materials show a low friction coefficient
and nearly no wear. The analysis of the worn surface showed that after some initial wear of
the SiC network, the wear is determined by the wear of the diamond particles. Similar be-
havior has been observed with other diamond-reinforced ceramics in which the diamonds are
strongly bonded into the matrix.

The materials not only exhibit excellent wear behavior but also very good thermal conduc-
tivity of up to 650 W/mK.

The material is therefore interesting for a wide range of applications including nozzles, bear-
ings other wear components and components for thermal management.
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T2.5 ADvANCED POLYMER DERIVED CERAMICS (PDCs) AND RELATED
MATERIALS FOR ENERGY APPLICATIONS
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polymeric precursors via pyrolysis or electrochemical oxidation
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Developing sustainable and environmentally friendly energy sources is a huge demand to
solve the urgent problem of global scarcity of fossil fuels. Electrochemical water splitting,
which involves splitting water into O, and H, without any byproduct formation, has been
developed as one of the most efficient technologies for producing renewable energy.[1] To
make use of this advanced technology for large-scale energy production, the development of
highly efficient electrocatalysts is required. Since electrochemical water splitting is a surface-
dependent reaction involving the adsorption of reactants, interfacial charge transfer, and de-
sorption of intermediates/products, the compositions, morphology, and electronic structures of
electrocatalysts should be optimized to obtain remarkable electrocatalysts for electrochemical
water splitting. We have developed iron-doped Co-Mo sulfide (Fe-CoMoS) heterostructures
with highly efficient water-splitting catalytic abilities from polymeric precursors obtained
from cobalt (II) nitrate hexahydrate, iron (III) nitrate hexahydrate, phosphomolybdic acid hy-
drate and dithiooxamide, which can form a polymeric complex with Co** ions. Pyrolysis under
nitrogen atmosphere gave the electrocatalysts. When diblock polymer with polystyrene and
poly(acrylic acid) chains were added during the precursor synthesis without the use of the iron
source, the mesoporous Co-Mo sulfide composite (CoMoS), which exhibited bifunctional ac-
tivities for both the hydrogen evolution reaction (HER) and oxygen evolution reaction (OER).
[2] Intrinsic electronic structure optimization achieved by doping of iron into CoMoS (Fe-
CoMoS) improved its catalytic activity and stability. Electrochemical measurements revealed
that this structural optimization promoted enhanced electrical conductivity and increased the
number of electrochemical active sites on the Fe-CoMoS, leading to its remarkable electrocat-
alytic performance as a bifunctional catalyst for both HER and OER in alkaline media. When
a triblock polymer (polystyrene-b-poly(acrylic acid)-b-poly(ethylene glycol)) was added in-
stead of deblock polymer during the precursor synthesis (without the iron source), a hollow
CoMosS electrocatalyst was obtained, and the iron-doping further improved the catalytic activ-
ity for both HER and OER.[3] The iron-doped precursor itself, moreover, also exhibited elec-
trocatalytic activity for OER.[4] After electrochemical activation of the iron-doped precursor
under OER conditions, evolution of crystalline metal (oxyhydr)oxides with morphological
reconstruction proceeded and catalytic activity was further improved.
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T2.6 SUSTAINABLE MATERIALS AND SYSTEMS FOR ENERGY EFFICIENT
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electrochromic tungsten oxide thin films
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Electrochromic devices that exhibit reversible color changes under applied low voltage have
promising applications for energy efficiency in buildings. In particular, electrochromic win-
dows represent an emerging technology to control indoor lighting and improve building en-
ergy usage by modulating sunlight transmission. Among electrochromic materials, tungsten
oxide has generated substantial interest due to its superior electrochromic performance as
an active layer. This study aims to elucidate the underlying electrochromic mechanisms in
tungsten oxide thin films through detailed investigations of dielectric properties. The real and
imaginary dielectric behavior of tungsten oxide films were measured using broadband dielec-
tric spectroscopy from 183-373 K temperatures across 10" to 107 Hz frequencies. Analysis
of the frequency and temperature dependence of the complex dielectric response provides in-
sights into the nature of charge transport. The results indicate that the electrochromic switch-
ing process involves hopping of charged particles between localized states, in the tungsten
oxide films. By establishing these fundamental conduction mechanisms, this work advances
the rational design of efficient electrochromic devices with improved switching speeds for
next-generation smart window applications for buildings.
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T3 Ceramics for Environmental Systems

T3.2 CERAMICS FOR CARBON CAPTURE AND STORAGE TECHNOLOGIES

Designing ionic liquid mixtures for direct air capture membranes with
ceramic layers
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In the pursuit of the 1.5°C scenario outlined in the Paris Agreement, achieving carbon neu-
trality by 2050 and implementing negative emissions thereafter is crucial. Besides electricity
decarbonization, energy conservation, and fuel switching, integrating carbon capture, utiliza-
tion, and storage (CCUS) from point emission sources into society is essential. Furthermore,
to realize negative emission post-2050, the deployment of negative emission technologies
(NETs), which directly capture and sequester CO, from the atmosphere, is imperative. NETs
include afforestation, blue carbon, accelerated weathering, and direct air capture with carbon
storage (DACCS), offering significant CO, reduction potential. While DACCS is presently
expensive, technological advancements may render it cost-competitive with other NETSs.
Current DAC technologies employ chemical absorption or adsorption, requiring substantial
thermal energy for CO, recovery. Several research groups, including ours, are investigating
membrane-based DAC (m-DAC) technologies. As membrane separation, in principle, does
not rely on thermal energy, m-DAC systems may operate solely on renewable energy sources.

The concentration of CO, in the atmosphere is 0.04%. To capture CO, at such low concen-
trations, facilitated transport membranes (FTMs) offer significant advantages in separation
performance. lonic liquids (ILs), non-volatile and non-flammable solvents, show promise as
materials for FTMs because of their superior CO, permeability compared to conventional
amine polymers. Our research group recently achieved a breakthrough in m-DAC by design-
ing IL mixtures. Through molecular structure optimization and mixing ratio adjustment, we
demonstrated CO, permeability and CO,/N, selectivity of 25893 Barrer and 10059, respec-
tively. As illustrated in Fig. 1(a), the CO, selectivity of the mixed IL membrane (red circle)
exceeds conventional polymer membranes by 500 times with comparable CO, permeability
(solid line). Theoretically, a single-stage mixed IL membrane can concentrate 0.04% CO, to
80%. ILs offer the advantage of facile membrane production. Fig. 1 (b) is a photograph of the
prepared IL membrane. A layer of ceramic particles is coated on top of a porous hydrocarbon
membrane, and the IL supported by the ceramic particles acts as the CO, separation layer.
We successfully fabricated a prototype IL membrane using Roll to Roll technology with the
gravure coating method, as shown in Figure 1(c). In the presentation, we will delve into the
detailed characteristics of the mixed IL membrane.
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T3.5 ADVANCED SENSORS FOR ENERGY, ENVIRONMENT AND HEALTH
APPLICATIONS

Surface modifications for thin films gas sensors applications
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Metal oxides have been identified as emerging candidate in sensing of several gases due to
their unique properties including feasibility to doping, low cost in fabrication, higher sta-
bility, and non-toxicity. Metal oxides can be prepared in many formats such as nanotubes,
nanowires, nanorods, and thin films. The later format especially those prepared by physical
vapour deposition offers the advantages of easy scalability, excellent reproducibility, produc-
ing high purity materials, and high compatibility of the sensing materials with substrates.
However, thin films have not been extensively used as compared to other nanostructured
materials because of their slow response, low sensitivity, and long recovery time.

In our previous works, three efficient strategies were developed to enhance the gas sens-
ing performance of thin films-based sensors synthesized by physical vapour deposition
techniques. The first strategy including develop a facile experimental setup to prepare high
surface area metal oxide thin films using thermal oxidation of as-deposited metal oxide at
low values of oxygen partial pressure via a buffer gas mixture of H,O and H, at different
temperatures.

In the second approach, the as-prepared thin films such as ZnO and SnO, were modified by
incorporating highly uniform and controlled size noble metals, such as, Ag, and Au in a se-
ries of three consecutive steps. First, metal oxide thin films were prepared by DC sputtering.
Then, an ultra-thin layer of the noble metal was deposited on the metal oxide surface [2-4].
Finally, metal/metal oxide films were annealed at different temperatures to obtain nanostruc-
tured morphology of M on the metal oxide thin films.

In the latest method, we developed a new method to fabricated metal A/metal oxide/metal
B systems with different contents of metal oxide, metal A, and metal B through sequential
DC sputtering and subsequent post-heat treatment. This approch open the door for engineer-
ing the depletion layer of metal oxide thin films through decoration with a controlled amount
of metals weights in addition to the variation of metal oxide layer thickness [5-6].
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N,O (nitrous oxide), NO (nitric oxide) and NO, (nitrogen dioxide) are the three stable oxides
of nitrogen and NO+NO, is referred to as NO,. These oxides of nitrogen play an important
role in some of the most important issues facing humanity today: climate change, atmospher-
ic pollution, agriculture and biomarkers of inflammatory disease. Nitrogen chemicals in soil,
including from fertilizers are converted into nitrous oxide (N,0) and NO_ (NO+NO,) by soil
microorganisms. NO_ contributes to air pollution via formation of fine particulate matter and
ozone, and N20O is a key greenhouse, 300 times more potent than CO2. NO, emissions from
diesel-based combustion caused 38,000 premature human deaths globally in 2015 and loss
of global crop (soy, wheat, maize) production by 3-10%. Asthma-related illness continues
to climb worldwide, some 334 million people suffer from asthma and these numbers are ex-
pected to increase. Measurement of exhaled NO is recommended by the American Thoracic
Society as a quantitative, noninvasive and safe method for asthma diagnosis and subsequent
treatment. To make an impact in these diverse areas, a unified challenge is to develop nitro-
gen oxide sensors that have high sensitivity (ppb-ppm level), and yet can discriminate against
hundreds of other potential interfering molecules.

In this talk, we will discuss designing solid state electrochemical NO_ sensors that can al-
leviate the emissions from diesel engines, addressing an unmet need for NO_ sensors in the
1-20 ppm range for diesel emission control, since current commercial sensors do not function
well in this range. Fertilizers, based on ammonium compounds and nitrates are essential for
growing crops that feed humanity, but their use leads to the formation and release of N,O and
NO,. Inexpensive N,O and NO, sensors that can be deployed for both soil subsurface and
ambient gas measurements will allow farmers to use fertilizers judiciously. Our agriculture-
focused sensors for N,O utilize near-infrared spectroscopy, and sensors for NO, are based on
solid-state electrochemical sensors. These technologies have been demonstrated for making
ppm and ppb measurements of ambient N,O and NO_, respectively. We will also present data
on analysis of exhaled nitric oxide in breath at ppb levels using solid-state electrochemical
sensors as a method for asthma diagnosis.
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The next generation of semiconductor materials and processes will target personalized medi-
cine and ubiquitous environmental, infrastructure, and health diagnostics while affording
rapid computations. How this will be achieved is the big unknown; however, there are sev-
eral research avenues currently been explored. We present here novel and convergent ap-
proaches for the accelerated maturation and manufacturing of the semiconducting materials
of the future, with emphasis on scalability, sustainability, and affordability, targeting sensing
systems and devices. We have pioneered the crystallo-chemical approach for selective che-
mo-sensing; and have advanced nanomanufacturing by producing novel, scalable tools for
nanofibrous (woven and non-woven) (bio-)sensing materials. We have engineered advanced,
one-of-a-kind type materials of diverse functionality, from electrospun single crystal metal
oxide nanowires for use in sensing and photocatalysis to chemo-actuating semi-conducting
polymer composites for wearable sensors. One example is our “Smart Connected Health”
related project currently funded by the National Science Foundation that we lead. There is a
team of experts including sensor materials, mechanobiology, wireless communications, nu-
trition, computer science and machine learning, assembled to produce novel, non-invasive,
non-intrusive, widely accessible wearable sensors and health monitoring tools.

Figure 1: Schematic of one of the skin-gas devices developed in our lab for non-invasive and non-intrusive
health diagnostics
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MEMS and solid state sensing methodology offers new opportunities for developing plat-
form gas sensing technologies based upon a number of scientific principles for widespread
applications in safety, environmental protection, health and wellness applications, process
control and enabling support for green technologies'*. With anticipated growth in hydrogen
production, storage, use as an important energy vector in fuel cells and other applications,
hydrogen monitoring and control will assume a great importance to minimise losses and
increase safe use of hydrogen. This paper will review the current methods available for sens-
ing hydrogen in environment and in gaseous mixtures. MEMS and solid state sensors that
have been developed in University of Cambridge are commercialized for hydrogen sensing
and extended to many other gases. New research has led to development of miniaturized
sensor on a semiconductor chip using the intrinsic property of the gas itself and results will
be presented.
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A large class of ceramics are, at microscopic scale, non-homogeneous materials. Among
these, refractory materials used in very high temperature industrial processes are highly het-
erogeneous. Such refractories have multi-phase compositions and contain different sizes of
aggregates, different bonding systems and additives. This complex design results from their
operating conditions. Widely used as structural ceramics, refractories are also exposed to
severe environments, often combining mechanical and thermal loads, corrosion and abrasion.
In particular, refractories are subject to thermal shock, thermal cycling and severe thermal
gradients. A key property for sustaining these conditions is the so-called thermal shock resis-
tance, which depends on many macroscopic thermo-mechanical properties such as stiffness,
fracture toughness, Poisson's ratio, thermal expansion coefficient and thermal conduction.
These macroscopic properties are strongly influenced by the presence of microcracks, which
can be voluntarily introduced into the initial microstructure to promote energy consump-
tion during fracture processes. Mechanical or thermo-mechanical modelling of such com-
plex microstructures, taking into account their micro-cracks, is largely based on continuum
mechanical models: finite element method associated with cohesive zone model, extended
finite element method, continuum damage mechanics or phase field methods. However, such
methods have fundamental difficulties in dealing with multi-fracture problems such as crack
initiation, crack extension, crack branching, multi-cracking or crack closure. The Discrete
Element Method (DEM) is a promising alternative to continuum based approaches because
DEM naturally can deal with discontinuities and has been successfully used to simulate the
damaged microstructure of quite similar materials such as rocks and concretes. However,
very few studies in the literature consider thermal effects at the microstructure scale that lead
to microcracking and internal stresses. A first study was carried out in 2017 [1] for very sim-
plified bi-phase systems (see Figure 1). In this study DEM was able to predict crack networks
resulting from thermal effects and the induced changes in macroscopic properties in a very
simplified multi-scale approach.
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a) Real bi-phase alumina/glass material b) DEM model of a bi-phase alumina/glass

Figure 1. Crack generated by thermal expansion mismatch in a model bi-phase material [1]

However, quantitative simulations are very difficult to achieve because DEM uses local
force-displacement laws instead of the stress-strain relationships commonly used in mechan-
ical engineering. In 2019, a new numerical approach called iDLSM [2] was proposed, which
allows for continuum mechanics formulations within the DEM framework. The proposed
study focuses on recent advances using this method applied to refractory materials.
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Ceramic processing with light
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In order to be able to manipulate ceramic powder compacts and ceramic suspensions (slur-
ries) in their volume with light, a minimum transparency of the materials is required. Com-
pared to polymers and metals, ceramic materials are characterized by the fact that they have
a wide electronic band gap and therefore a wide optical window of transparency. The optical
window generally ranges from less than 0.3 pm to up to 5 um wavelength. Light scattering
properties of the ceramic particles can be tailored by their size. In this study, we present the
physical background and material development strategies for the application of two-photon
polymerization (2PP) [1,2], Xolography [3] and selective volumetric sintering [4] for the ad-
ditive manufacturing of structures in the volume of ceramic slips and green compacts.
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Additive manufacturing of carbon and carbide materials for energy
applications
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Ceramic additive manufacturing (AM) has been successfully employed to produce compo-
nents with mid-high dimensional ranges. Some applications in electronics, biotech, microre-
actors demand for complex structures with higher precision. We present the state of the art on
the three most promising ceramic AM techniques for carbon and carbide materials:

* binder jetting and

« selective laser sintering (SLS) of polymers.

These AM techniques form an intermediate product which must be further processed
through a thermal treatment. It can be sintering for oxides, polymer infiltration and pyrolysis
(PIP) or reactive metal infiltration (RMI). The last two for carbon and carbides.

Binder jetting and SLS techniques to date have a lower resolution, but they are better
suited to produce carbon and carbide complex structures. These technologies have several
advantages, i.e., high maturity, low cost and, thanks to new machines available on the market,
a better resolution.

TPMS structures during their manufacturing process
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Additive manufacturing of ceramics from preceramic polymers
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Additive manufacturing of ceramics is somewhat limited by their high melting temperatures
and the processing issues related to handling of feedstocks containing a large volume of par-
ticles. Processing slurry-based feedstocks, in fact, poses several challenges: a high amount of
powder is required to promote densification and results in high viscosity, scattering and sedi-
mentation phenomena in vat photopolymerization processes, as well as clogging problems at
the nozzle for extrusion-based processes.

Some of these issues can be solved or mitigated when using all liquid feedstocks. Our

research activities have therefore focused on additive manufacturing of ceramics from liquid
feedstocks. In particular, we investigated the use of preceramic polymers as well as sol-gel
solutions. Despite the many advantages related to their liquid nature, there are also some
challenges related to the reactivity of sol-gel systems and to the high amount of solvent usu-
ally present.
Here, our strategies for producing high quality ceramic components using a variety of liquid
feedstocks and different additive manufacturing techniques, from direct ink writing, digital
light processing and two photon polymerization to robotic arm manufacturing and volumet-
ric additive manufacturing will be presented.
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Energy-efficient sintering of ceramics by rapid local heating
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Conventional sintering is a slow and energy intensive process, involving the heating of both
the components to be sintered and the furnace to high temperatures for many hours or even
days. Recently however, very rapid sintering, in only a few seconds, has been demonstrated
using processes that apply the final heating locally, mainly to the component itself. There is
thus the potential for tremendous energy savings in terms of both the time spent at high tem-
perature and the mass of material heated.

Several methods of heating ceramic green bodies rapidly in this way have been demon-
strated, including internal heating by passage of an electric current through the sample (flash
sintering, FS) and local external heating by low thermal mass heating elements (Ultra-fast
High-temperature Sintering, UHS). The first part of this presentation considers the mecha-
nisms involved and whether there is a real acceleration of sintering or whether the apparently
rapid sintering is mainly the elimination of the slow heating stages normally employed. The
mechanisms considered include electrochemical reduction, plasma formation and micro-
structural refinement as well as the diffusion of matter that is ultimately responsible for sin-
tering. It is shown that plasma formation can lead to secondary improvements in the sintering
of boron carbide by cleaning the powders in the green body and that microstructural refine-
ment in rapid heating of YSZ leads to a considerable acceleration of sintering in this system.
However, experiments on alumina that effectively exclude everything except the sintering
itself show, by the analysis of sintering kinetics and the use of tracer diffusion, that there is a
further contribution to the genuine acceleration of sintering from grain boundary diffusion.
The possible reasons for this are discussed, focusing on the possibility of non-equilibrium
grain boundary structures.

The presentation concludes with a brief consideration of the factors that need to be over-
come for rapid sintering technologies to be taken up commercially, including the non-uni-
formity of sintering, the level of energy and cost savings and the complexity of the process.
Potential solutions are demonstrated.
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Carbon nanotube thin films for energy applications via the floating
catalyst chemical vapor deposition (FC-CVD) method
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FC-CVD is a highly promising technique for the continuous, scalable synthesis of single-walled
carbon nanotubes (SWNTs), especially for the direct deposition of highly conducting, transpar-
ent, flexible as well as stretchable SWNT thin films for electronics' and energy? applications.
Our single walled carbon nanotubes have been used as core material to develop the new mate-
rial of one-dimensional van der Waals heterostructures®. We have been developing FC-CVD
systems with several carbon precursor molecules, including CO, C,H,, CH,, ethanol, methanol,
isopropanol, and toluene, using mainly iron catalyst nanoparticles. We have determined the
SWNT atomic structure i.e. (n,m) distributions directly via the electron diffraction of individual
tubes supported by the optical absorption spectroscopy studies. Using ferrocene as the catalyst
precursor, CO as the carbon source and CO, as the growth promoter, we show that the SWNT
(n,m) distribution and the related thin film color* can be directly tuned by adjusting the CO,
concentration. Also, the fraction of metallic tubes can be tuned via adding carbon dioxide. We
will present results on the synthesis of mainly semiconducting tubes from ethanol via adding
methanol, and also from isopropanol as the carbon source when using nitrogen carrier gas with
minor fraction of hydrogen as the carrier gas. The chiral angle distributions from both CO and
ethanol are biased towards the armchair side, while those from hydrocarbons are rather flat.
We will present nanotube thin film applications as capacitive touch sensor and as transparent
electrodes in organic as well as perovskite solar cells® with flexible form factor.
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Formulation of micron-scale, nano-structured hetero-aggregates in
opposed jet fluidized beds

Jochen Schmidt”, Jialin Men, Laura Unger, Bjorn Diisenberg, Andreas Biick

Institute of Particle Technology, Friedrich-Alexander-Universitédt Erlangen-Niirnberg, Erlangen,
Germany
“E-mail: jochen.schmidt@fau.de

Keywords: nanoparticles. aggregation, fluidization, hetero contact, mixing

Micron-scale hetero-aggregates, i.e. aggregates made up of nanoscale primary particles of
different materials, show superior performance compared to homo-aggregates in various ap-
plications, e.g. in (photo-)catalysis by formation of hetero-junctions between semiconductor
nanoparticles. Thus, the catalytic activity of a hetero-aggregate system will be linked to the
structure of the hetero-aggregate, i.e. the mixing of the components and the contact between
the primary particles. In the context of photo-catalysis, especially systems based on titania
and another semiconductor are widely employed for applications such as water splitting, the
degradation of organic contaminants or solar cell applications (cf. particle-based variants of
dye sensitized solar cells).

Within this contribution, the feasibility of opposed jet fluidized beds for formulation of

titania-zirconia hetero-aggregates will be demonstrated and the effect of process parameters
(feed composition, process time, jet velocity) on the intra- and inter-aggregate mixing will
be discussed.
Hetero-aggregation in this setup is induced by the two consecutive mechanism: homo-aggre-
gates are broken and de-aggregated in zones of high stressing and subsequently re-agglom-
eration of primary particles and fragmented aggregates to hetero-aggregates occurs in the top
section of the jet fluidized bed.

The obtained hetero-aggregates are investigated by scanning electron microscopy (SEM).
For characterization of the mixing of the TiO,-ZrO, hetero-aggregates, energy-dispersive
X-ray spectroscopy (EDX) within the SEM has been employed and the compositional vari-
ance within a single hetero-aggregates, respectively, the ensemble compositional variance
is employed as a descriptor for intra- and inter-aggregate mixing. Prospects and limitations
of SEM-EDX for mixing characterization of (porous) hetero-aggregates consisting of sub-
micron primary particles are outlined.

The formation of hetero-aggregates is also addressed numerically by an Euler-Euler ap-
proach. The mixing behaviour of the solid phases in combination with the impact of the fluid
phase, various solid factions and initial fluid velocities have been taken into consideration.
By varying the solids load, the solids distribution during the process is shifting more towards
high dense regions at the walls and the top section and dilute regions within the focus region
of the Laval jets. Regions of interest for the formation of hetero-aggregates have been identi-
fied by considering the granular temperature between the two solid phases. Aggregate break-
age is supposed to occur within the focus region of the Laval jets, whereas agglomeration is
triggered in the top region of the jet fluidized bed. The regions of breakage and aggregation
are more pronounced for higher initial air velocities and solids loads, as the collision prob-
ability increases.
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Transparent ceramics can maintain their transparency and structural integrity at elevated tem-
peratures, making them valuable for high-temperature environments and applications. Trans-
parent phosphor ceramics can be expected to be high brightness in order to apply for lighting,
displays, sensors, and optical communications, etc. Aother application for transparent ceram-
ics is Laser. Extremely low porositeis are indispensable for taransparency in polycrystalline
ceramics. Colloidal processing is a very effective technique for controlling the pore size
distribution in green compacts before densification by sintering. The green compacts having
small residual pores is expected to enhance the densification. Furthermore, spark plasma sin-
tering (SPS) is also effective way for densification in low sintering temperature. In ceramics
with anisotropic crystal structure, in-line transmittance deteriorates due to birefringence due
to the difference in refractive index at grain boundaries. Crystallographic orientation is ef-
fective for improving the in-line transmittance when it is necessary to suppress birefringence
at grain boundaries. Orientation can be controlled by a magnetic field even in a diamagnetic
and paramagnetic ceramics.

In this study, the processing was applied to fabrication of transparent YVO, and lantha-
num silicate. Single phase La, ,(Si0O,),0,,; (LSO) powder was synthesized by solid state
reaction at 1400 °C for 6 h. The slurry dispersed the milled LSO powder was consolidated
by slip casting in a magnetic field (0 — 12 T). The green bodies were sintered at 1200-1550
°C in vacuum at pressure of 100 MPa.The c-axis orientation LSO was aligned parallel to the
magnetic field and then transparency was achieved by densification using SPS. In the case of
LSO with random orientation, the transmittance increased with the decreasing of grain size
(Fig. 1) and with the increasing the degree of orientation.

In the case of YVO,, the c-axis was aligned parallel to the magnetic filed. Sintereing ad-
ditives enhances the density. However, excess amount of addtives deteriorated the degree of
orientation. YVO, was densified by SPS at 1300 °C and 100 MPa.
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Fig. 1 In-line transmittance as a function of average grain size in random LSO
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High peak power fiber lasers and their applications for ceramic cutting
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Because of the outstanding stability compared to other types of lasers fiber lasers have been
widely employed for industrial application. The relatively low peak power is one of the major
limiting factors for fiber lasers due to the small core diameter and long length of the fiber. We
have developed innovative rare-earth doped gain fibers with an extremely large core diameter
single mode fiber. High peak power and high pulse energy fiber lasers have been developed.

Laser processing machines have been developed by using our picosecond and nanosecond
high peak power and high repetition rate fiber lasers. A drilling speed of more than 60mm/s
was achieved for 0.5mm thickness glass, which is more than 3 times faster than solid state
lasers. Ceramic substrates of aluminum oxide, aluminum nitride, silicon nitride were cut and
drilled by lasers.

With the rapid development of consumer electronics, there is an increasing demand for
precision processing of crystals, glass and ceramic materials. Laser processing has outstand-
ing advantages in the precision manufacturing of inorganic non-metallic materials with high
quality, high precision, high efficiency, and environmentally friendly manufacturing. This
presentation will describe the interaction of our nanosecond and picosecond fiber lasers with
inorganic non-metallic materials.

45 CMCEE14 / 18-22 August 2024 / Budapest, Hungary



T4.6 Multifunctional Coatings for Energy and Environmental Applications Applications Keynote
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Novel applications of the powder aerosol deposition method in the field
of energy conversion and energy storage
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Lithium ion conducting electrolytes' and cathode active materials for all-solid-state batter-
ies?, sodium ion conducting membranes for post-lithium batteries®, solar cells of organo-
halide perovskites*, materials for flexible thermoelectric generators® or others — such exciting
applications can be manufactured at room temperature with the Powder Aerosol Deposition
Method (PAD), besides of simple passivation films of alumina or zirconia. PAD is a novel
spray technique to manufacture dense ceramic or ceramic-like coatings from a wide range
of materials®’. The deposition occurs fully at room temperature, directly from the dry pow-
der. Film thicknesses range from ca. 1 pum to over 200 um. A high-temperature step is not
required; however, sometimes mild annealing improves the electrical properties.

At the beginning, this contribution introduces the audience into the field of PAD and over-
views recent applications in the field of energy conversion and energy storage, as already
introduced above. It gives also hints for future industrial commercialization.

In the second part, some scientific problems are discussed, like the influence of aerosol
generation, the influence of particle and crystallite sizes as well as the question of plastic
deformation of the nanosized crystallites that form during film formation.

Suggestions and opportunities for future research approaches conclude the presentation.
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Alternative materials for high temperature applications might offer a solution to higher ef-
ficiency and low fuel consumption for jet engines. A possible candidate for such material is
Ti,SiC, which is a ceramic material with unique combination of mechanical properties at
high temperature. Ceramics are brittle in nature and have a typically low Weibull modulus as
compared to metals.

Ceramic matrix composites (CMCs) with bulk ceramic material as the matrix and a ceram-
ic fiber as the reinforcement offers the possibility to have high strength at high temperature
but present some limitations like high costs and very few applications despite the huge eco-
nomical efforts in the last decade. The complex processing routes followed for the fabrication
of CMC have limited the applications. The present work is about the fabrication of a CMC
with Ti,SiC, as the matrix and short SiC fiber as the reinforcement material.

A novel molten salt-based process was developed to synthesize high purity Ti,SiC, at a
large scale (1kg/batch) in air. The method involved mixing of elemental precursor with KBr
salt and high temperature treatment at 1250 °C to obtain the desired Ti,SiC, phase. Al was
added to the reaction mixture to enhance the purity of Ti,SiC,. The effect of different levels
of Al addition on the evolution of the Ti3SiC2 phase was studied. Apart from Ti,SiC,, a wide
range of non-oxide ceramics like TiC, Ti,AlC, Ti,AIC,, Cr,AlC, Ti,AIN, MoAIB and many
more were synthesized for the proof of concept. Metals like titanium were also sintered in
dense and porous forms using the same process in air. The method was referred to as Mol-
ten Salt Shielded Synthesis/Sintering (MS? ).!> MS? process resulted in a reduction of the
synthesis temperature of Ti,SiC, along with other non-oxide ceramics. MS® process can be
carried out in air without the need of expensive atmosphere-controlled furnaces. The dissolu-
tion of salt after MS? process results in micro-metric agglomerated powder which does not
need to be milled unlike conventional solid-state reactions. The synthesized Ti,SiC, powder
was sintered in spark plasma sintering (SPS) furnace at 1250 °C with a uniaxial pressure of
80 MPa. Similarly, CMCs were also sintered in SPS by following a powder metallurgical
process to mix the reinforcement with the synthesized Ti,SiC, powder. The reinforcement of
Ti,SiC, was done in macroscale and microscale. The macroscale reinforcement was done by
adding 10 and 20 vol.% chopped polycrystalline SiC fibers (1 mm) whereas the microscale
reinforcement was done by adding 10 and 20 vol.% of single crystalline SiC whiskers. Com-
pressive creep in the temperature and stress range of 1000-1300 °C and 20-120 MPa were
performed on the fabricated CMCs.>*
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What else can UHTCs do? Exploring UHTC microstructural
complexity for new heat management strategies and applications

Carolina Tallon
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Blacksburg, VA 24061, USA
E-mail: tallon@vt.edu

Keywords: UHTC, processing, microstuctural design

Ultra-high temperature ceramics (UHTCs) have become almost a synonym of hypersonic
applications and extreme environments. Thermal protective systems for hypersonic vehi-
cles needs to survive large heat fluxes, extreme temperatures, extensive thermal gradients,
stagnation pressures and oxidative environments. They also need to show minimal mate-
rial ablation and overall weight, with complex shapes. Although outstanding development
has been achieved over the past 20 years for UHTCs, the state-of-art manufacturing and
design still revolves around solid microstructures as heat sinks for leading edges. Recent
advances in manufacturing paved the way for exploring different UHTC microstructures
that could lead to other heat management strategies and other applications, beyond passive
cooling components in hypersonics. In this talk, innovative colloidal processing approaches
will be discussed to introduce controlled porosity, textured microstructures and high aspect
ratio building blocks for UHTC:s, to tailor thermomechanical response in different directions
within the same component, and enable innovative active and passive cooling strategies. This
also opens the door to different type of applications beyond hypersonics for these materials.
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T4.8 DESIGN, PROCESSING, AND APPLICATIONS OF NANOLAMINATED
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AND MBENES

Origin and consequence of alumina scale buckling during high
temperature oxidation of Cr,AlIC MAX phase

Axel Zuber!, Guillaume Parry?, Véronique Brunet', Christophe Coupeau,
Pierre-Olivier Renault', Sylvain Dubois'"

Institut PPRIME, Bd M. et P. Curie, 86960 Chasseneuil du Poitou, France
2SIMAP - Grenoble INP Phelma 1130 rue de la Piscine, 38402 Saint Martin d'Héres, France
“E-mail: sylvain.dubois@univ-poitiers.fr

Keywords: Cr,AlIC, buckling, oxidation

Single-crystal and fine-grained polycrystalline samples of Cr,AIC were oxidized under dry
air flow at temperature in the 1000-1400°C range during 100 h'. A continuous alumina layer
forms on top of the Cr,AlC surface whereas a Cr,C, sublayer also appears (cf figure). In-lab
characterization of oxidized Cr,AlC samples shows strong damaging at the free surface, re-
sulting from the buckling of the alumina scale®. In-situ X-ray diffraction measurements under
synchrotron radiations were performed to measure the lattice strain during the first hours
of oxidation process and further calculate the internal stress in the ALO, layers. Alumina
layers undergo tensile stress during isothermal oxidation, showing that the buckling of the
alumina scale does not result from the oxide growth. Such a tensile stress likely results from
the Cr,AlC to Cr,C, phase transformation. During cooling, the tensile stress decreases down
to compressive values, due to the thermal expansion coefficient mismatch between the film
and the substrate, leading to buckling of the alumina layer. It is demonstrated that the dimen-
sions of the buckles cannot be explained either by gas pressure or by the magnitude of the
internal compressive stress in the alumina scale after cooling. The discrepancy between the
experimental maximum deflection and the one predicted by the elastic theory results from a
significant plastic deformation occurring in the alumina scale.

N e -
 “Sbuckling s

Figure: SEM surface micrographs, in back-scattered mode, of A) single crystal and B) fine-grained
polycrystalline samples oxidized during 100 hours at 1400 °C and 1100 °C respectively.
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A review of manufacturing practices for MAB and MAB phases

Surojit Gupta
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MAX and MAB phases have attracted a lot of attention due to their exceptional properties
like machinability, triboactive behavior, and high temperature oxidation resistance. In order
to commercialize these materials, it is vital to come up with novel practices for manufactur-
ing these materials. In this presentation, I will present some of the recent development in
optimizing the manufacturing of these phases. Detailed microstructural and phase analysis
will be presented during the presentation.
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T4.10 ENVIRONMENTAL FRIENDLY AND ENERGY EFFICIENT
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The effect of the TiC nanoparticle pushing-engulfment phenomenon on
the mechanical properties of in-situ Al-based cast composites
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In response to escalating environmental concerns, the automotive industry is increasingly
focused on reducing vehicle weight to enhance fuel efficiency while maintaining safety and
performance standards. Lightweight Aluminum-based Metal Matrix Composites (AMMCs)
have emerged as a critical solution in this pursuit, offering significant potential for optimizing
vehicle efficiency. Despite extensive research and discussions about their applications, com-
mercial adoption remains limited, primarily due to challenges in the manufacturing process
and the complex interactions between composite components.

This keynote address will explore the impact of the chemical composition of Aluminum-
based alloys on the behavior and interaction of Titanium Carbide (TiC) particles within the
composite matrix. We will discuss findings from research on three specific AMMCs: pure
Aluminum (Al 1000), Aluminum with 7 wt.% Silicon (Al-7%Si), and commercial A356 al-
loy. The synthesis of these composites was carried out using the in situ method with a TiC
powder mixture. The mixture was pressed and introduced as reactive compacts into a furnace
during the metallurgical process.

Key insights from our research include: the distinct distribution patterns of TiC particles
in different alloy matrices are influenced by pushing-engulfment phenomena at the solid-
liquid interface, the formation of additional phases, indicating complex reactions within the
Al-Si/TiC system, and variations in particle size and distribution, which affect the mechanical
properties of the composites.

We will highlight the significant increase in tensile strength observed in the Al 1000/TiC
composite compared to the Al-7Si/TiC and A356/TiC composites. These findings shed light
on new factors influencing the performance of Al-based and Al-Si-based AMMCs and under-
score the importance of material composition in developing high-performance, lightweight
automotive components.

This lecture aims to provide a comprehensive overview of the current state of in situ
AMMC research, address key challenges in their manufacturing, and discuss the future po-
tential of these advanced materials in the automotive industry.
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T4.12 GRAPHENE AND 2D MATERIALS

Synthesis of a new 2D compounds: AIN
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2D-AIN is a thermodynamically stable compound that has been predicted by density func-
tional theory (DFT) calculations. It has attracted considerable attention due to its ultrawide
band gap (> 2.8 eV) and its strong adsorption of CO, (0.91 eV) molecules on its surface.
This represents a breakthrough for CO, capture technologies because the adsorption of gases
directly on the 2D-AIN nanosheets is a simple and sustainable alternative for replacing the
current strategy of decorating carbon nanostructure with metal nanoparticles for gas storage
and CO, capture. In addition, the high adsorption CO, selectivity in comparison with other
gases such as CO, H,, N,, O,, and NO (<0.5 eV) opens other potential applications like gas
separation membranes and gas sensors, among others. The DFT calculations have put 2D-
AIN in the spotlight, but so far, the synthesis of free-standing 2D-AIN layers have not yet
been achieved.

In this work I will present a new strategy to synthesize 2D-AIN nanoflakes for the first
time. First, I will introduce the precursor materials including their characterization and prop-
erties. Then, I will continue with the different approaches for the synthesis of the 2D nano-
flakes and their main characteristics. Afterwards, I will present the preliminary characteriza-
tion of these new 2D materials as well as their main applications.
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TS Technology, Society and Sustainability

T5.1 GLOBAL INNOVATIONS IN BIOMATERIALS, BIOMANUFACTURING, AND
BIOTECHNOLOGIES

Drug delivery systems to the lungs with enhanced bioavailability,
targetability and stimulus triggered release

Elzbieta Pamuta
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Lung diseases, such as lung cancer, acute infections, chronic obstructive pulmunary disease
(COPD), SARS-Cov2, are one of the most frequent causes of death worldwide, as they can
significantly compromise gas exchange in the alveoli. Such diseases are usually treated with
systemic therapy, although the lungs can be directly targeted through the airways. Thus, by
using inhalable formulations, it is possible to obtain a higher concentration of active pharma-
ceutical ingredient (API) directly at its action site and reduce its amount distributed systemi-
cally. The two main benefits of inhalable drug delivery systems are: (1) reduced side effects
due to lower doses administered than via typical enteral or other parenteral routes and, (2)
in the case of antibiotics, lower chance to build up antibiotic resistance. To achieve the most
effective therapy, powders for inhalation must have appropriate size (1-5 pm in diameter),
uniform size distribution, aerodynamic properties to be deposited in the bronchiole/alveoli
region, sufficient drug loading and required release kinetics [1].

In our group, we are working on lipid and polymer microparticles to be used as inhalable
dry powder formulations. So far we have developed innovative, inhalable stimuli-sensitive
drug carriers that are intended to improve the efficacy of lung cancer therapy through guided
accumulation directly at the tumour site and controlled drug release triggered by an alternat-
ing magnetic field resulting in a local increase in temperature [2]. Such drug delivery carriers
are in the form of solid lipid microparticles composed of fatty acids loaded with superpara-
magnetic iron oxide nanoparticles (SPIONs) and paclitaxel. The microparticles meet various
criteria including: suitable aerodynamic properties, high drug loading efficiency, sufficient
mobility in the magnetic field, melting temperature at hyperthermia conditions, and enhanced
in vitro efficacy as studied in contact with healthy and cancerous lung epithelial cells under
hyperthermia conditions [3].
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Recently, we have been working on polymer drug delivery systems of antibiotics and quo-
rum sensing inhibitors for the treatment of bacterial infections in patients with exacerbations
of COPD [4]. Such systems are based on fast-degrading polyanhydride microparticles loaded
with antibiotics (e.g., azithromycin, tobramycin, gentamycin) and quorum-sensing inhibitors
(e.g., curcumin, linolenic acid). The microparticles are designed to ensure an appropriate size
for inhalation, degrade within a few days, and release drug cargo, which is capable of killing
bacteria causing COPD exacerbations and preventing biofilm formation. The system is cyto-
compatible with lung epithelial cells, as shown by in vitro and ex vivo tests.

Acknowledgments
This study was supported by the National Science Centre Poland (project No 2019/35/B/ST5/01103).

References

1. K. Knap, et al, Regenerative Biomaterials, 2023, 10, rbac099.

2. K. Reczynska, et al, Nanomaterials, 2020, 10(6), art. no. 1076.

3. K. Reczynska et al, Materials Science and Engineering C, 2020, 111, 110801.
4. K. Kwiecien, et al, Engineering of Biomaterials, 2021, 162, 7-12.

5. K. Knap, et al, Biomaterials Advances, 2023, 153, art. no. 213540.

CMCEE14 / 18-22 August 2024 / Budapest, Hungary 58



Keynote T5.1 Global Innovations in Biomaterials, Biomanufacturing, and Biotechnologies

Recent advances in nanomedicine: sensors, implants, artificial
intelligence, saving the environment, human results, and more
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Nanomedicine includes the use of nanomaterials to improve disease prevention, detection,
and treatment which has resulted in hundreds of FDA approved medical products. While
nanomedicine has been around for several decades, new technological advances are push-
ing its boundaries. For example, this presentation will present an over 25 year journey of
commercializing nano orthopedic implants now in over 30,000 patients to date showing no
signs of failure (over the past 5 years). Current orthopedic implants face a failure rate of 5 —
10% and sometimes as high as 60% for bone cancer patients. Further, Artificial Intelligence
(AI) has revolutionized numerous industries to date. However, its use in nanomedicine has
remained few and far between. One area that Al has significantly improved nanomedicine
is through implantable sensors. This talk will present research in which implantable sensors,
using Al can learn from patient’s response to implants and predict future outcomes. Such
implantable sensors not only incorporate Al, but also communicate to a handheld device, and
can reverse Al predicted adverse events. Examples will be given in which Al implantable
sensors have been used in orthopedics to inhibit implant infection and promote prolonged
bone growth. In vitro and in vivo experiments will be provided that demonstrate how Al can
be used towards our advantage in nanomedicine, especially implantable sensors. Lastly, this
talk will summarize recent advances in nanomedicine to both help human health and save
the environment.
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Advances of cold sintering in ceramic processing

Yuchi Fan®, Jie Gao, Xueping Lu, Wenbin Lu, Xu Wang, Wan Jiang

Institute of Functional Materials, Donghua University, Shanghai, China
“E-mail: yuchifan@dhu.edu.cn

Keywords: cold sintering process, transparent ceramics, high-temperature metastable materials,
thermoelectric materials

Cold sintering process is a green sintering technology developed in recent years, which can
exponentially reduce the densification temperature of ceramics through the transient liquid
phase and pressure introduced in the sintering process. Based on low-temperature sintering
technology, it can not only greatly reduce the energy consumption required in the ceramic
preparation process, but also greatly expand the design of ceramic composites, creating new
opportunities for the performance optimization and improvement of ceramic materials. We
will illustrate the advances of cold sintering process through the preparation and application
of transparent ceramic materials!!- 2, high-temperature metastable materials®®#, and thermo-
electric materials!> ©,
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Structural and thermodynamic analysis of triple conducting electrode
materials for protonic ceramic fuel cells
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Triple ionic-electronic conductors (TIEC) such BaCo00.4Fe0.4Zr0.1Y0.103-6 (BCFZY)
have received much attention as high performance electrode materials for protonic ceramic
fuel cells (PCFC)'. The conduction of all three species makes TIECs excellent candidates as
cathodes in PCFCs due to their high activity, good stability, and facile synthesis routes. The
properties of these materials, including their enthalpy of formation from oxides, can be sig-
nificantly affected by oxygen vacancies and structural changes. Understanding these effects
is crucial for the design and optimization of new materials with improved properties. The bulk
characteristics of oxygen and proton diffusion along with surface exchange characteristics
were recently determined for the triple-conducting BaC00.4Fe0.4Z1r0.2—XY X03-6 suite of
samples with varying Y composition®*. Y substitution increased the overall size of the lat-
tice due to dopant ionic radius and the concomitant formation of oxygen vacancies. A com-
bination of DC four-point conductivity for electronic carriers and gas permeation (oxygen
and proton transport) for ionic carriers has recently been utilized to fully compare transport
across varying material compositions and atmospheric conditions.

In this study, we investigate the trends in the enthalpy of formation from oxides as a func-
tion of oxygen vacancy and structure affects. We also correlate these results with previously
measured proton and oxygen kinetics in these systems. To achieve these goals, we used a
combination of high temperature solution calorimetry, X-ray diffraction, neutron powder dif-
fraction, and thermogravimetry.
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Exsolution is defined as the phase separation of a solid solution due to a miscibility gap
under specific conditions. In the context of catalysis, exsolution refers to the reduction of
metal cations to the metallic state, forming nanosized particles on the surface. This process
is initiated by exposing the material to reducing conditions, resulting in the release of oxy-
gen from the host lattice and thus providing the driving force to exsolve certain cations for
charge compensation. At surfaces and interfaces, however, strong electrostatic gradients and
space charges typically control the properties of oxides. Here we reveal that the nature of the
surface-dopant interaction is the main determining factor for the exsolution kinetics of nickel
in SrTi, (Nb, sNi, ,sO;; The electrostatic interaction of dopants with surface space charge re-
gions results in strong surface passivation, which manifests in a retarded exsolution response.
We furthermore demonstrate the controllability of the exsolution response via engineering of
the perovskite surface chemistry.

Ni-exsolution from perovskites has gained significant attention in the area of electrode
materials for fuel and electrolysis cells due to potential high catalytic activity, tolerance to
degradation, improved redox-cycling stability, and regeneration of the nanoparticles. In this
context, the properties of the oxide host lattice after exsolution are insufficiently investi-
gated. Since the exsolved nanoparticles are not percolated, their function is very different
from that of a percolated Ni network and the electrode performance will strongly depend on
the properties of the oxide backbone. The phase stability of the oxide during the exsolution
process and its influence on mechanical stability of the perovskite backbone is not well inves-
tigated. It is therefore important to understand how the loss of a significant amount of B-site
cations influences the physical properties of the oxide. We thus investigated the exsolution
behavior and phase stability of bulk Sr,_(Ti,;Fe,, Ni )O, ;ceramics at various temperatures
and atmospheres. Above a given temperature, Sr,_(Ti,;Fe,, Ni )O, ;partially transforms to a
Ruddlesden-Popper phase, while reverting back to the perovskite phase during reoxidation.
This phase transition resulted in material expansion and the formation of cracks.
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Solid Oxide Electrolysis Cell (SOEC) is a key technology for the ongoing energy transi-
tion towards a low carbon future. It is the most viable route for the efficient utilization of
renewable electricity to produce green hydrogen and fuels [1]. Although SOEC do not make
use of expensive Pt, it still consists of rare earth elements (REE). To overcome the environ-
mental and criticality challenges of REE, alternative materials are needed or REE should be
recycled. Therefore, the European NOUVEAU project aims to make Solid Oxide Electroly-
sis Cell (SOEC) technology more sustainable and re-usable by developing novel electrode
coatings and interconnect. Besides the material choice, the microstructure of the electrode
coatings is important as well to obtain an optimal use of critical materials and to achieve an
efficient working SOEC for green hydrogen production. The electrode microstructure will
be tuned in (La-free) composition along the thickness of the electrode to have an improved
thermal expansion match between the different layers. Such a structure can be achieved by
spray coating as it allows to vary the composition along the thickness of the electrode and to
create uniform electrode coatings [2].

In this work, a symmetric cell is fabricated by applying the electrode layers on gadolinium
doped ceria (GDC) planar substrates, which serve as the electrolyte layer. As electrode ma-
terial, a La-free oxide is selected by Centrale Lille to have a reduced amount of REE and
produced by Marion Technologies. This material is mixed with Gd doped Ce oxide to obtain
a tuned composition. This mixture was continuously varied so that the layer consists of 100
% of Gd doped Ce oxide near the interlayer and 25/75 % Gd doped Ce oxide/La-free oxide at
the surface (see Fig. 1). The coating parameters such as atomization pressure, coating speed
and suspension flow were optimized to obtain uniform coatings and to control the micro-
structure and thickness. The suspension formulation was adjusted to improve the adhesion
and the quality of the coating. Microscopy was used to determine the coating thickness and
porosity of the structure. Furthermore, electrochemical impedance spectroscopy was carried
out.
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Fig. 1. An illustration of tuned porosity of electrodes obtained by spray coating.
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Identification and analysis of gas conversion losses in impedance
spectra of solid oxide cells
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The electrochemical performance of solid oxide cells strongly depends on its area specific re-
sistance (ASR). Experimentally observed ASR value obtained from I-V characteristics or rat-
ed power measurements contains contributions from electrode polarization resistance, ohmic
losses resulting from ionic conductivity of electrolyte and gas conversion losses connected
with the change of gas composition under current load conditions. The contributions to ASR
resulting from electrode and electrolyte resistance are the matter of continuous improvement
and should be separated from gas conversion losses to be able to perform in-depth analysis
of contributions of different electrochemical processes in electrodes to total cell resistance.

In our previous work [1] it was shown that the contribution of gas conversion losses to ASR
of cell and stack can be calculated from cell operating conditions and used as correction of ASR
value obtained from I-V characteristics resulting in constant cell area specific resistance, which
stays independent for various H,-H,O-N, gas mixtures. Up to date the correlation of calculated
gas conversion losses to the responses observed in impedance spectra of single cells and stacks
has not been analyzed in detail. Mathematical analysis of electrochemical impedance spectrum
(EIS) resulting from of gas diffusion in pores and gas conversion in the gas channel over elec-
trode performed by Jacobsen et al. [2] was simplified and applied to experimentally used flow
field for gas supply to the cell electrodes. The results of this analysis have shown that gas diffu-
sion losses for thin electrodes can be neglected and only gas conversion losses provide notable
contribution to EIS resulting in semicircle with characteristic relaxation frequency in the range
of 1-10 Hz. Moreover, the channel geometry has considerable influence on the relaxation fre-
quency. The relaxation frequency values as well as magnitude of the impedance calculated and
observed in EIS showed excellent agreement. The impedance spectra analysis by distribution
of relaxation times method has been used to identify the shift of gas conversion impedance fre-
quency in dependence on operation conditions. The dependence of the relaxation frequency on
gas flow rate, gas composition and temperature has been investigated and excellent agreement
with expected behavior found. It has been shown that the relaxation frequency of gas conver-
sion semicircle strongly depends on gas flow rate only and that the changes in temperature and
gas composition have nearly no effect on its position. The performed analysis allows to predict
and to identify the position and magnitude of gas conversion impedance in EIS.
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Study on steel composition design for metal-supported solid oxide fuel
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In this study, we proposed a novel design for ferritic stainless steel materials intended for use
in metal-supported solid oxide fuel cells (MS-SOFC), incorporating elements like Fe, Cr,
Mn, and Ti. Building upon this design, we developed Amic-21 and Amic-23 stainless steels
and conducted comparative analyses against Crofer 22 and ZMG232G10, with a primary
focus on their long-term oxidation behavior under cathodic and anodic atmospheres. The
findings revealed that the optimized SOFC steel could develop dense oxide films primarily
comprised of Cr, Fe, and Mn under reducing atmospheres on the anode side, displaying oxi-
dation kinetics similar to Crofer 22.

To enhance the oxidation resistance of this stainless steel material, we proposed a pre-
oxidation protective process. Following pre-oxidation treatment at 800°C for 20 hours, a
dense chromium oxide layer formed on the stainless steel's surface, effectively bolstering
its oxidation resistance. Furthermore, we discussed the impact of pre-oxidation processes
utilizing (Mn,Co)304 spinel (referred to as MCO) coatings on the oxidation behavior and
conductivity of the interconnect under cathodic atmospheres. For the Amic series stainless
steels designed in this study, pre-oxidation treatment effectively mitigated Cr diffusion, sub-
stantially reducing oxidation and facilitating the generation of the cubic MnCo0204 phase,
thereby decreasing surface-specific resistance and enhancing the conductivity of the MCO
coating.

Leveraging the Amic series steel developed in this study, we employed a low-pressure
plasma spraying method to fabricate MS-SOFCs with a 10cmx10cm area, achieving low
heat input to the metal support. At 500°C, the open-circuit voltage (OCV) remained stable
within the range of 1.05-1.09 V, and the power density increased with operating temperature,
reaching 0.4 W/cm? under equilibrium gas pressure conditions at 650°C. Furthermore, we
assembled a solid oxide fuel cell stack, which underwent 6 thermal cycles in a 500-hour
long-term stability test, demonstrating robust stability in terms of open-circuit voltage and
maximum power density.
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Advanced manufacturing of ionic conductors for solid oxide cells
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Nowadays conventional Solid Oxide Cells (SOC) are mainly based on multilayered functional
ceramic materials produced by expensive and long manufacturing processes. Furthermore,
conventional manufacturing techniques limit SOC geometries to typical planar or tubular ones.

Here we present the recent breakthroughs obtained by innovative additive manufactur-
ing technology of functional ceramic for SOC. The use of stereolitography (SLA) of Yttria
Stabilized Zirconia (YSZ) electrolytes was explored at IREC in order to produce complex
shaped SOC, impossible to obtain with conventional methods. New designs are considered
in order to increase the active area of the devices leading to an increase of the performance
per projected area. 3D printed electrolytes geometries are also tailored with special geometri-
cal features (with 25um of resolution) that allows not only an increase on the volumetric
power density but also other key advantages such as better mechanical properties or complex
shaped sealing features. The implementation of SLA for YSZ manufacturing at the same time
can lead to advantages at stack level: i.e. reduction of the overall volume of the stack, use of
flat thin interconnects, high pressure resistance without the use of vessels.

In addition, hybridized (SLA + robocasting) multimaterial is presented together with co-
sintering, characterization and preliminary electrochemical performance of the full printed
device.

Figures

Figure: 3D printed YSZ electrolytes at IREC (on the left) and a sub-stack (3 cells) built and tested at IREC
based on these cells
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Electrochemical systems for hydrogen and net-zero energy
infrastructure
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Climate change remains a motivation and driving force for research, development, and im-
plementation of clean, efficient, and cost-effective energy technologies for global deploy-
ment. In this presentation, we will examine the status of existing and emerging electricity
generation trends with a focus on technology attributes. We will present the potential of
various technologies for cost effective and commercial readiness to accelerate the transition
to and adoption of net-zero and zero carbon emissions processes. Potential scenarios for uti-
lizing carbon neutral fuels, carbon capture and utilization, and hydrogen generation for the
enhancement of energy efficiency will be examined. In-depth review of the electrochemistry
and electrochemical processes will be presented and technology gaps along with research
needs will be discussed. Long term materials challenges, degradation processes and degrada-
tion mitigation approaches will be discussed.
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Amidst the current global energy crisis fueled by soaring energy prices, environmental dis-
regard, and relentless use of fossil fuels, extensive research and innovation are underway to
explore clean, sustainable, and renewable energy alternatives. It is abundantly evident today
that green hydrogen will predominantly serve as a pivotal element in the decarbonization
of industrial processes and carbon-intensive sectors. Nevertheless, the production of green
hydrogen remains noncompetitive, with around 60% of the overall cost attributed to the
expense of renewable energy utilized for its production. Additionally, a significant contribu-
tor to the relatively high price of hydrogen is the expense associated with electrolyzer and
fuel cell technology. The NiCoP transition metal phosphide has emerged as a highly prom-
ising candidate for replacing noble metals in the hydrogen evolution reaction. This study
presents, for the first time, the straightforward synthesis of NiCoP electrocatalysts in the
form of fibers, exhibiting a predominant one-dimensional structure achieved through needle-
less electrospinning technology and subsequent precise heat treatment. The research offers
a precise methodology for fabricating NiCoP fibers, accompanied by experimental evidence
showcasing their exceptional electrocatalytic performance in both alkaline and acidic envi-
ronments. The fibrous NiCoP electrocatalyst were prepared at different sintering temperature
from 700°C (F7) to 1100 °C (F10) in air followed by additional sintering at 700 °C in H,,
demonstrates a low hydrogen evolution reaction (HER) overpotential (11,,) of 141 mV in al-
kaline conditions and 146 mV in acidic conditions, alongside low Tafel slopes of 53 and 97.8
mV/dec, respectively (Figure). The electrocatalytic efficiency of the fibrous sample was com-
pared with powder sample (P9) at the same conditions. In addition, the bimetallic phosphide
exhibits exceptional activity in the oxygen evolution reaction (OER) within an alkaline me-
dium (1M KOH), coupled with satisfactory durability during long-term stability assessments.
The innovative fibrous structure of the material significantly contributes to the modulation of
its electronic structure, thereby enhancing the density of electrochemically active sites and
consequently improving its electrocatalytic performance in water splitting technology.
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Figure. SEM image of NiCoP fibres with the LSV for HER and OER in 1M KOH.
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Enabling direct synthesis of quaternary thioantimonate
Ag,MnSb,S, via novel approaches
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Samsonite (Ag,MnSb,S,), a naturally occurring mineral found in hydrothermal veins, holds
promise for thermoelectric applications due to its complex crystal structure — it crystallizes
in the monoclinic crystal system (space group: P2,/n with a = 10.3861 A, b =8.1108 A, c =
6.6637 A, and B = 92.639°) — the presence of electron lone pairs on Sb** atoms, and the lack
of extensive research on its synthesis under lab conditions.l Indeed, authors have shown
through the tetrahedrite phase (Cu,,Sb,S,,), that the electron lone pair of Sb** may explain the
ultralow thermal conductivity of Cu,,Sb,S,;.2

The objective is to synthesize Ag,MnSb,S, through unconventional synthesis ways (hy-
drothermal synthesis and polyol synthesis process) to mimic the high pressure and tempera-
ture found in natural conditions. Then, subsequent structural, magnetic, and thermoelectric
property evaluations will be conducted to assess the material’s potential for thermoelectric
applications.

This presentation delves into the exploration of two innovative synthesis methods, hydro-
thermal and polyol syntheses, for the synthesis of quaternary thioantimonate Ag,MnSb,S,.
By comparing their respective efficiencies and considering their inherent advantages and
drawbacks, we aim to establish a comprehensive understanding of these techniques and their
potential for producing high-quality Ag,MnSb,S,.

Hydrothermal synthesis, while renowned for its ability to yield highly crystalline com-
pounds using simple precursors and solvents, exhibits limitations in scalability due to its in-
herently slow reaction kinetics. Conversely, polyol synthesis, renowned for its rapid reaction
rates and scalability potential, often produces compounds with relatively poor crystallinity,
necessitating additional crystal growth processing as a follow-up step.

By critically evaluating these synthesis methods in light of their advantages and draw-
backs, we strive to identify strategies for optimizing each technique and leveraging their
synergistic strengths to achieve efficient and scalable synthesis of Ag,MnSb,S. This com-
parative analysis holds promise for unlocking the full potential of these methods and paving
the way for the development of superior thermoelectric materials.
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Figure 1: Schematic Illustration of the Samsonite Crystal Structure
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We study the structure, doping, and nano-engineering of GeTe for high figure-of-merit (ZT)
in thermoelectric properties. DFT has been applied to elucidate the thermoelectric properties
in the materials. With better vacancy control of pure GeTe, a ZT of 1.37 has been achieved.
Additional Sb doping renders dramatic decrease in thermal conductivity, which is also con-
firmed by DFT calculation. A high power factor and low thermal conductivity, rendering a ZT
of 2.35 has been achieved in GeSbTe. Further co-doping of W into the GST results in a ZT up
to 2.93 @ 825 K, which is near 3.0, a milestone for thermoelectric figure-of-merit.

laside Domsin

jou BITHR

Fig. 1 (a) Microdomain structures of undoped GeTe-900, and (b) the herringbone domain structure of
Ge0.9Sb0.1Te-900 with thickened domain boundaries. (¢) The amplified view of Sb doping-centre intro-
duced local strain within the herringbone domain of Ge,,Sb, ,Te, as revealed by the gradual displacement
that is used to relieve the local strain. (d) Herringbone domain structures for Ge,,Sb, , Te-900 with alternat-
ing tensile/compressive domain boundaries. (¢) Schematic representation of the herringbone domain with
alternating tensile/compressive strains, replotted following the atomistic model proposed by Lee et al.
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Texture control to achieve high in-plane thermoelectric performance in
polycrystalline tin monosulfide co-doped with silver and sodium
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Tin monosulfide (SnS), an affordable IV-VI semiconductor compound, has emerged as a
promising material due to its low toxicity, abundance, and potential for future applications
in semiconductor devices. The strong lattice anharmonicity of SnS results in exceptionally
low thermal conductivity at moderate temperatures, making it suitable for thermoelectric
applications'. Despite its thermoelectric potential, the performance of polycrystalline SnS is
observed to be lower compared to its single-crystal counterpart. Furthermore, the anisotropic
performance between directions perpendicular (LP) and parallel (||P) to the sintering pres-
sure, respectively, complicates the preparation of the polycrystal. In this study, we success-
fully enhanced the in-plane (LP) performance of polycrystalline SnS through hot-pressing
consolidation. The enhanced in-plane conductivity is crucial for utilizing the high carrier
mobility of the lateral crystal structure, resulting in a higher figure of merit (zT) along this
direction. Additionally, the incorporation of a small percentage of silver in sodium-doped
SnS improved carrier mobility, leading to enhanced electrical conductivity without affecting
thermal conductivity. With these improvements, our co-doped SnS exhibits a relatively high
peak zT (LP) of 0.27 at 573 K, making it promising for low-temperature applications involv-
ing sulfur-based polycrystalline thermoelectric materials.
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Figure 1 Temperature dependence of the dimensionless figure of merit (zT): zZT=(S"2 oT)k, where S is
the Seebeck coefficient, ¢ is the electrical conductivity, T is the absolute temperature and k is the thermal
conductivity.
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Calcium cobaltite Ca,Co, O,.; is a promising p-type thermoelectric material with good
functional properties for high-temperature applications in air. The material exhibits strong
anisotropic properties, so texturing and nanostructuring are mostly favored to improve the
thermoelectric performance. Electrospinning is a suitable and cost-effective method to meet
these requirements. In this work, flat-shaped Ca,Co, O,,; nanofibers, called nanoribbons,
were electrospun and the resulting nanoribbons mats were further processed into a textured
Ca,Co, O,.; ceramic. In previous work, we have shown that mats composed of a mixture of
nanoribbons and cylindrical nanofibers exhibit good thermoelectric properties [1]. However,
it is expected that the thermoelectric properties of the compacted sample can be further im-
proved by using mats composed of flat nanoribbons only. Primarily because nanoribbons are
expected to provide more efficient packing due to their flatness compared to cylindrical nano-
fibers, allowing for higher densification in the green body and ceramic, but also because of
their potential contribution to sample texturing since the primary particles in the nanoribbons
are expected to be flatly oriented. Therefore, we investigated the influence of electrospin-
ning conditions and precursor composition on the microstructure of the electrospun material
to obtain pure nanoribbons mats [2]. We found a strong dependence of nanoribbon forma-
tion on the polymer concentration in the electrospinning precursor and discuss the possible
formation mechanisms. We also point out an important step in the calcination process of the
nanoribbons to achieve texturization of the primary particles. Finally, we have fabricated
green bodies and ceramics from nanoribbons mats and investigated their texturing using X-
ray diffraction with measurement of pole figures of the (0020) lattice planes, with respect to
the 4-dimensional space group symmetry, and scanning electron microscopy cross-sectional
images. Good grain orientation and high crystallinity were also confirmed using selected
area electron diffraction and high-resolution transmission electron microscopy. In addition,
we measured the Seebeck coefficient and electrical conductivity of the nanoribbon-based
samples to evaluate their thermoelectric abilities.
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Thermionic devices produce current by the application of a thermal gradient whereby the
temperature at one electrode provides enough thermal energy to eject electrons from the
metal surface. A computational -based material approach was used to determine the suitabil-
ity of various materials as a practical thermionic converter. Comparisons are made between
predicted and experimental measurements of Seebeck coefficients, thermionic emissions cur-
rent and work function. The calculations were carried out using a projector augmented wave
(PAW) method using a commercial code (Materials Design Inc.) MedeA incorporating the
Vienna Ab-initio Simulation Package (VASP) as the computational engine. The calculation
was based on density functional theory using the GGA-PBE-Sol exchange-correlation func-
tional using and optimized mesh. This study makes predictions and comparison between
experimental and theoretical data of electrical, structural, and crystallographic properties.
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Lattice vibration and structure dimensionality in thermoelectric
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Thermoelectricity offers a promising solution to address energy scarcity by enabling the ef-
ficient conversion of waste heat into useful electricity. Continued research and development
in this field can lead to the development of more efficient and cost-effective thermoelectric
materials, which can play a significant role in addressing the global energy challenge. In this
context, numerous studies have demonstrated the potential of sulfide materials for thermo-
electric applications over the temperature range 300 — 700 K. Although most materials have
high thermal conductivities, recent works demonstrated that extremely low thermal conduc-
tivities could be achieved in sulfides through order/disorder phenomena, rattling dynamics,
and lattice anharmonicity.

During this presentation, recent advances in synthetic minerals and new sulphide com-
pounds will be shown. Some peculiar structural features in connection with chemical bonds,
atomic and nanoscale order/disorder phenomena, lattice vibration and structure dimensional-
ity, were carefully examined to establish rules and correlations between the crystal structures,
nano-microstructures, electronic structures, vibrational and thermoelectric properties. [1-7]
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Lattice defect engineering for high-performance Mg,Sn and Mg,Ge
thermoelectric single crystals
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Mg,X (X = Si, Ge, and Sn), belonging to an antifluorite-type cubic crystal structure, has at-
tracted attention as one of the efficient thermoelectric (TE) materials. Most research has been
dedicated to enhancing its dimensionless figure-of-merit z7" by preparing Mg,(Si, Ge, Sn)
polycrystals (PCs) to attain low thermal conductivity.

In this study, we focused on Mg, X single crystals (SCs), which generally have higher
carrier mobility than PCs. An issue to be addressed is to reduce thermal conductivity. For
this purpose, we prepared nondoped and elementary-doped Mg,Sn SCs by a melting method
under an Ar atmosphere [1-5]. All SCs contained lattice defects such as Mg vacancies (V,,,),
dislocation cores (DCs), and Sn-rich nanoprecipitates. V,,, formed nanoparticle-like V,,, re-
gions. Owing to these lattice defects, the thermal conductivity of the SCs was lower than that
of the PCs. In contrast, the electrical conductivity of the SCs was higher than that of the PCs,
indicating that the lattice defects less affected electronic transport. The maximum z7 values
reached 0.83 at 650 K for an n-type Sb+B-codoped Mg,Sn SC and 0.44 at 700 K for a p-type
Li+B-codoped Mg,Sn SC.

To further improve p-type TE performance, we prepared nondoped and Li-doped Mg,Ge
SCs, because a Li-doped Mg,Ge PC showed the highest z7' = 0.45 at 700 K among p-type
Mg,X PCs [6]. Similar to the Mg,Sn SCs, the melting method was used. The nondoped and
Li-doped Mg,Ge SCs contained V,,, and DCs. V,,, regions were also found in both SCs. The
Li-doping changed the conduction type of Mg,Ge from n-type to p-type. Compared with the
Li-doped Mg,Ge PC [6], a lower thermal conductivity and a higher electrical conductivity
were realized.

These results demonstrate the potential of Mg,Sn and Mg,Ge SCs with engineered lattice
defects for TE applications.
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Revealing key chemical insights in solution-based thermoelectric
material synthesis
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Thermoelectric materials allow for the reversible conversion between heat and electricity
and have many potential applications. However, the current fabrication methods that have
demonstrated superior performances to date are prohibitively expensive, rendering them
impractical for large-scale applications. An alternative and promising approach, known as
solution-processing, has gained significant traction. This method involves a series of steps,
including nanoparticle synthesis, purification (leaching and annealing), and densification
into a pelletized material.! A notable lack of attention has been given to the process, despite
the crucial chemical changes occurring in each step, especially beyond particle synthesis.
Even more alarming is the fact that many published works, even those that have been break-
throughs in the field, lack detailed reporting of these steps, hindering reproducibility across
different laboratories.

Herein, we shed light on the importance of these steps, focusing primarily on the one
most overlooked: the purification of the particles. Our investigation centers on a water-based,
surfactant-free solution synthesis, as it is potentially one of the cheapest methods to produce
thermoelectric powders. The material of choice for this study is SnSe, a highly relevant ther-
moelectric material. We demonstrate and rationalize the impact of the number of leaching
steps, purification solvent, annealing, and annealing atmosphere on the material's thermo-
electric performance. Our study reveals the origin of the observed differences, stemming
from changes in composition, such as Sn:Se ratio, and impurity content in the powder which
is dependent upon the steps prior to the consolidation. Even minor compositional changes,
mostly undetectable by conventional analytical techniques, lead to distinct consolidated ma-
terials with different compositions but also different types and concentrations of defects.
Additionally, the profound effect on charge carrier and phonon transport in the material is
demonstrated and explained.

Our primary objective with this work is to emphasize the paramount importance of un-
derstanding the chemistry and identifying key chemical species throughout the process to
optimize material performance. Furthermore, we advocate for detailed reporting of all steps,
including purification, as it is imperative for material reproducibility.
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Toward a true continuous healthcare system

Woochul Kim
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Continuous monitoring of vital signs and timely treatment are the future trends for wear-
able and implantable healthcare systems, which inevitably require ceaseless power supply.
Discharged batteries could be detrimental to the health of people, such as those with type 1
diabetes, whose glucose levels should be monitored and controlled through timely insulin
injections. Here, we demonstrate a feasible true continuous healthcare system for type 1
diabetes by combining a low-energy micropump, self-powered glucose sensor, and ceaseless
power supply. By converting body heat into electricity to charge a battery for 790.1 s, we
acquired 136.8 mJ (100%) of energy, which was used to operate the micropump and sensor
for 74.6 mJ (54.5%) and 25.3 mJ (18.5%), respectively; the surplus 36.9 mJ (27.0%) was
stored in the battery. In addition, we are going to present our recent efforts to build a com-
pact vital band which contains wearable sensors, unintermittent power supply, and flexible
circuits located at a single location (i.e., the forearm). The vital band is specially designed
for the continuous monitoring of the core body temperature (CBT) with novel CBT sensors
and pulse rate sensor operated by intermittent power. These findings can help realize a true
continuous healthcare system in the future.
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Quantum materials for thermoelectrics
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Topological quantum materials, such as topological insulators and Dirac/Weyl semimetals,
have a linear energy-momentum dispersion that leads to the electrons near the Fermi energy
behaving like ultra-relativistic Dirac fermions.! Many of the topological quantum materi-
als of current interests originate from the thermoelectric compounds well known in 1950s
and 1960s. In this talk, I will present our studies on topological quantum materials, with an
emphasis on topological thermoelectrics research in the past, present and future. Dirac linear
dispersion can give rise to large Seebeck effect and Nernst effect in a magnetic field.>* Com-
bined with an ultrahigh carrier mobility, topological thermoelectric materials open a new
avenue for the solid-state heat and electricity conversion, and quantum information science
and technologies in a wide range of temperature.
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Utilizing magnetism to enhance thermoelectric materials
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Development of thermoelectric (TE) materials is important, for energy saving via waste heat
power generation [1], and loT power sources [2]. For high TE performance, traditional trade-
offs must be overcome, between Seebeck coefficient S and electrical conductivity s, and
between electrical and thermal conductivity k [3].

For overcoming the first tradeoff, we have found that magnetism can be utilized to enhance
the Seebeck coefficient and overall power factor (PF). Coupling of the electrical carriers with
magnetic moments, can lead to magnon drag which was known from long ago in Fe, etc. to
lead to increase in S at low temperatures. However, the recent advancement is the demonstra-
tion that magnon drag can actually lead to high performance, i.e. high power factors at higher
temperatures, namely for CuFeS, chalcopyrite [4]. Recently, magnon drag was also proposed
as the origin [5] of the huge power factor in metastable Fe,VAl-based thin films [6].

We have also discovered TE enhancement in paramagnetic systems, namely we show
that in cases with strong coupling of the electrical carriers with the magnetic moments, this
interaction “drags” the carriers, leading to an increase in the effective mass which enhances
the Seebeck coefficient. This will be detrimental to the mobility but overall, enhancements
to the power factor have been able to be realised in high performance TE systems, the first
example demonstrated being CuGaTe, [7]. Later this interaction was named as paramagnon
drag. Magnetic ion doping enhancement has also been demonstrated for Bi,Te, 8], skutteru-
dite [9] for example.

Spin fluctuation was found to enhance the Seebeck coefficient in the Heusler alloy Fe, VAl
[10]. Spin entropy is also known to enhance S [11].

I will discuss the recent developments in magnetic enhanced thermoelectrics, including
further experimental studies on spin fluctuation enhancement and improved understanding of
the first antiferromagnetic magnon drag analysis in its role to enhance power factor.
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MgSb-based materials for tellurium-free thermoelectric devices
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Commercial thermoelectric modules have relied on Bi,Te,-based compounds because of
their unparalleled thermoelectric properties at temperatures associated with low-grade heat
(<550K). However, the scarcity of elemental Te greatly limits the applicability of such mod-
ules. Here we report the performance of thermoelectric modules assembled from Bi,Te,-
substitute compounds, including p-type MgAgSb and n-type Mg,(Sb,Bi),,! by using a sim-
ple, versatile, and thus scalable processing routine. For a temperature difference of ~250K,
whereas a single-stage module displayed a conversion efficiency of ~8.5%,**, a module using
segmented n-type legs displayed a record efficiency of ~8.2% that is comparable to the state-
of-the-art Bi, Te,-based thermoelectric modules. Our work demonstrates the feasibility and
scalability of high-performance thermoelectric modules based on sustainable elements for
recovering low-grade heat and and thermoelectric cooling (dT,_ =72 K).

max

Fig. 1: Multi-segmented thermoelectric module based on Mg,(Sb/Bi), and MgAgSb.
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Fig. 2: Conversion efficiency of thermoelectric modules
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Thermoelectrics for the effective utilization of synthetic fuels in
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Synthetic fuels (e—fuels) will definitely have an important role to play in combating climate
change. The efficiency for e—fuel utilization needs to imorove for automotive use. The pur-
pose of this project is to improve the thermal efficiency by ~50% through the waste heat
recovery including thermoelectrics, thermal insulation coating, heat exchanger, organic Ran-
kine cycle and so on. This talk discusses our efforts to develop advanced thermoelectrics for
effective utilization of synthetic fuel in automotive.

In this work, we developed robust and cost—effective Mg,(Sb,Bi),~based thermoelectrics
for automotive. The thermoelectric performance (avereage figure of merit z7) of Mg,(Sb,Bi),
was successfully enhanced in the exhaust temperature range by tuning the Sb/Bi ratio. The
electrodes were developed to provide good electrical contact for Mg,(Sb,Bi),~based ther-
moelectric elements. Maximum conversion efficiency of ~3.5% was demonstrated in the
prototype module composed of n—type Mg.(Sb,Bi), and p—type Bi,Te, when the hot—side and
cold—side temperatures were maintained at 473 K and 298 K, respectively. The improvement
of thermal efficiency in the automobile through the developed thermoelectrics was simulated
by GT-SUITE software.
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Synthesis of SrTiO,/TiN Core/Shell-type nanoparticles and
thermoelectric properties of their nanocomposites consolidated by
Spark Plasma Sintering
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Nanostructure engineering is nowadays the most important and promising pathway to higher
ZT values. However, in principle, the complex nanostructures are thermodynamically non-
equilibrial and hence thermally unstable, tending to transform toward energetically favour-
able coarser and simpler structures through thermal diffusion and grain growth. In this paper,
we have employed titanium nitride (TiN) as heat-resistant diffusion barriers in oxide matrix.

Strontium titanate SrTiO, (STO), known as one of the most promising oxide candidates
for TE applications, was used as the oxide matrix with large thermopower due to its heavy
electron effective mass as large as m* = 6—7 m,. Titanium nitride TiN was employed as ther-
mally durable conductive layers to be inserted to grain boundaries of the STO matrix. In or-
der to facilitate a good coverage of the grain boundaries with TiN, we first synthesized STO/
TiO, core/shell nanoparticles via sol-gel prosess by using hydrolysis of titanium alkoxide.
The TiO, shell was subsequently converted to TiN by nitrization at 1300 °C under flowing
NH,.The STO/TiN core/shell nanoparticles thus obtained were consolidated by using spark
plasma sintering (SPS) to densify the oxide/nitride composites. The sintered samples were
examined by powder XRD and SEM/EDS. The TE properties of the samples, the electrical
conductivity o, the Seebeck coefficient S, and the thermal conductivity x, were measured
from room temperature to 800 °C for the sample pieces cut from the sintered bodies.

The o values of the samples increased with increasing TiN content, reflecting the metal-
lic characters of the nitride. Accordingly, the absolute values of the negative Seebeck coef-
ficient, |S], decreased with increasing TiN content. The x values of the samples were always
higher for the samples containing TiN than that of neat STO, showing larger electron thermal
conductivity for the samples with TiN as expected. However, most interestingly, the lattice
thermal conductivity was lowest for the sample containing the largest proportion of TiN; this
result can be attributed to enhanced phonon scattering at oxide/nitride heterointerfaces at a
large quantity in the sample. As a result, a highest Z7 value among the samples was obtained
for the sample containing 20 wt% (nominal) TiN as Z7'= 0.14 at 800 °C, being 8 times higher
than that of the STO sample without TiN.
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Thermoelectric applications: from materials optimization to devices
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Thermoelectric devices display the unique ability to directly convert heat into usable elec-
tricity, and vice-versa, without moving parts or the circulation of fluids, typically featuring
a modular geometry. This gives them a great versatility and the potential to be employed
in a wide range of applications, contributing for the mitigation of the global energy crisis.
However, the toxicity of commercially available thermoelectric devices, the scarcity of some
constituting elements and the low efficiencies (~5%) are issues that still need to be addressed
in order to increase their practical use.

Recent advances in preparation techniques, simulation capabilities and materials science
have led to the development of new thermoelectric materials that are not only more efficient,
but also more economical and environmentally sustainable. Nevertheless, the thermoelectric
properties of such materials depend on a variety of factors, like composition, presence of
impurities, porosity or grain size, with their optimization generally being strongly dependent
on the type of material and preparation/shaping conditins. Furthermore, despite the recent
advances, the inclusion of the new materials into usable bulk thermoelectric devices is de-
pendent on issues such as reactivity at working temperatures, the need for diffusion barriers
or the quality of contacts.

This communication presents an example of the path from the optimization of materials
to the development of thermoelectric devices. The thermoelectric materials used in this work
are p-type semiconductors based on tetrahedrite (Cul2Sb4S13, a naturally abundant sulfosalt
mineral), which are cheaper and less toxic than current commercial materials, making them a
good alternatives for applications. The strategy for optimizing their thermoelectric properties
and the use of weighted mobility are described. The challenges of manufacturing thermoelec-
tric modules for applications close to room temperature using materials based on tetrahedrite
(p-type) and magnesium silicide (n-type) are discussed, and several examples are presented
on the thermal stability, diffusion barriers, device assembly, and computer simulations apply-
ing these emerging materials.
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Binary copper chalcogenides, Cu, ;Q, (Q=S, Se), exhibit remarkable thermoelectric perfor-
mance at elevated temperatures. Key to this high performance is the high mobility of copper
cations within the chalcogenide matrix. However, this mobility also leads to degradation of
the materials under operating conditions of a thermoelectric devices. At high temperatures,
Cu, ;Q phases adopt structures related to that of antifluorite, in which copper cations are
predominantly tetrahedrally coordinated by sulphur. This has motivated us to investigate a
variety of complex copper chalcogenides, containing the same CuQ, structural unit that is
present in Cu, ;Q at high-temperatures, as candidate thermoelectric materials.

These investigations have included the preparation and characterization of materials re-
lated to kesterite and stannite. Quaternary chalcogenides, Cu,BCQ, (B = Zn, Fe, Mn, Co, C =
Ge, Sn) of the kesterite and stannite family adopt tetragonal, diamond-like crystal structures.
These may be considered as ordered derivatives of zinc blende, in which all cations are tetra-
hedrally coordinated. The two structures differ in the distribution of copper cations over the
tetrahedral sites. Investigation of materials in the series Cu,, BGe,_Se,(B=7Zn, Fe; 0.0 <x <
0.15) demonstrates that at the same level of substitution, x, the presence of the magnetic Fe*
cation enhances the figure of merit by ca. 67 % compared to that of the material containing
non-magnetic Zn*". Electron doping through the introduction of selenium vacancies, leads
to a further substantial increase in the maximum figure of merit of materials Cu,FeGeSe,,
which reaches a value of Z7 = 0.47 at d = 0.10.

In an effort to exploit further the beneficial impact of a magnetic cation on thermoelectric
performance, investigations have extended to materials Cu,MGeSe, containing the magnetic
ions, M = Mn?", Co*". Powder neutron diffraction reveals differences in the detailed structure
of the quaternary Fe-, Mn- and Co-containing phases, each of which crystallizes in a different
space group. Neutron diffraction data also demonstrate that only the Mn-containing material
undergoes a transition to a long-range magnetically ordered structure at low temperature. The
quaternary selenides serve as parent materials for the investigation of the impact on struc-
tural and transport properties of chemical substitution. In particular, isovalent substitution
in materials of general formula Cu,Fe, M GeSe, (M = Mn, Co) increases the average figure
of merit over the temperature range 400 < T/K < 875, Synchrotron powder X-ray diffraction
data suggest this is associated with suppression of a phase transition that occurs in the parent
(x = 0) phase. Further improvements in the maximum figure of merit are achieved through
partial substitution of iron by cobalt, leading to Z7'= 0.53 at 800 K at x = 0.075. This arises
from simultaneous improvements in the electrical conductivity and Seebeck coefficient.
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Following the discovery of spin Seebeck effect in magnetic metals and oxides, there is a
growing increasing interest in spin based thermoelectricty in vatious materials from the per-
spectives of fundamental physics and potential applications. In particular, anomalous Nernst
effect- the generation of electrical voltage transverse to the applied magnetic field and the
temperature gradient in a sample is gaining much attention besides the spin Seebeck effect.
The former effect does not need additional non-magnetic layer unlike the later. However,
availabe studies on the anomalous Nernst effect in oxides are very few. In the first part of
the talk, we give an overview of longitudial and transverse magnetothemolectricty, namely
magnetothermpower and anomalous Nernst effect in Mn, Co and Ru based perovskite oxides
and discuss their connecctions to magnetization and magnetic entropy. In the second part of
the talk, I will focus on the potential of these oxides for magnetic refrigeration which exploits
magnetic or spin entropy change. Correlations between the magnetic entropy change and
magneothermpower in selected compounds will be discussed.
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Thermoelectric systems are solid-state devices used to convert heat into electricity or heat
pumping using Seebeck and Peltier effect, respectively. While having competitive advantag-
es such as ultra-long lifetime and virtually no maintenance costs, this technology has always
been limited to niche applications such as space probe power or special electronic cooling.
This limitation can be attributed to (i) the scarcity of the constitutive elements (Te, Ge,...) and
the (ii) the performances of usual thermoelectric materials. While recent developments in the
field mainly focussed on tackling these challenges, the time-to-market of new generations of
thermoelectrics is still too long to have a significant impact in our path to a sustainable world.
Indeed, going from new thermoelectric materials to modules involves to overcome many
challenges in terms of joining, contact resistances, thermal stability while keeping the lowest
processing costs as possible.

Fe,VAl Heusler compound is a good candidate because of the large availability of its con-
stitutive elements and its appealing thermoelectric performances at room temperature [1]. In
this talk, we will present the main results obtained in our quest to large-scale thermoelectric
applications: starting from Fe,VAI synthesis and characterization [2,3] to its integration in
conventional thermoelectric modules [4] and even further by looking at alternative modules
configurations [5] and innovative processes such as additive manufacturing [6].

The developed modules have been integrated in several proof-of-concept set-ups for sev-
eral applications in several fields such as industrial waste heat recovery and autonomous
sensors for the internet of things. Finally, this technology have been recently licensed to a
start-up called Thermo Power aiming at significanlty reducing waste heat and promote sus-
tainability through the use of thermoelectricity.
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Figurel. Designs of thermoelectric materials, modules and applications are interrelated and should be
considered as a whole to kickstart widespreading of thermoelectric solutions.
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Flexible thermoelectrics is a synergy of flexible electronics and thermoelectric energy con-
version. To date, state-of-the-art thermoelectrics is based on inorganic semiconductors that
afford high electron mobility but lack in mechanical flexibility. By contrast, organic materi-
als are amply flexible but low in electrical mobility and power output; the inorganic-organic
hybrid design is a viable material-level option but has critical device-level issues for practical
application. In this talk, we report the recently discovered ductile inorganic thermoelectric
materials such as Ag,S and its alloys. They are typical semiconductors with tunable thermo-
electric performance. At the same time, they are highly flexible and plastic, which are similar
with the mechanical properties of metals. Furthermore, Upon compositional optimization,
these silver chalcogenides reached a delicate balance between high carrier mobility, power
factor, a figure of merit and good mechanical flexibility. The good thermoelectric figures of
merit in flexible inorganic materials are achieved, opening a new avenue of flexible thermo-
electrics. High electrical mobility yielded a normalized maximum power densitynear room
temperature, orders of magnitude higher than organic devices and organic-inorganic hybrid
devices. These results promised an emerging paradigm and market of wearable thermoelec-
trics.
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Independent control of thermoelectric (TE) properties, determined by intrinsic electronic
and lattice structures as well as their coupled properties, has been a key to enhance the fig-
ure of merit (ZT) of TE materials. Introducing nanostructures has been able to significantly
suppress the thermal conductivity while maintaining electrical properties, correspondingly
achieving higher ZT. It origins from the distinct length scales of mean free paths of phonons
and electrons, and as such, the range to selectively tune the thermoelectric properties is lim-
ited. I introduce a new approach to manipulate heat transport leveraging surface modes, un-
like traditional methods that often involve intricate adjustments to lattice parameters within
solids. The surface modes are mediated by so-called surface phonon polariton (SPhP), which
is a new quantum of energy coupled by optical phonons and photons. It contributes to high
radiative heat loss from the surfaces, resulting in less heat conduction through the volume.
It obviates the need to tailor material properties through doping, defect engineering or nano-
composites, and it mitigates the risk of degrading electrical parameters. We designed nanopil-
lars to fully leverage the surface modes and to reduce the apparent thermal conductivity. In
this talk, I will also introduce our novel experimental platform to quantify the contribution
of SPhPs as well as to measure the apparent thermal conductivity in an individual nanopillar.
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The thermoelectric performance of tetrahedrites, which are minerals composed predominant-
ly of environmentally-friendly and abundant copper and sulfur, is currently attracting consid-
erable interest. Tetrahedrites, which are p-type materials with low lattice thermal conductivi-
ties, crystallise in a collapsed sodalite structure in which corner-sharing CuS, tetrahedra form
cages. Each cage contains an octahedral cluster formed by six trigonal-planar copper cations.
The origin of low thermal conductivity in tetrahedrite, Cu,,Sb,S,; has been previously attrib-
uted to the rattling vibrations of the trigonal-planar copper ions and has also been linked to a
phonon instability arising from a low-temperature phase transition. Analysis of neutron and
synchrotron X-ray diffraction data collected on tetrahedrite shows that copper rattling is a
direct consequence of a tetragonal-to-cubic phase transition at 90 K, which results in a sharp
increase, by approximately 200%, of the atomic displacement parameters of the trigonal-
planar copper cations.! This phase transition occurs because of the orbital degeneracy of the
highest occupied 3d cluster orbitals of the copper clusters found inside the sodalite cages.
In the cubic phase, the trigonal-planar copper cations form regular octahedral Cu,” clus-
ters, which are electronically degenerate. Below 90 K, the octahedral Cu,”* clusters undergo
a Jahn-Teller distortion, resulting in the formation of square-pyramidal Cu,™ clusters. The
Jahn-Teller electronic instability which leads to the formation of the pentameric Cu,” clus-
ters, suppresses copper rattling vibrations due to the strengthening of direct copper-copper
interactions.

At temperatures above 200 K, quasielastic neutron scattering (QENS) measurements on
tetrahedrite, Cu,,Sb,S,;, and copper-rich tetrahedrite, Cu,,Sb,S ,, combined with molecular
dynamics simulations, reveal that copper ion diffusion occurs.> However, although the copper
ions are mobile between 200 and 400 K, they are largely trapped inside the sodalite cages.
Analysis of inelastic neutron scattering (INS) data reveals the presence of a low-energy opti-
cal mode at 3-4 meV, which can be attributed to the intra-cage diffusion of the trigonal-planar
copper ions, rather than to rattling. This low-energy optical mode, which softens on cooling
revealing strong anharmonicity, is capable of strongly scattering the heat-carrying acoustic
phonons, and hence lowers the lattice thermal conductivity.
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As far as the utilization of semiconducting materials in solar cells is concerned, a parameter
that is critically important is the drift mobility of photogenerated charge carriers, on which
the solar cell photoconversion efficiency is highly dependent. However, information on the
photocarrier drift mobility in solar cells has been so far relying only on single data-point mea-
surements, even if cross-sectional photocarrier mobility mapping would be highly desirable.
Here, we present a review of time-domain photocarrier mobility measurement techniques
that will include time of flight (TOF) methods and charge extraction by linearly increasing
voltage (CELIV).[1,2] We will then focus on the efforts from our team [3] concerning the
integration of TOF and CELIV with confocal optical microscopy (COM) and scanning near-
field optical microscopy (SNOM) for direct photocarrier mobility mapping, at the nanoscale
in conjunction with atomic force microscopy (AFM) topography scans. Our methodology
is based on the use of near-field effects and multimolecular electron-hole recombination to
achieve local sensitivity to the photocarrier mobility.[3] As monomolecular recombination
of excess carriers is the most frequent radiative pathway for electrons and holes in solar
cells at low power density of illumination, while multimolecular recombination dominates at
high power, enhanced multimolecular recombination occurs at the confocal plane or in the
near field. Thus, the CELIV signal achieved under specific conditions in COMs and SNOMs
provides enhanced information on the mobility of all of the cross-sectional layers except for
the focal plane or the local point illumination in the near field. For example, by scanning the
focal plane along the z axis, the mobility profile can be derived. To demonstrate our tech-
nique, we use it to investigate the carrier mobility in several different types of hydrogenated
amorphous silicon (a-Si:H) solar cells.[3] The mobility maps obtained by our “confocal CE-
LIV” techniques correlate well with well-known depletion layer effects and the hydrogen
content profile in a-Si:H when this is measured independently. Our findings are in excellent
agreement with models suggesting a critical role of Si—H bonding in lovcally determining the
carrier mobility in a-Si:H solar cells.
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Water oxidation using efficient catalyst, which is the anodic half-reaction of water splitting,
plays a critical role in generating clean and abundant H2 fuel. 2D materials have emerged
as promising candidates for water oxidation due to their unique properties such as their high
surface-to-volume ratio, tunable electronic band structures, and large active surface areas."?
Yet, the key challenges of the field are (1) the activity, stability, and scalability of 2D nano-
structures materials. Surface reconstruction and heterointerface engineering techniques have
been employed to enhance properties such as electrical conductivity, stability, facile charge
transfer, as well as to activate intrinsically active edge sites. These properties significantly
influence the water oxidation performance of 2D nanostructures materials. (2) Another chal-
lenge is related to surface engineering, as the surface properties of 2D nanostructures materi-
als greatly impact their performance in water oxidation. Optimizing the surface chemistry
and morphology of 2D nanostructures materials is crucial for achieving high catalytic activ-
ity and stability. (3) Electrochemical performance is also a critical factor in the efficiency
of water oxidation using 2D nanostructures materials. (4) Integration of catalysts is another
challenge in the field. Strategies such as anchoring catalysts onto the surface of 2D nano-
structures materials** or surface confinement® have been investigated to achieve efficient
water oxidation performance. Furthermore, the synthesis and characterization of 2D nano-
structures materials for water oxidation require careful consideration. We will summarize the
latest developments in the field, including results from our lab, highlighting the critical role
of 2D composites to boost functionality toward efficient water oxidation.
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The generation of clean energy from water electrolysis is a feasible solution to overcome
the problems of energy crisis. However, this viable route depends on the utilization of Pt,
which is scarce and expensive. Designing catalysts entirely based on Earth abundant mate-
rials is, therefore, the way forward. In this regard, 2D materials (layered or non- layered),
and transition metal phosphides have got copious attention. 2l Here,we present strategies to
enhance the catalytic (electrocatalysis, photocatalysis) performance of these materials giving
a particular emphasis for transition metal chalcogenides (WS2, CuS, etc), transition metal
phosphorus trichalcogenides (MPX3; X=S,Se), non-layered Cr2S3 and nickel phosphides.
We discuss the advantages of these materials for catalysis and the different routes available to
tune their electronic states and active sites. Experimental results show that doping and hybrid
material formation play a significant role in optimizing the free energy of hydrogen adsorp-
tion and desorption on the vertically oriented nanosheets of WS,. Another compelling issue
in this research area is about solving the sluggish kinetics of the other half reaction (i.e OER)
in water splitting catalysis. It has remained a bottleneck in realizing efficient performance.
In this regard, nickel phosphide has an excellent track of performance.’*! We also discuss
the mechanism behind the very good performance of Ni5P4 and CrOx-CuS toward electro-
catalysis of OER. The metal phosphides or sulfides are not the true catalysts, rather in-situ
generated metal oxides at the vicinity of phosphides/sulfides are. Moreover, We highlight
the emerging layered MPX3 (M= Mn, Ni, Fe, Cu/In)"®! nanosheets as promising materials
in sacrificial agent-free photocatalytic water splitting under simulated Sun light (AM 1.5G)
illumination.
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The high-entropy concept provides an opportunity for the design of irradiation resistance
materials from nano and atomic scales. Damage accumulation, swelling, segregation, He
bubbles, and void formation are found to be considerably suppressed in Ni-based single-
phase concentrated solid solution alloys. Different from the metallic bond-based HEAs, high-
entropy ceramics (HECs) usually possess a mixture of covalent, ionic, and metallic bonds.
Up to the present, there are very few related studies on the irradiation behavior of the HECs,
particularly high-entropy carbide ceramics. In this work, the 540 keV He ion irradiation with
a dose of 1x10"7 cm™ was performed at room temperature on (TiZrNbTaW)C high-entropy
carbide ceramics. Irradiation-induced structural evolution and He retention behaviors after
annealing at different temperatures were examined in depth by grazing incident X-ray dif-
fraction (GIXRD) and transmission electron microscopy (TEM). The results show that the
high-entropy design can improve the irradiation resistance of carbide ceramics. Compared
with ZrC, the high entropy (TiZrNbTaW)C in the meantime brings about smaller lattice ex-
pansion and the favorable structural evolution phenomena including smaller He bubbles that
are evenly distributed without abnormal coarsening or aggregation, segregation, and shorter
and sparser dislocation. The ZrC-based solid solution ceramics in low and medium entropy
have been also prepared and irradiatied by He ions. The results show that it is not the case
that the larger the entropy is, the better the irradiation resistance will be.
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Figure. Reduced He ions radiation damage in a ZrC-based high-entropy ceramic
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Commercial fusion energy continues to advance rapidly, with programmes such as the UK
Atomic Energy Authority (UKAEA) Spherical Tokamak for Energy Production (STEP), the
European DEMOnstration (DEMO) reactor, United States Fusion Neuron Science Facil-
ity (FNSF) and many efforts in the private sector already well underway. One key theme
throughout the development of commercial plant concepts is the requirement for greater
thermodynamic efficiencies to maximise net energy output, thereby increasing the economic
viability of such designs. Therefore, high-temperature coolant concepts are being explored
which often exceed outlet temperatures of 550°C.

Increased outlet temperatures therefore add to the list of challenges fusion plant structural
materials must endure. These high temperature effects are often synergistic, coupling with
high levels of radiation damage, corrosion effects and mechanical loads, to name but a few.
Conventional structural materials, such as reduced activation ferritic martensitic (RAFM)
steels have well-established limitations above operating temperatures of 550°C, driven by a
severely reduced creep lifetime [1]. Advanced (A)RAFM steel variants are being developed
to address this, using dispersions of carbides, nitrides and in some cases oxides, to enhance
the strength and operating lifetime of structural steel. The UKAEA has established a substan-
tial programme in this area called NEURONE (NEUtron iRradiatiOn of advaNced stEels) to
develop a high temperature, radiation resilient, castable steel, capable of being produced at
tonnage scale by 2028. These steels are targeting operating temperatures up to 650°C. Oxide
dispersion strengthened (ODS) steels offer an alternative route to widen operating tempera-
tures further, up to 700°C. However, efforts to utilise these steels at scale have been hampered
by a limited supply chain, constrained manufacturing routes and difficult joining processes.

Beyond the realms of metallics, ceramic matrix composites (CMCs) such as silicon car-
bide composites (SiC/SiC) offer the capability to enable plant structural operation up to
1000°C. However, many challenges remain, particularly to address manufacture at scale,
part quality, joinability and costs. The UKAEA HASTE-F (Hybrid Approach to Silicon car-
bide Technologies and Engineering in Fusion) project is exploring alternative approaches to
SiC,/SiC manufacture, using a flexible pre-impregnation system to develop parts of greater
complexity with reduced residual porosity levels compared to conventional manufacture ap-
proaches.

This talk will explore these ongoing research programmes at UKAEA and outline the
common unifying themes driving our research. This includes bridging the gap between me-
tallics and ceramics and how hybrid component design may be able to utilise the strengths
of both materials and unlock the potential to exploit novel engineering approaches towards
commercial fusion plant design.
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CMCs have ceramic fibre architectures embedded in a ceramic matrix, which can be cus-
tomised for different applications via the composite weave and the chemistry or structure of
the fibre-matrix interface. Their macroscopic properties are highly controllable depending
on material composition and manufacturing process. Reliable lifetime prediction and im-
proved design of CMCs in nuclear applications require coupling of advanced experimental
and simulation tools. For this purpose, full-field measurements are usually preferred or even
mandatory. Although characterisation methods are becoming more and more powerful at all
length scales, it is impossible to assess all the microstructural features of a complex mate-
rial using one single experimental method. Also, experimental characterisation is usually
costly and time-consuming. Numerical modelling can alleviate this issue. However, because
of the complexity of their microstructure at multiple length scales, high-fidelity modelling
framework is to be developed for predicting the thermomechanical behaviours and damage
growth in CMCs. This talk will highlight some developments in experimental and numerical
methods for understanding the structure-property relationship, It will give a brief overview
of our previous collaborative efforts in this area and illustrate the potential of bridging the
experimental and numerical techniques by image-based simulations.

Microcracking and heterogeneous deformation within CMCs are obsreved from in-situ
X-ray computed tomography experiments [1]. Digital volume correlation is used to measure
the 3D strain field and correlate it with the fibre architecture [2]. Some dedicated image pro-
cessing alorithms are developed to analyse the XCT images in a quantiative fashion [3]. For
the numerical analysis, we employ a solver based on the Fast Fourier Transform (FFT) tech-
nique, as an alternative to the classical Finite Element method. We demonstrate the capacility
of the FFT solver in large-scale simulations with billions of elements [4]. This capability is
important for the use of real microstructures extracted from XCT images, which enhances
the fidelity of numerical simulations and allowing direct comparison against the experimen-
tal observations. At the microscale, a phase-field damage model is implemented, combining
a frictional cohesive zone model, to describe various failure mechanisms, namely matrix
cracking, interfacial degradation and fibre failure. The method is applied to investigating the
effect of irradiaiton swelling of SiC/SiC composites. Although primarily focused on SiC/SiC
materials for nuclear applicaiton, the methodology is applicable to other grades of CMCs,
such as C/C-SiC [5].
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Andra is in charge of the project called Cigeo, an Industrial Centre for Geological Disposal
of radioactive waste, where the high-level waste (HLW) will be disposed of underground, at
~500 m, inside horizontal tunnels (cells) dug in a claystone whose properties allow protect-
ing the environment against the radioactivity for a very long timescale. For a shorter period
(a few centuries), an additional (artificial) barrier, namely a container holding the waste pri-
mary package, will also be used. Currently, in Cigeo, low-carbon steel has been identified as
the reference material for the HLW containers; another low-carbon steel is also selected for
the cell liner.

These steels will be subjected to severe challenges, the corrosion under anoxic conditions,
already considered via strict safety criteria, being one issue to consider owing to the associ-
ated H,,, production. To ensure an even safer disposal, bulk, or coating materials much less
prone to corrosion are also investigated. In this framework, R&D activities are conducted
by Andra and his partners to select, size, qualify and fabricate ceramic-based components
instead of steel ones. Here, we present the work carried out on alumina-based, very thick
monolithic or ceramic-coated containers. Ceramic matrix composites for the cell liner are
also shown to be promising candidates.

PyroKarb PyroXide

(@ (b)

Figure 1: (a) Small-scale prototype of a HLW ceramic container, and (b) prototypes of HLW ceramic cell
liners (these liners use CMCs provided by the Pyromeral company).
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Silicon carbide (SiC) composites are promising materials for nuclear fission and fusion re-
actor systems due to engineered toughness by fiber reinforcement and intrinsic features of
SiC, including low activation, chemical and environmental inertness, exceptional irradiation
stability, and very high temperature mechanical performance. The key issues are to fabricate
large scale production with uniform structure and complicated shaping for the component de-
velopment. The objective is to develop fabrication technique for SiC composite components.

Flexible prepreg sheets were prepared. The prepreg sheet contains satin weave Hi-Nica-
lon type-S SiC fibers without coatings and SiC, BN and AL,O, powders as matrix materials.
The BN particle dispersion SiC composites were fabricated by liquid phase sintering with the
stacked prepreg sheets. Various SiC composite components were fabricated. Braiding tech-
nique was also applied for a small diameter tube with 8mm inner diameter. The mechanical
properties and microstructure were characterized for reference materials.

The BN particle dispersion SiC composites were fabricated successfully with uniform mi-
crostructure through thickness. The porosity was less than 5% even for the composites with
curvature. The fiber/matrix interphase like C or BN is the weakest link in conventional SiC
composites with fiber coating. The coatings are broken at the curvature if the coated fibers
are bent during processing. No significant degradation of strength was observed at 1400C in
air for the BN particle dispersion SiC composites. Oxidation of the composites was limited
to near surface, because the composites didn’t have fiber/matrix interphase. The composites
didn’t break following over 100 thousand cycles fatigue applying 190 MPa at 1400C in air.
The 100 mm long box was fabricated and joined with the SiC composite tubes.
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Silicon-carbide is considered as perspective structural material in nuclear reactor. It has low
neutron capture cross section and excellent material properties at high temperatures. It is
planned that SiC components will be used in gas-cooled fast reactors in the so called refrac-
tory core operated at very high temperature.

In the framework of the EU SafeG project, SiC/SiC composite claddings were fabricated
by the liquid phase sintering using Al,O, sintering additive at the Kyoto University. Hi-Nica-
lon type-S fibers were used without fiber coating. Matrix included BN particles. The tube
samples were produced using prepreg sheets. Two series of samples were supplied for test-
ing. In the second series higher tension was applied during wrapping of the prepreg sheets.

The Centre for Energy Research carried out the following experiments and examinations
with SiC/SiC cladding tubes.

* high temperature treatment in He atmosphere (1000 °C, 7 h),

* high temperature oxidation in steam (1000 °C for 1 h, 1200 °C for 30 min).

* ring compression tests of as-received and heat treated samples,

» mandrel tests of as-received and heat treated samples,

* pressurization of 30 mm long tubes,

* scanning electron microscopy of as-received and tested samples.

The first results with testing SiC/SiC composite tubes are promising and this is the pri-
mary candidate cladding material for the refractory fuel of gas-cooled fast reactors. How-
ever, the currently used fabrication procedure needs further improvement to overcome the
observed weaknesses.
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Figure 1. Cross section (left) and fracture surface (right) of the SiC/SiC cladding tubes
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Characterization of nuclear ceramics with spallation neutron probes
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The development of durable nuclear ceramics has been central to efforts for advanced fis-
sion and fusion energy systems. There still exist, however, large gaps in the understanding
of fundamental modes of structural degradation under harsh environmnets, including self-
irradiation. We have shown that neutron total scattering measurements with pair distribution
function (PDF) analysis can be utilized to uniquely characterize defects and disorder in a
wide range of nuclear ceramics (e.g.,. pyrochlore, spinel, and actinide oxides). Key to this
approach are swift heavy ions with a penetration depth of ~100 um, which is high enough to
produce sufficient quantities of irradiated material for characterization using bulk techniques
[1]. Irradiation experiments are performed at the UNILAC accelerator at the GSI Helmholtz
Center (Darmstadt, Germany) using typically Au ions of about 2 GeV kinetic energy. Irra-
diated samples were investigated at the Nanoscale Ordered Materials Diffractometer (NO-
MAD) beamline at the Spallation Neutron Source (Oak Ridge National Laboratory, USA).
These measurements enable detailed analysis of both cation and anion defect behavior, and
short-range order, which is particularly important for the investigation of amorphous materi-
als. Recent results for several ceramics demonstrate that structural changes are more complex
than previously thought with distinct processes occurring over different length scales [2]. For
example, disordered pyrochlore and spinel oxides [3] are composed of local structural units
that maintain atomic order and exist in configurations that are different than the expected
average structure determined using traditional techniques (e.g., X-ray diffraction). Here, we
will highlight the importance of short- and medium-range analysis for a comprehensive de-
scription of nuclear ceramics [4].
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Coated SiCf/SiC-based composites is a potential accident tolerant fuel (ATF) cladding of
great interest to nuclear community. It is necessary to study their mechanical behaviour at
elevated temperatures similar to accident conditions. In this work, a range of CMC cladding
materials have been studied with varied braiding designs and coating thicknesses. The clad-
ding tube was cut into a C-ring geometry and loaded under uniaxial compression combined
with sychrotron X-ray micro-tomography for real-time imaging of the deformation, crack
initiation and propagation processes. The tests were carried out over a range of temperature
up to 1200°C and the impact of temperature on the mechanical behaviour of the different
types of cladding designs will be reported. The data were analysed using image segmentation
as well as digital volume correlation for 3D strain distribution. It was found that the inherent
porosity of the composite part of the cladding tube varies with braiding/weave patterns and
this affected the crack propagation from the outer SiC coating. For claddings with very thick
outer coating, the strength is dominated by the coating strength and resulted in more brittle
failure. A balance has to be reached between the thickness of the outer coating and underly-
ing composites to enable gradual progressive failure. It is emphasized that the toughening
mechanisms in the coating/composite systems vary with temperature, materials designs and
the applied stress state. The conventional failure process in unidirectional mini-composite
under uniaxial tension does not apply to such cladding composite materials under C-ring
compression loading.
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Metal-functionalized silica aerogels for capturing and sequestration of
iodine
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The reprocessing of spent nuclear fuel is being used to recover fission products, such as
uranium-235 and plutonium-239, for recycling. During this process, various gaseous fission
products from the fuel are released into the off-gas system, with radioiodine ('*1,) being of
particular concern because of its long half-life (1.6 x 107 years) and the potential for its accu-
mulation in the environment. There are a number of solid sorbents that have been developed
and are under investigation for capturing radioactive iodine. They differ in iodine capacity as
well as ease and cost of preparation. Owing to strong chemisorption for iodine, the leading
approach to capturing radioactive iodine
is silver-containing sorbents. However,
silver is expensive and listed by the Envi-
romental Protection Agency as a hazard-
ous waste due to its level of toxicity.

An intriguing option is to develop
sorbents with a hierarchical structure or
architecture at multiple length scales.
They would consist of multiple levels of
porosity and different metal chemistry
than silver, e.g., Cu and Bi, and allow for
increased surface area, improved mass
transfer, and enhanced selectivity. This
combination of pore sizes and chemi-
cal functionality would enable effective
capture of iodine from complex off-gas
streams.

The presentation will discuss the de-
sign, synthesis, and sorption performance
of metal-functionalized silica aerogels
and different strategies that have been de-
veloped to sequester iodine. This will in-
clude results from durability tests, a sum-
mary of highlights, and a prognosis for

future research. Figure 1. Hiearchical design of metal-function-
alized silica aerogels for capturing iodine.
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KAERI is developing wireless technology that can be applied to nuclear power plants (NPPs)
[1-3]. Currently, there exist limitations in applying wireless technology to NPPs [4]. For the
safety considerations, NPPs categorize three different functions: category A - functions play
a principal role in NPP safety, category B - a complementary role to the category A, and
category C - an auxillary or indirect role, not category A and B. In NPPs, the use of wire-
less devices to systems supporting category A and B is excluded. Only the use of them to
systems supporting category C is permitted. From the regulatory perspective, the wireless
technology must meet NRC R.G. 1.180 and IEC TC SC45 standard. On the other hand, from
the operation perspective, the power to wireless devices must last longer than, at least, the
period scheduled for maintanence (e.g., 18 months). To use wireless devices in NPPs, thus,
the electromagnetic compatibility (EMC) and battery replacement issues must be resolved.
We have developed low-power wireless sensing technology to monitor micro-leaks on
pipes in NPPs. This satisfies standard test method for leaks using ultrasonics, i.e., ASTM
E 1002-05 Class II. Our low-power technology can provide a way to resolve the battery
replacement issues. However, to use this in NPPs, wireless communication technology must
comply with specific protocols under the NPPs environments. To address this, we are devel-
oping WiFi-Halow as well as WirelessHART communication modules to integrate the wire-
less sensing and communication. Some technical issues in developing WiFi-Halow are dis-
cussed. Our work will help building wirelss sensor networks (WSN) for NPPs’ instruments.
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R&D status on Li-ceramics for fusion breeding blanket
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Tritium is one of the fuels for the fusion reactor, generated in a breeding blanket by nuclear
reaction between neutron from fusion plasma and lithium in breeder material. Therefore,
lithium-containing ceramics (Li-ceramics) is used as tritium breeder material in the breeding
blanket of fusion reactor. In a solid-type breeding blanket for a fusion reactor, the trittum
breeder material is usually used in a pebble bed form because of the efficiency and conve-
nience of tritium extraction. In addition, it is able to increase the packing factor in limited
space and to reduce the uncertainty of the interface thermal conductance. Therefore, the de-
velopment of fabrication method for breeder pebbles and establishment of material property
database of the pebbles and pebble bed are actively conducted for the realize of fusion energy.

Lithium metatitanate (Li,TiO,) is one of a candidate metarial for tritum breeder because
of their high mechanical strength in high temperature, low activation property and chemical
stability. Li,TiO, pebbles have been fabricated by several methods such as rotating granula-
tion method, extrusion-spheronisation-sintering method, sol-gel method, and direct/indirect
wet method. These methods need relatively multiple and complicated fabrication steps. In
addition, the dehydration reaction and substitution reaction were used for pebble shaping in
the direct/indirect wet method. However, low process temperature was needed and some ele-
ments were remained as impurities in spite of high temperature removal process in the spe-
cific atmosphere. Therefore, the slurry droplet wetting method for the fabrication of breeder
pebbles has been developed. This method has many advantages such as good process control,
low cost, room temperature process and high yield for mass production. Recently, alternative
methods, such as powder injection molding method and 3D printing method, are developing
for the tritium breeder pebbles to secure the stability of microstructure and properties and to
more increase the fabrication rate for mass production. In addition, the material properties
is one of key design parameters for breeding blanket with high stability and performance.
Therefore, physical and mechanical properties of breeder pebbles and pebble bed are be-
ing measured by using various techniques. In this presentation, manufacturing methods and
material properties of Li,TiO, pebbles and pebble bed for tritium breeder material in fusion
reactor are addressed.

CMCEE14 / 18-22 August 2024 / Budapest, Hungary 118



Invited T1.4 Material Science and Technologies for Advanced Nuclear Fission and Fusion Energy

References

1.

2.

3.

119

Yi-Hyun Park, et. al., Fabrication of Li,TiO, pebbles using PVA-boric acid reaction for solid breed-
ing materials, Journal of Neclear Materials 455 (2014) 106-110.

Yi-Hyun Park, et. al., Optimization of mass-production conditions for tritium breeder pebbles based
on slurry droplet wetting method, Fusion Engineering and Design 109-111 (2016) 443-447.
Yi-Hyun Park, et. al., Li,TiO, powder synthesis by solid-state reaction and pebble fabrication for
tritum breeding material, Fusion Engineering and Design 124 (2017) 730-734.

Yi-Hyun Park, et. al., Measurement of thermal conductivity of Li,TiO, pebble bed by laser flash
method, Fusion Engineering and Design 146 (2019) 950-954.

Yi-Hyun Park, et. al., Sintering and creep behavior of Li,TiO, pebble bed for breeding blanket of
fusion reactor, Fusion Engineering and Design 176 (2022) 113019.

Yi-Hyun Park, et. al., Effects of atmospheric gases and compression load on effective thermal con-
ductivity of Li,TiO, pebble bed, Fusion Engineering and Design 194 (2023) 113728.

CMCEEI14 / 18-22 August 2024 / Budapest, Hungary



T1.4 Material Science and Technologies for Advanced Nuclear Fission and Fusion Energy Invited

Metal organic frameworks for off-gas management

Praveen K. Thallapally

Materials and Systems Design Team, Reactor Materials Group, Pacific Northwest National
Laboratory, Richland, WA USA
E-mail: praveen.thallapally@pnnl.gov

Keywords: advanced reactors, nuclear re-processing, advanced functional materials, MOFs, xenon,
krypton, iodine

Several volatile radio-nucleides that include tritium, iodine, C-14 and noble gases (Xe and
Kr) were released during the nuclear re-processing of the used nuclear fuel, advanced reactor
operations and other souces. As per the Environmental Protection Agency (EPA) and Nuclear
Regulatory Commision (NRC), these volatile radio-nucleides need to be captured and se-
questered. Particularly, radioactive **Kr has a long half-life (t,,= 10.8 years) and therefore
must be captured and removed from the off-gas to prevent its uncontrolled release into the at-
mosphere'. Although Xe is generated as a fission product, by the time the fuel is reprocessed,
all the radioactive isotopes have decayed to very low concentrations. In addition, high purity
of Xe is used in many applications, including
commercial lighting, propulsion, imaging, an- o
esthesia, and insulation, therefore high purity of
Xe recovered from these operations could pro-
vide additional revenue to offset operating costs
of these nuclear plants and reduce waste (Fig-
ure 1).>° The current approach to separate Xe
and Kr from other gases include the crogenic
distillation which is projected to be very expen-
sive, and laborious. Furthermore, accumulation
of ozone due to the radiolysis of oxygen at cryo-
genic temperatures poses an explosion hazard
during cryogenic distillation process. To address
these issues, Pacific Northwest National Labo-
ratory (PNNL) developing large number of ma-
terials and membranes to separate these gases at
much higher temperatures than cryogenic dis-
tillation process. My presentation will provide
detailed background, materials and membranes
developed at PNNL to address the uncontrolled ~ Figure 1. PNNL developed and patented adsorp-
. tion-based technology to recover Xe and Kr from
release of volatile gases and advantages of these

. . . various nuclear processes using temperature swing
materials in terms of other materials. adsorption at near room temperature.
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Silicon Carbide (SiC) ceramic matrix composite (CMC) cladding is being pursued as one of
the accident-tolerant fuel (ATF) cladding candidate materials for light water reactors (LWRs).
It has excellent high-temperature oxidation properties, superior irradiation resistance, inher-
ent low activation, and other superior physical/chemical properties. However, there are sev-
eral technical challeges which the SiC CMC materials must overcome for use in LWRs. This
paper summarizes those technical challeges and advancements made in recent years, and out-
lines the SiC based cladding material strategy. In specific, the hydrothermal corrosion behav-
ior, the retention of hermeticity in normal operation and accident conditions, and the integrity
of the end plug joint are among the key challeges to be discussed in this paper. Morphology
of defects, including size and shape of voids, is one of the key factors which impact cladding
performance and guarantees reactor safety. Therefore, understanding and quantification of
the defects’ size, location, distribution, and leak paths are critical to determining weakness in
SiC cladding for its in-core performance and failure probabilities. Safety testing performed
at the Transient Test Reactor (TREAT) and out of pile high temperature steam testing stage at
ORNL provide additional insights on SiC behavior in accident conditions. 3D X-ray imaging
generates critical microstructural defect information before and after the tests. Following the
X-ray Computed Tomography (XCT) data analysis and visualization, advanced microstruc-
ture characterization using electron microscopy techniques such as Focused lon Beam (FIB)/
Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM) is con-
ducted, which complements the findings from the XCT data, in particular quantification of
nano-porosity and microcracks. The statistics of the defects and characteristics provide infor-
mation regarding the mechanical responses of SiC cladding under reactor accident conditions
and can be later correlated to manufacturing for processing and performance improvement,
as well as modeling and simulations. A multi-scale modeling approach is currently under
development for SiC CMC cladding to predict its thermal and mechanical properties and
probability of failures under various operation and accident conditions.
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Chemical durability of multi-component pyrochlore solid solutions (A2B207) with uranium
incorporation under near-field environments is important for evaluating their application as
potential nuclear waste forms/advanced fuel matrices. Here, compositional complex Ti pyro-
chlore solid solutions with/without uranium incorporation ranges from binary to high entropy
were synthesized to investigate the chemical durability and corrosion induced surface altera-
tion and passivation effect. Microstructure analysis reveals that an amorphous passivation
film enriched in Ti is covered on the altered matrix which can be attributed to the dissoluton-
reprecipitation mechanism with congruent release of A-site and Ti elements. Strong cor-
relation is identified between chemical disorder, especially size disorder and leaching rate,
while entropy shows negligible correlation with elemental release rate, suggesting important
impacts of structural and sublattice characteristics in controlling chemical durability and el-
emental release of chemical complex Ti pyrochlore solid solutions.

Figures

micron Gd,Ti,0,

Leaching behavior of controllable grain size Gd,Ti,O, pyrochlore after 14 days.
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Spherical tokamaks offer many advantages compared to standard tokamak fusion reactors,
such as enhanced plasma stability and higher cost-efficiency [1]. However, the narrow central
hole in spherical tokamaks presents severe space constraints and engineering challenges. Ad-
vanced shielding materials are needed to efficiently attenuate the neutron and gamma radia-
tion from the plasma and protect the high-temperature superconductors (HTS) from radiation
damage [1,2]. Besides the excellent neutron and gamma attenuation properties, shielding
materials must have a high resistance to swelling, and their microstructure should remain
stable under high heat and radiation levels. The neutron irradiation-induced changes in fusion
shielding materials can be reasonably simulated by performing ion irradiation experiments
with particle accelerators [3].

This presentation will focus on recent progress in evaluating the microstructural evolution
of candidate advanced shielding materials under radiation. Tungsten boride (WB and WB,)
and hafnium hydride (HfH,) samples were irradiated with He and heavy ions at multiple tem-
peratures (25-700 °C) and doses at the Dalton Cumbrian Facility in the UK. The irradiation-
induced microstructural changes (defect formation, lattice swelling, phase change and amor-
phisation) were characterised using grazing incidence X-ray diffraction (GIXRD), electron
backscatter diffraction (EBSD) and transmission electron microscopy (TEM). The hardness
evolution was also examined using a microhardness mapping system in the unirradiated and
irradiated tungsten boride samples. Coupled EBSD-hardness measurements revealed that the
crystallographic orientation strongly affects the hardness values in WB,. This study provides
the first ion irradiation results on these materials and allows the relative stability of different
tungsten boride phases to be compared for the first time. The radiation tolerance of WB, WB,
and HfH, compared to other candidate shielding materials will also be discussed.
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In recent years, high-entropy ceramics (HECs) have attracted researchers’ much attention.
In recent years we synthesized a series of high-entropy ceramics including oxides, carbides
and borides by different processes and their mechanical and thermal properties were mainly
evaluated. The irradiation behavior and damage mechanism in high-entropy carbide ceramics
as well as the immobilization ability of radioactive nuclear waste in high-entropy A,B,O.-
type oxide ceramics were also investigated. This presentation will report the preparation and
characterization of a series of high-entropy A,B,O,-type oxide ceramics (Eu, Gd,),(Ti,,Zr,,
Hf,,Nb,,Ce,,),0, (x=0, 0.5 and 1.0). The results demonstrate that the obtained high-entropy
ceramics is potential candidate as immobilizing hosts for high-level radioactive waste. The
static aqueous leaching test indicates that the normalized leaching rates for the simulated
radionuclides Ce (LRCe) and Gd (LRGd) in as-prepared high-entropy ceramics are approxi-
mately 107%~1076 g-m™2-d! after 42 days testing, much lower than those reported values in
doped-RE,Zr,0, (10°~107 g'm2-d™"). The excellent chemical durability is mainly due to the
synergistic effects of the compositional complexity and severe lattice distortion. Compared
to their ternary oxides, the low oxygen vacancy concentration slows down the migration and
diffusion of cations. Moreover, the lattice distortion increases the lattice potential energy, also
inhibiting the migration of cations. This study provides a strategy for the development and
application of high-entropy ceramics as the wasteforms.
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The increasing global demand for energy has intensified the search for sustainable and af-
fordable alternatives to conventional energy sources. Dye-sensitized solar cells (DSSCs) of-
fer a promising way to meet this demand due to their low cost, ease of manufacture and en-
vironmental compatibility. However, the dependence on platinum (Pt) as a counter electrode
poses an economic and stability problem and hinders the widespread adoption of DSSCs. This
presentation will address recent advances in Pt-free counter electrodes for DSSCs that aim
to overcome these limitations. The focus will be on the synthesis, characterization, and perfor-
mance evaluation of alternative materials. Various binary metal sulfides and composites such
as CuCo,S,, Zn,.,,Co,.,,S, FeCo,S,, and ZnCo,S,@MWCNT as well as co-polymeric systems
will be investigated. Remarkably, these materials show comparable or better performance than
their Pt-based counterparts, representing a significant breakthrough in DSSC technology. The
results highlight the feasibility of Pt-free counter electrodes for DSSCs that offer a blend of
cost efficiency, environmental sustainability and equivalent or better performance compared to
conventional alternatives. These advances promise a broad adoption of DSSCs as a sustainable
renewable energy solution and pave the way for scalable and environmentally friendly energy
solutions. By utilizing these innovations, the energy landscape will benefit from improved ac-
cess to clean and renewable energy sources, paving the way to a more sustainable future.
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Recent years have witnessed a pronounced increase of research activities on the synthe-
sis of photoactive thin and ultra-thin layers with energy conversion properties in view of
their applications to enhance the efficiency of photovoltaic (PV) devices. Up-conversion
(UC), down-conversion (DC) and down-shifiting (DS) processes are the main luminescence
mechanisms used for EC. Through this promising strategy it is possible to collect the radia-
tion energy outside the absorption range of the material and thus to better exploit the solar
spectrum radiation. Two different strategies have been applied: 1) fluoride matrices, as CaF,
and multicomponent NaYF, phases, have been applied as efficient hosts of lanthanides for
up-conversion processes, and ii) metalorganic-inorganic hybrid systems consisting of an eu-
ropium monolayer on NiO film as down-conversion layer.

In this presentation, an overview will be given on recent results on the fabrication of
Ln-doped fluoride thin films through two different chemical routes: Metal-Organic Chemical
Vapor Deposition (MOCVD) and sol-gel/spin-coating approaches. The synthesis and char-
acterization of UC layers, of the type CaF,: Yb/Er [1,2], CaF,: Yb/Tm [1,2], B-NaYF,: Yb/
Er [2] and B-NaYF,: Yb/Tm [2,3]. Both synthetic approaches use fluorinated metalorganic
B-diketonate compounds, which act as single-sources, and have the advantage of being very
reliable and reproducible methods for the fast production of films with high uniformity de-
gree over large areas. Pros and cons of the two synthetic strategies will be discussed.

In addition, a full vapor phase approach based on the molecular layer deposition (MLD) to
assemble the metalorganic monolayer component, of the type Eu(B-diket),L, on the MOCVD
grown inorganic component, NiO films, will be presented. This approach is based on the
pre-activation of the NiO nanostructured film with water or ozone and the subsequent an-
choring of the Eu(B-diket),L complex through a ligand-exchange reaction between one or
two B-diketonate ligands and the terminal —OH groups of the NiO surface. X-ray photo-
electron spectroscopy characterization confirmed the covalent anchoring of the luminescent
europium(IIl) adduct onto nanostructured transparent NiO films. Downshifting properties of
the Eu monolayer were evaluated through fluorescence spectroscopy. This system is of po-
tential great interest for applications in tandem PV cells, since the NiO inorganic component
is commonly applied as photocathode, while the Eu complex may further implement the use
of the high energy side of the solar spectrum due to its downshifter properties.
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The widespread integration of renewable energy sources necessitates the implementation
of affordable, long-duration energy storage technologies. Lithium-ion batteries (LIBs) have
been widely used in the electric grid sector due to their large-scale production, high roundtrip
efficiency, and industry familiarity. However, they are impractical for long-duration stor-
age of 10+ hours due to their high cost, safety concerns, and supply constraints. In contrast,
sodium-based batteries (NaBs) offer a promising alternative, leveraging abundant and inex-
pensive materials such as sodium, manganese, and iron. However, NaBs must demonstrate
exceptionally long cycle life (> 5000 cycles) to be viable for grid-based storage. This pre-
sentation discusses the crucial role of the electrolyte-electrode interface in electrochemical
properties and cycling life, focusing on our efforts to develop novel electrolytes based on the
sodium borate platform and explore fluorine-free alternatives. The findings from our materi-
als discovery and characterization efforts offer valuable insights into the development of
highly reversible sodium-ion batteries tailored for grid applications.
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Li-ion batteries have seen unprecedented success starting from consumer electronics to elec-
tric vehicles. The exponential usage of Li-resources has triggered concern and has catapulted
the development of various monovalent and multivalent (post) Li-ion batteries particularly
for stationary storage. One such battery candidate is potassium-ion batteries (KIBs), which
can offer high energy density, reversibility, and operational safety along with materials econ-
omy owing to the natural abundance of potassium-based minerals.'? Similar to Li-ion battery,
graphite can be implemented as anode against energy dense K" insertion cathodes to fabricate
full cell. To realize practical K-ion batteries, it is crucial to find economic and energy dense
cathode materials. In this quest, the current presentation will focus on three novel Mn-based
cathode insertion materials for KIBs.

First, P3-type K Ni, ;Mn,;0, layered oxide will be presented as a novel 3.2 V KIB cathode
combining Ni redox activity at high voltage and Mn redox activity at low voltage.® Prepared
by conventional solid-state synthesis, it exhibit highly reversible K* (de)insertion at ambient
and elevated (40-50 °C) temperatures. The K Ni,,Mn,,0, layered oxide exhibits in-plane
Mn-Ni ordering in the MO, sheets as a function of the K-content in the structure, leading to
an interwoven and alternative row Ni—Mn ordering (for K = 0.5) and a \3a x V/3a superlattice
ordering (for K = 2/3). It involves solid solution K* (de)insertion mechanism. Ni addition can
effectively tune the electronic, and structural properties leading to enhanced electrochemical
performance. The second story will showcase the structure-electrochemical property rela-
tion in P3-type K Mn, ,Co O, binary layered oxide cathodes.* In this solid-solution family,
Co substitution enhances the electronic conductivity and structural stability of P3 phases by
minimizing the local lattice distortion. Co substitution leads to systematic shift of the Co**/
Co*" and Mn*/Mn** redox potentials along with improved cycling stability. The final sec-
tion will elaborate soft chemistry derived layered P2-type K Co, ;Mn, 0, cathode for KIBs.
Prepared by ion exchange at ambient condition, it works as a stable 2.9 V cathode involving
both Co and Mn redox activity. On a whole, these Mn-based cathodes will be demonstrated
as low cost cathode candidates for potassium-ion batteries.
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This lecture will focus on aqueous metal-ion batteries,' an important alternative to the erst-
while non-aqueous Li-ion batteries. As water is the solvent, aqueous rechargeable batteries
will not require a sophisticated and capital-intensive cell assembly line like non-aqueous bat-
teries. Despite being economical, the hydrated metal ions pose several fundamental challeng-
es leading to non-trivial energy storage. There is a lack of suitable electrodes and electrolytes,
a major hurdle for the widespread production of rechargeable and reversible aqueous-ion
batteries. In this lecture, I will discuss a few examples of aqueous batteries,>* focusing on the
diverse intricacies related to materials and the electrochemical energy storage characteristics
of various monovalent/divalent aqueous battery systems. The energy storage mechanism will
be discussed in the context of the findings from both experiment and theory.
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In this presentation, the compositional, structural, and electrochemical properties of thin film
electrodes prepéért by pulsed layer deposition (PLD) will be discussed. Thin film electrodes
of the LiNi,,;;Mn,;,Co,,,0, (NMC 111) were prepared on (001) out-of-plane oriented Sr-
RuO,/Nb:SrTiO, substrates and thin film electrodes LTO thin films were grown by pulsed
laser deposition on Nb:STO single crystal substrates with (100), (110) and (111) orientations.
Structural properties of pristine NMC 111 and LTO thin films were characterized by high-
resolution X-ray diffraction (HRXRD). Thin film electrodes were electrochemically charac-
terized in the half-cell configuration using metallic lithium as a counter electrode and sepa-
rator wetted with electrolyte as an ion conductive interphase. We will report the structural
changes during the oxidation process (lithium removal) and the consequent reduction process
(lithium insertion) for NMCI111 thin film. Additionally, the electrochemical and composi-
tional properties of LTO thin films with different orientations will be thoroughly discussed.
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Electrochemical impedance spectroscopy (EIS) is a valuable measurement tool, which is
frequently applied to study and develop electrochemical systems. In the field of batteries, it
is usually measured at open circuit voltage (OCV), when the cell is stable enough to ensure a
reliable measurement. If we want to change the state of charge of the cell, the cell is usually
first discharged/charged, the current stopped for a short period to stabilize cell’s voltage and
only then the EIS spectrum is measured. Although in this case the measurement is stable, it
suffers from drawbacks. One is that the impedance of certain battery processes is different
if under load or not, such as the charge transfer impedance. In practice, this means that the
measured spectra, although smooth, will inevitably be different than those measured under
load'. Furthermore, although paramount for ensuring a stable measurement, we should not
disregard that the rest period can inflict change to the cell impedance.>* An alternative is the
so-called dynamic EIS, where a small amplitude excitation signal is superimposed on the di-
rect current used for SOC change. In this case, the impedance is measured simultaneously as
the cell’s SOC is changed, i.e. operando, avoiding the issues previously described for OCV
EIS measurements. We will present several applications of operando EIS. We have used it
to study the formation of high surface area deposits and to detect the presence of dendrites
growing through the separator in Li metal electrode cells.
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One of the biggest challenges facing lithium-ion batteries is how to increase their energy den-
sity. The cathode, typically a layered lithium transition metal oxide, represents a major limi-
tation. One route to increase the energy density is to store charge at high voltage on the oxide
ions in the cathode material. However, removing electrons from lattice oxide ions typically
results in structural instability leading to voltage hysteresis and voltage fade over cycling.
Understanding the mechanism behind oxygen redox is critical to overcoming these issues.

Our recent investigations into Li-rich cathodes have revealed that oxidized oxygen takes
the form of O, molecules which are trapped in nanovoids in the structure. We have also
shown that these trapped O, molecules can be reduced back to O* on discharge providing a
viable charge storage mechanism to explain oxygen redox. In this talk, I will discuss the evi-
dence'” for the formation and reduction of trapped O, and explore the impacts this has on the
performance of oxygen redox cathodes.* I will show how the formation of O, extends to 4d
and 5d transition metal oxides’, disordered rocksalt cathodes® and even to non-Li-rich cath-
odes’. Finally, I will show that it is possible to suppress this structural change and undergo
reversible, high voltage O-redox without voltage hysteresis®. Altogether, this understanding
helps to explain the unusual properties of oxygen redox cathodes and informs how they might
be harnessed to boost the energy density of batteries.
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By combining density functional theory (DFT) calculation, thermodynamics consideration,
and finite element simulation, effect of doping and substitution on electro-chemo-mechanical
properties of Li- and Na-based Layered Oxide (LO) cathodes is studied. It is shown that
calculation of magnetic moment of elements using DFT with appropriate hybrid exchange-
correlation functionals can be used to predict the redox mechanism of active materials during
charge/discharge. Application of this approach to Ni- and Mn-rich LO materials for Li-ion
and Na-ion batteries, repectively, is presented [1]. Moreover, correlation between transition
metal composition, cationic and anionic redox, phase transition, and defect formation is dis-
cussed. Finally, a multiscale-modeling approach to model and predict properties of realistic
microstructures is presented. Its application to model agglomerate and/or aggregate of LO
primary particles and to simulate impact of doping and/or substitution on the initial stage of
their cracking over cycling is discussed [2]. It is shown that some dopants tend to stay on the
agglomerate surface forming surface oxides that can suppress crack formation as well as pro-
tect the cathode surface from electrolyte. This improves the cyclability of cathode materials
in energy storages. However, some dopants can affect grain boundaries and thereby stability
and rate performance [3].

Fig. 1. Simulation of Cathode Materials for Li- and Na-ion Batteries: from Electronic- to Micro-scale.
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process
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All Oxide-based Solid-State Battery (AOSSB) is stable in air and keeps a high safety even
in the event of a short circuit or other accident. To fabricate AOSSB, it is necessary to enrich
the mechanical strength in the batteries and the ionic conduction between oxide based bat-
tery materials and prevent forming impurities due to side reactions between battery materi-
als coinstantaneously by sintering them at high temperature due to hardness property of the
materials. To avoid impurity formation, the sintering temperature must be lowered as much
as possible. Sintering aids can be added or the oxide-based material itself can be softened to
lower the sintering temperature [1].

In the former, it is good approach using a adequate sintering aid that can densify the
material and keep ion conduction path at the lowest possible temperature. In the latter, the
promising way to soften the oxide-based material is to select a carrier ion. Sodium-containing
oxide based materials are often softer lithium, which is a typical carrier element for storage
batteries [2]. Its characteristics of sodium element means advantageous for the fabrication of
AOSSB.

I will talk a new sintering method and a new sintering agent for AOSSB in this session.
It is required for sintering AOSSB to select both the electrode active materials and solid
electrolyte with same sintering temperatures [3]. As one approach to solve the restriction,
The new sintering method have been proposed to combine the multi-sintering-steps using the
materials with different sintering temperatures [4]. Furthermore, borax has been found as a
new sintering agent to enrich the mechanical and electrochemical properties in the battery. I
will explain the charge-discharge performance of the batteries fabricated by the method and
using the sintering agent.
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Supercritical CO2 assisted synthesis of sulfur/rGO composite cathodes
for Li-S batteries
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To address the shuttle effect and improve electrical conductivity in Li-S battery cathodes,
in the present study the distinctive properties of supercritical CO2 as solvent (SC-CO2) and
the unique porous and layered microstructure of reduced graphene oxide (rGO) in crafting
a high-performance rGO/sulfur composite cathode have been leveraged. The utilization of
SC-CO2 technology enables efficient sulfur transfer and precise control of the microstruc-
ture of S/C composite cathodes for Li-S batteries. Notably, this process can be carried out
at room temperature, distinguishing it from conventional techniques that necessitate higher
processing temperatures. Additionally, the resulting product, i.e., C/S nanocomposite can
be casily separated by depressurizing the SC-CO2. It was showed, that as-synthesized rGO/
sulfur composite cathode exhibited outstanding performance (~1000 mAh g-1 at 0.1C) with
an exceptionally low capacity decay rate of 0.03% per cycle even after 200 charge-discharge
cycles. Moreover, the effect of the carbon surface chemistry on the electrochemical perfor-
mance of the Li-S batteries has been investigated. As it was demonstrated the presence of the
polar functional groups on the graphene sheets positively contributes to the chemical anchor-
ing of the formed lithium-polysulfide species. This work suggests that the combined benefits
of SC-CO2 technology and rGO as a sulfur host hold great promise for synthesizing efficient
S/C composite cathodes with ultra-high cycling stability.
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Lithium sulfur batteries are one of the most promising energy storage devices due to their
environmental friendliness, low cost, and high energy density. However, the sluggish electro-
chemical kinetics and severe shuttle effects of lithium sulfur batteries, as well as the signifi-
cant volume changes in the sulfur cathode, and dendrite growth in the lithium anode seriously
hinder their practical application. This report proposes various effective strategies from two
aspects to adress the issues, that is, suppressing shuttle effect of lithium polysulfide on the
cathode and accelerating the reaction kinetics of lithium sulfur batteries, and suppressing
lithium dendrite growth on the anode. High performance lithium sulfur batteries have been
successfully designed and constructed. For the shuttle effect, strategies such as constructing
sulfur host (biomass-derived carbon, birds-nest like Co,0, and CP@NiS/NiCo,O,)or directly
using Li,S cathode (free standing CC@Li,S@C) are proposed. By optimizing the host ma-
terials, it can effectively anchor lithium polysulfides and alleviate the volume effect during
its cycling process simultaneously; By designing and preparing multifunctional seperators
(CNTs/Graphene hybrid, CNTs/g-C,N,, MgNCN-ND-g-C,N,, LiVPO,F/CNT) and inter-
mediate layers (LiMoO, /super carbon/Nickl foam, Bi,S;/MoS,), the physical confinement,
chemical adsorption, and electrostatic repulsion can be used to limit the shuttle of polysul-
fides and enhance the catalytic conversion ability of lithium polysulfides through overpoten-
tial driving force, heterogeneous interfaces, and defect engierring, etc., thereby significantly
improving the rate performance and cycling performance of lithium sulfur batteries. For the
lithium dendrite, designing a lithium array with selective coverage of an artificial SEI com-
posed of Li,S_ using rolling method and low-temperature gas-solid reaction, constructing a
lithium friendly three-dimensional current collector, or a current collector with gradient pore
structure will effectively solve the problem of uneven deposition of lithium on the upper
surface under high current density, thereby achieving a dendrite-free, high-efficiency, and
long-life lithium anode. Based on the above strategies, lithium sulfur batteries with high
performance have been successfully designed and constructed, which will ultimately provide
more research basis for the practicality of lithium sulfur batteries.
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Mastering the sodium layered oxides and its reactivity with electrolyte
for high performance Na-ion battery applications
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Energy storage devices are pivotal for realizing the full potential of renewable energy re-
sources that are intermittent in nature. In this regard, lithium-ion batteries have found great
applications, although we need complementary devices given the low availability of Li re-
sources. Towards this purpose, Na-ion batteries (NIBs) find greater interest due to the greater
abundance of sodium hence low cost, and similar chemistry and engineering as that of Li-ion
batteries. However, there were many difficulties to reach the commercial applications of
Na-ion technology, especially regarding electrode materials and electrode-electrolyte inter-
phases. Our team, together with the start-up TITAMAT (France) has achieved commercializ-
ing Na-ion cells based on Na,V,(PO,),F, (NVPF)- hard carbon (HC) chemistry by tuning the
electrolyte composition.! As a step forward, we are in the verge of commercializing Na-ion
cells with improved energy density by moving to sodium layered oxide cathodes. However,
there are several difficulties associated with these materials in comparison to NVPF. First, the
sodium layered oxides show poor structural stability upon cycling that in turn lead to particle
cracking, transition metal dissolution, oxygen release and associated deteriorating reactivity
with electrolyte on ageing.? Hence, it is essential to design a suitable layered oxide material
with better structural stability, fine-tune the synthesis conditions to get the designed material
in bulk quantities and finally to optimize an electrolyte formulation resulting in stable inter-
phases with less resistance at low and high temperatures. Our experiences in designing lay-
ered oxide cathode materials will be discussed in detail, together with our attempts on elec-
trolyte engineering. Finally, a comparison will be provided based on NVPF- HC and sodium
layered oxide- HC explaining their possible applications in different energy storage sectors.
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‘Layered’ transition metal oxides as cathode materials for
Na-ion batteries: Composition — structure — environmental stability —
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‘Layered’ transition metal (T,,) oxides are a fascinating class of materials, whose properties
can be suitably tuned in a variety of ways; such as, by selecting T,,-ions/dopants having pre-
ferred electronic configurations, engineering the crystallographic site occupancy by dopants,
controlling/modifying the degree of covalence of T,,-O bonds, modifying lattice spacing(s),
tuning phase assemblage etc. Such modifications done from the fundamental perspectives
influence the performances of T,,-oxides for a variety of applications, including their wide-
spread usage as cathode-active materials in alkali metal-ion batteries. In the context of the
upcoming Na-ion battery system, O3-type ‘layered’ Na-T,,-oxides are promising as cathode-
active materials due to their inherently high initial Na-content (as compared to the P2 coun-
terparts); but suffer from instabilities caused due to multiple phase transformations during
Na-removal/insertion and sensitivity to air/moisture. Against this backdrop, by tuning the
overall covalency of the cation-oxygen bonds in the T,-layer (which, in turn, influences the
Na-O bond) and also with the help of a dopant having d° electronic configuration (viz., no
OSPE), we have been able to tune the composition and structural features to suppress the
phase transitions upon Na-removal/insertion and improve the air/water-stability in significant
terms; so much so that long-term cyclic stability has been achieved with health/environment-
friendly ‘aqueous processed’ electrodes (sans, usage of toxic/expensive chemicals like NMP
and PVDF) [J. Mater. Chem. 4 8 (2020) 18064, Adv. Energy Mater. 13[19] (2023) 2204407].
The changes in structural features, which have led to such outstanding water-stability, in-
clude differential contraction/dilation of the Na-‘inter-slab’/T,,-‘slab’ spacing and partial oc-
cupancy of the dopant at tetrahedral sites of the structure. The former aspect has also been
invoked to enhance the Na-transport kinetics and, hence, the rate-capability of the, otherwise,
inherently sluggish O3-structured NaT,,0,-based cathode material [ChemComm 59 (2023)
4332]. Furthermore, in the context of the more ‘rate-capable’ P2-structured ‘layered’ Na-T,,-
oxide based cathode materials, but lacking in terms of having a lower starting Na-content
(typically, 0.67-0.7 Na-ions p.fu.), a universal strategy towards designing and developing
high Na-containing P2-structured ‘layered’ Na- transition metal oxides has been evolved.
This is based on increasing the average ‘charge:size’ ratio of the cation-combination in the
T,,-layer and concomitant T,-O bond covalency, resulting in lower effective negative charge
on O-ions; and, in turn, rendering the prismatic coordination of O-ions around Na-ions more
favourable even at higher Na-content. Accordingly, by careful selection of the combination
of non-T,,-/T,,-ions in the T,,-layer, a high Na-containing (viz., ~0.84 p.f.u.) P2-type Na-T,,-
oxide has been developed, which, as a cathode material for Na-ion batteries, exhibits a high
desodiation capacity of ~178 mAh/g (@ C/5; within 2-4 V vs. Na/Na"), exceptional cyclic
stability pertaining to ~98% capacity retention after 500 galvanostatic desodiation/sodiation
cycles @ 2.5C and also stability upon exposure to air/water [Chem. Mater. 34 (2022) 10470].
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Mn-based P2-Na, [Li TM,_, ]O, cathode materials are available to reach high capacity through
the combination of cationic and anionic redox in Na cells.!!! The Na—O-Li configuration in-
duces the delivery of additional capacity assisted by the oxidation of oxygen when lone-pair
electrons are formed in the O 2p orbital, provided that at least one of the following condi-
tions is satisfied: 1) lattice oxygen evolution' or 2) migration of the Li element to Na layers
although the corresponding charge transfer is kinetically sluggish.? The reaction is not limited
to compounds that have alkali ions in the TM layer but is also available with divalent ions;
namely, the presence of Mg in the TM layer, P2-Na,[Mg Mn,_]O, (x =~2/3, y = ~0.28).

The effect of the 44 Ru element in P2-Na, [Mg,,Ru,,Mn,]O, is investigated. Ru-free
Na, [Mg,,Mn,,]O, is activated with the Mn**/Mn** redox, after which the charge is compen-
sated by the sluggish oxidation of lattice oxygen (O*") to O, triggered by O, evolution from
the oxide lattice. These effects are generally unfavorable and result in poor long-term cycle
stability induced by the irreversible migration of Mg?* from the transition metal (TM) to Na
layers in the P2 structural framework. Benefiting from the covalent Ru bonded with O in the
TM layers, the Mg migration reversibly progresses from the TM to sodium slabs without
O, evolution in the structure. The associated reaction progresses via the active Mn*/Mn*
and O*7/(0,)™ reaction in addition to the Ru**/Ru*/Ru*" redox pairs, endorsing the capacity
increase (~210 mAh g™), with ~72.1% retention for 300 cycles.

P2-Na, ¢;[Mg, ,Mn, ;]0, _P2-Nao s[Mg, ,Ru, 2Mn.m]O,

ey Conductlwty I
[ 0, gas release HIIE
I ‘ Mn Mg displacement I |
N T
0 e Mgk Ru Voltage hysteresus Low  High
™ 0 TM/O redox ratio _
Figure 1. The presence of the higher-covalency Ru—O bond minimizes Mg migration from the TM to Na

layers.
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Currently, LiPON with general composition Li PO N, is the most employed thin film electro-
lytes owing to its very low electronic conductivity (< 10> S.cm™), the lack of grain boundar-
ies and the ability to passivate Li metal. These properties result in outstanding cycling per-
formances. Besides, LiPON thin films can be prepared by radio frequency (RF) magnetron
sputtering. Nevertheless, their Li* conductivity remains moderate, ~ 10 S.cm™ at 298 K.
This moderate conductivity is a major limitation to increase the power density of microbat-
teries, but also for their use in all-solid-state batteries. As an attempt to further increase the
ionic conductivity of LiPON thin films, several other derived systems were proposed based
on the partial replacement of phosphorus by another network glass former, such as boron,
germanium, silicon, and sulfur. This approach stems from the well-known phenomenon so-
called mixed network former effect, firstly reported on glassy bulk systems, which can lead
to decrease the activation energy and increase the ionic conductivity. Among all the reported
systems, the replacement of P by Si seems to show the most important increment of ionic
conductivity.

The activation energy (E,) for ionic conductivity is actually constituted of two distinct
contributions namely, migration (AH, ) and defect formation (AH,) enthalpies, according to
the following equation: E =AH/2+AH, . These quantities are linked to structural features
of the electrolyte that are strongly affected by chemical composition, and synthesis route.
The debate regarding the Li Si P, O N, system is centered on the resulting structure once
nitrogen and silicon are incorporated and on its structural role regarding the ionic transport.
Another exciting discussion is oriented towards the similarities and fundamental differences
in terms of structure and ionic transport of these amorphous thin-film electrolytes and their
glassy bulk counterparts. Therefore, the major goal of this talk is to shed some light on
the interplay of chemical composition, local structure and ionic transport on Li Si P, O N,
amorphous thin films prepared by RF magnetron sputtering and glassy electrolytes prepared
by the classical melt-quenching approach.

Herein, we apply a methodology based on impedance spectroscopy analyses to determine
the partial contributions of defect formation and migration enthalpies to the overall activa-
tion energy for ionic conduction. The main results evidence that the well-known decrease in
activation energy and enhancement of the ionic conductivity caused by the incorporation of
nitrogen in amorphous LiPON is due to a drop in the migration enthalpy, while the defect
formation enthalpy remains nearly the same. Moreover, when P is replaced by Si on Li Si P,
.O,N, amorphous thin films, a minimum in the dependence of the migration enthalpy on com-
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position is spotted around a P/Si ratio close to unity. Finally, an astonishing difference arises
when comparing the defect formation and migration enthalpies of Li, PO, N, amorphous thin
films and Li PO N, glassy bulk electrolytes. While the activation energy on Li, PON, amor-
phous thin films is largely controlled by the migration enthalpy, on Li PO N, glassy bulk
electrolytes the defect formation enthalpy is larger than the migration enthalpy. The variation
of these quantities with the chemical composition and the synthesis route of these electrolytes
is correlated with structural aspects unveiled by nuclear magnetic resonance spectroscopy or
previously published experimental results and simulations.
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New halide-based Na-ion conductors: NaNbCl,, NaTaCl,, and some
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All-solid-state sodium-ion (Na-ion) batteries are promising candidates for the post-lithium-
ion (Li-ion) batteries owing to their improved safety and earth abundance, enabled by less-
to non-flammable solid electrolytes (SEs). lon-conducting halides are an emerging class of
materials for solid electrolytes that may satisfy all requirements with their balanced ionic
conductivity (> 1 mS cm™ at room temperature), oxidation stability (~ 4 V), and room tem-
perature processability. lon-conducting halides first stepped into the spotlight in 2018 with
the report of mechanochemically synthesized Li,Y.X, (X = CIl, Br). Up to date, a wide variety
of Li-ion conducting halides have been reported, e.g., Li,M**X, (M** = In, Sc, Ti, Y, Ho,
Er, Yb and X = Cl, Br, I), Li, M*'X, (M*" = Zr, Hf and X = Cl, Br, I), LiM**C1,0 (M*" = Nb,
Ta) and LaCl,-based Li-ion conductor. Many exhibits room-temperature ionic conductivity
higher than 1 mS cm™ and demonstrated stable cycling with the state-of-the-art cathode ac-
tive materials operating >4 V.

Despite the success in Li-ion conducting halides, only a few Na-ion conducting halides
have been found to date, e.g., Na,M**Cl, (M*" =Y, Er, In), Na,ZrCl; and NaAICl,, and their
reported room-temperature ionic conductivity are mostly less than 0.1 mS cm™'. With the less
polarizing nature of Na ions, Na-ion conducting SEs tend to possess higher ionic conductiv-
ity than their Li-analogues, and indeed, higher ionic conductivity is generally reported in Na-
ion conducting oxides and sulfides than those in Li-ion conducting counterparts. Inspired by
the fact that the known Na-ion conducting halide-based SEs exhibit much inferior ionic con-
ductivity to the Li-analogues, here we explore the new Na-ion conducting halides, NaA>*Cl
(M?* = Nb, Ta), achieving 0.1 mS cm™ at 30 °C. This high ionic conductivity is attributed
to the beneficial inductive effect and improved migration entropy and is one of the highest
among the crystalline monoanionic Na-ion conducting halides.
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Here the structural framework consists of MCl,~ is extended from tri- and tetravalent ions to the pentava-
lent ions, forming alternating Na-layers as with additional stractural freedom on the metal sites.
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All-solid-state batteries with non-flammable inorganic solid electrolytes are a key technology
to address the safety issues of lithium-ion batteries with flammable organic liquid electro-
lytes. However, conventional electrode materials suffer from substantial volume change dur-
ing lithium-ion (de)intercalation, leading to the failure of the interface between the electrode
materials and solid electrolytes and then severe performance degradation. In this work, we
report strain-free charge storage via an interface between a transition-metal carbide nanosheet
(MXene) and solid electrolytes, where MXene shows negligible structural change during
lithium-ion (de)intercalation. Combined assessment including operando STEM-EELS ele-
mental mapping clarified the strain-free nature of the MXene electrodes in the all solid-state
batteries. In addition, the irreversible reactions at the MXene-electrolyte interface is visual-
ized, explaining the inital irreversible capacities and relatively low rate capability of the
MXene electrodes. A strain-free all-solid-state battery, which consists of Ti,C,T, anode and
disordered rocksalt Liy,Ti,,V,,O, cathode, demonstrates a long-term operation owing to the
strain-free nature of both electrode materials.

Before Charge

MXene

Li concentration

LPS

STEM-EELS mapping of MXene Ti,C,T, electrode in an all solid-state battery
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The polyanionic family of compounds, Na,V,(PO,),F; O, (0 <y < 2), has attracted signifi-
cant interest as a positive electrode material for Na-ion batteries thanks to their high working
potential combined with a specific capacity of approximately 128 mAh/g (for the reversible
extraction of 2 Na* per formula unit) and outstanding stability during cycling. Capitalizing on
these attributes, the French company Tiamat has successfully developed and recently com-
mercialized the first Na-ion batteries based on carbon-coated Na,V,(PO,),F, vs. hard carbon
technology. [1]

Such impressive achievement is typically enabled by a thorough understanding of the
structure-composition-morphology-properties relationship, facilitating further optimization
of the active material’s performance. For instance, a not optimized/controlled synthesis can
lead to unexpected partial substitution of O* for F- and the formation of vanadyl-type defects.
[2] Our research group has demonstrated that the competition between the ionic V**—F bond
and the covalent V#'=0 bond has a major effect on the structure of the pristine materials, and
then on the phase diagram and redox mechanisms involved upon their cycling in batteries. [3]

In this presentation, the influence of the anionic substitution will be illustrated for series
of phases Na,V,(PO,),F, O,. combining mainly Synchrotron X-ray diffraction, electrochem-
istry, differential scanning calorimetry and spectroscopic studies. In addition to correlate the
composition to the electrochemical behavior, the impact of this substitution on the thermal
stability and thermal degradation mechanisms will also be discussed. [4] Besides, the com-
prehensive study that details the influence of the particle’s size and morphology on the elec-
trical conductivity and thus, on the energy storage performance will be presented. [5]
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All-solid-state sodium-ion batteries (SSSIBs) are designed to address the safety concerns
related to traditional liquid electrolyte batteries. By incorporating non-flammable solid
electrolytes and electrodes, these batteries significantly reduce the risks of leakage and fire,
making them a safer and more reliable energy storage solution. In this talk, we present a
NASICON-type ceramic electrolyte Na,Zr,Si,PO,, (NZSP) with co-doping of Mg** and Sc**
to achieve high ionic conductivity by means of alteration of crystal structure and microstruc-
ture. Mg** doping reduces the grain boundary resistance by forming a conducting NaMgPO,
phase which may cause Na deficiency in the bulk. . Co-substitution of a trivalent Sc** along
with Mg?" at the Zr** site helps to increase Na content in the bulk. As a result, the Na ion mo-
bility through grains and grain boundaries increases with this co-doping. The highest grain
and grain boundary ionic conductivities (5, ~ 1.78 x 107 Scm™ and 6, ~ 0.4 mScm™) and
Na transference number (t,,,~0.998) have been achieved for the optimized composition of
Na, ,Zr, Mg, ,,Sc, ,51,PO,, (NZSP-0.1MS). This has led to the suppression of sodium den-
drite growth and increased electrochemical stability of the ceramic electrolyte. The NZSP-
0.IMS ceramic electrolyte is further employed in quasi-solid state cells; a decent discharge
capacity of 91 mAh/g at 0.1C rate was obtained for “Zn doped (NVZP) (cathode)|| NZSP-
0.IMS |INVZP(Anode)” ceramic full cell.

NZSP-0.1MS ceramic electrolyte filler is further incorporated into the polymer-salt ma-
trix to develop the PEO-NaTFSI/NZSP-0.1MS composite electrolyte. The all-solid-state cell
comprised of composite electrode (NVZP/NZSP-0.1MS/PVDF-NaTFSI/C) and composite
electrolyte PEO-NaTFSI/NZSP-0.1MS delivered a maximum discharge capacity of 105
mAh/gat 0.1C, at 60 °C with good rate performance and cyclic stability retaining 85% capac-
ity over 80 cycles. At 1C a specific capacity of 78 mAh.g! is reported for the Catholyte|[PEO-
NaTFSI/NZSP-0.1MS||Anolyte full cell. Interestingly, the capacity is restored to 97 mAh/g
after returning to 0.1C, which suggests reversible electrochemical stability of the cell compo-
nents. The all-solid-state sodium-ion cell design has achieved electrochemical performance
comparable to conventional NVP-based liquid electrolyte cells. This advancement paves the
way for the development of safer and next-generation sodium-ion battery technology.
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Among the possible anodes for Na-ion batteries, there is wide consensus about hard carbons
as one of the best options in terms of specific capacity, rate capability cost and sustainability,
as these materials can be obtained from waste biomass, changing a residue into a material
of technological value. In the last years, research about hard carbons applied as anodes in
Na-ion batteries has developed high performing materials, but the further step towards a full
Na-ion cell based on a hard carbon anode is only starting and there are not much published
works regarding this issue. The main setback when balancing anode and cathode electrode
mass to plan a full cell system is the great irreversibility of the hard carbons during their first
cycle, that usually entails the need of a previous cycling of the hard carbon to precondition
the negative electrode and form the SEI on it before matching up cathode and anode.

The use of a sacrificial salt as extra Na source in the cathode composition would avoid an-

ode presodiation and reduce cell assembly time, with the only need of a first formation cycle
to decompose the salt and generate the SEI.
In this work, hard carbon produced from sunflower seed shells by hydrothermal carboniza-
tion and further pyrolysis is used as anode material to explore different strategies to develop
Na-ion full-systems in coin cell configuration: direct use of fresh anode, precycled anode
(vs. Na'/Na) and fresh anode with a sacrificial salt in the cathode formulation. These strate-
gies are used in three different cathode chemistries: Na,,Mn, Fe  Ti,,0, layered oxide, and
Na,V,0,(PO,),F and Na,V,(PO,), polyanionic compounds. The material of choice as sacrifi-
cial salt is Na,C,O;, as a not flammable compound that can be easily prepared by drying the
commercial Na,C,04-H,0O low cost reactant.

The effect of the different cycling/precycling protocols on the electrochemical perfor-
mance is analyzed in terms of rate capability, cycling stability and battery energy density. The
chemical species formed on the electrodes surface after the different assembly protocols and
configurations during short-term and long-term cycling are studied by pre- and post-mortem
characterization by Scanning Electron Microsocopy (SEM), X-ray diffraction (XRD) and
X-ray Photoelectron Spectroscopy (XPS). Strong and weak points of the assembly and cy-
cling strategies will be discussed based on experimental data.
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Cathode is the well-known performance bottleneck of lithium-ion batteries (LIBs). All cur-
rently commercialised cathodes are crystalline and have a symmetrical structure forming
a matrix of scaffold arrays, facilitating a specific route for the charge carriers to diffuse in
and out, and offering the capability of storing and releasing lithium ions. Among promis-
ing cathode candidates for next-generation high-energy-density LIBs, disordered spinel
LiNi, ;Mn, ;O0, (LNMO)' and lithium-rich layered oxide (LLO) Li,, TMO, (TM = Mn, Ni,
etc.)? have garnered considerable attention due to their unique Fd-3m cubic space group and
R-3m+c2/c intergrown structure, respectively, resulting in distinct 3D and 2D lithium-ion
diffusion pathways and varied electrochemical performance, whereas their intrinsic issues
hold back their wider applications. Our goal is to address the root causes of instability by
targeting specific crystallographic sites through a fundamental structure/function relation-
ship approach. The aid of neutron and X-ray scattering techniques enables us to achieve ex-
ceptional durability and phenomenal performance for intercalation-type electrodes. A note-
worthy success in our research lies in the incorporation of Ru and Cr within the intergrown
structure of LLOs through a site-specific doping strategy. By addressing the side effects of
the oxygen redox reaction, the Ru-doped LLO demonstrates an extraordinarily stable voltage
(decay rate <0.45 mV per cycle)*, and a high capacity-retention rate, and the Cr-doped LLO
achieves a remarkable battery performance, 99% of its initial discharge capacity after 200
cycles at 1C5. researchers. This presentation showcases the effectiveness of crystallographic-
site-specific doping and sheds light on novel approaches for enhancing the electrochemical
performance of LIBs. This work opens new horizons in the quest for advanced energy stor-
age systems and paves the way for the design and development of even more efficient and
long-lasting batteries.

153 CMCEE14 / 18-22 August 2024 / Budapest, Hungary



T1.6 Advanced Batteries and Supercapacitors for Energy StorageApplications Invited

5.0
RUS* High delithiated state
v'Stabilise O redox
\- v'Restrain lattice

=5 changes
= 4.0
-
w
-
=
o N
2 Two-Phase Doping
S 3.0
= b

2.0

00 02 04 06 08 10
Discharge capacity (nomalized)

Figure 1. Schematic illustrations of (a) Ru two-phase doping effects on LLO and (b-c) how Cr doping
mitigates the metal migration within LLO structure.
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Despite the ubiquity of Li-ion batteries, there is a need for a significant increase in their
energy density and fast charging capability. The currently employed graphitic anodes can-
not be fast charged due to internal polarizations that result in Li plating, SEI breakage and
further degradation resulting in cycling instability as well as safety related issues. Our group
is interested in the a priori design of anode materials that can facilitate fast charging via an
optimal combination of microstructure, porosity and electrical conductivity. By controlling
the dopant density in titania-based nanomaterials, we were able to tune the degree of disorder
in these materials. Intriguingly, the extent of disorder achieved in these materials via syn-
thetic design, in turn, resulted in electrical conductivities spanning five orders of magnitude
with a direct correlation to the extent of disorder. The differences in electrical conductivity
and extent of disorder in these materials was found to influence Li* and Na* charge storage
behavior at high rates as well as long term cycling stability.

Figure. Tuning of Electrical and Ionic conductivities in disordered titanium oxyhydroxides
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Battery innovation relies on developing new electroactive materials. To timely respond to
the increasing demand for energy storage solutions, the European Battery 2030+ Initiative
targets accelerating by 5-to-10 fold the current rate of battery materials discovery within
the next 5-10 years [1]. Taking up this challenge requires disruptive approaches that allow
rethinking the traditional experimentation process (based on researcher’s chemical intuition
and trial-error scheme), which is inherently slow and economically expensive. Indeed, the
crystal-chemical space offered by the periodic table for the search for new battery materials
is huge and still far from being exhaustively explored.

To accelerate the exploration of broad chemical spaces, our group is developing an au-
tonomous Materials Development Platform, capable of making effective modelling-based
predictions, self-driving inorganic synthesis and performing high-throughput characteriza-
tion experiments. This requires a mind change in our approach to materials research, but also
building new lab infrastructures and analytical tools, which include automated high-through-
put synthesis modules, automated data analysis programs able to handle large amounts of
data, as well as Al-aided experimental planners.

In this presentation, we will present several
strategies explored at CIC energiGUNE to
speed up the different stages of the develop-
ment of new materials for Li-ion and Na-ion
batteries. Such approaches include:

(i) the use of automated machine-learning-
aided screenings of materials databases in
search for new families of compounds that
can be converted into electroactive materials
[2,3];

(ii) the development of solutions to automatize inorganic syntheses (e.g. co-precipitation,
solvothermal, sol-gel; Figure 1) and characterization techniques (e.g. XRD, electrochemis-
try) [4];

(iii) the development of analysis tools for automated data treatment and analysis, includ-
ing a Machine-Learning experimental planner, chemometrics approaches for data analysis of
large XAS data sets, or the new FullProfAPP that enables automated Rietveld refinements of
large series of data, in particular those generated from operando experiments [4, 5].
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materials in all-solid-state batteries
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High energy battery is required for several applications such as vehicle use, and at the same
time, all-solid-state batteries (ASSB) are thought to be favorable in safety issues when the
energy density increased. Authors have developed a series of new positive electrode materi-
als, nano-composite for ASSB, such as LiVS,-Li,S '. LiVS, — 2Li,S (Li;VS,) has high electric
conductivity and high capacity. Electrodes of Li,VS, works in ASSB without conductive ad-
ditive and showed 600 mAh g when 15 wt% of argyrodite-type solid electrolyte was added.
In this study, we successfully increased the Li,S content for capacity enhancement. LiVS,-
3.5L4,S (LigVS, ;) also worked without or with slight amount of conductive additive (1 wt%
is enough) to show more than 700 mAh g (Fig. 1). Generally Li-S system is advantageous in
gravimetric energy density, however, it has a drawback in volumetric energy density due to
the lower density of materials used. We constructed the full cell using Si negative electrode
and the volumetric energy density of the proto-type cell was estimated more than 800 Wh I''.
This is higher than the volumetric energy density of commercial Li-ion battery of high energy
type. The cell we developed showed better thermal stability than that using layered-oxide,
NMC. Nano-composite materials seems promising for ASSB.
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Fig. 1 First charge-discharge curves of In-Li / Li5VS, and In-Li / LiiVS; . Electrode is a pressed pellet

(active material : solid electrolyte = 85 : 15 by wt.) , and total weight of electrode mixture is 10 mg. In-Li
alloy was used as negative electrode. Test condition : 0.02 C 1.0-3.0 V vs. In-Li at 25°C
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Graphite is currently the anode of choice for the majority of lithium-ion batteries. Although
widely used, it has a number of key limitations, including hazardous and expensive process-
ing , the possibility of lithium plating especially in high-rate applications, and relatively low
energy density or capacity. As such, there are significant opportunities to improve on the
limitations imposed by graphite. This work explores transition-metal dicarboxylates as an
alternative to graphite.

Our work started by exploring reported carboxylic acids, showing that during electrode
processing the acids could react with the curent collector, e.g., Cu, producing the copper
dicarboxylate.

From this point, we synthesized a range of metal dicarboxylates employing them as an-
ode materials, determining their electrochemical performance and unravelling the lithium
storage mechanism. In doing so, we have found that formulation chemistry, i.e., the way
the electrode is prepared, has a significant impact on the performance of these materials.
For example, water-based or n-methyl-2-pyrrolidone (NMP) formulation can dramatically
change the capacity and cycling behaviour of a single species, as shown in Figure 1a. Hence,
to fully understand and optimise the performance of these materials the effect of all relevant
parameters, e.g., particle size, active material/conductive carbon distribution, formulation
solvent, and transition metal oxidation state needs to be deconvoluted, as shown in Figure 1b.

Overall, this talk will provide an overview of the work we are undertaking with these com-
pounds and how we are using processing methodology and mechanistic studies to understand
function and optimise materials.
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Figure 1. (a) Capacity versus cycle number for iron (ii) tartrate and (b) comparison of capacity at various
cycle numbers for iron-based dicarboxylates.
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The development of high-capacity and stable lithium metal anodes is pivotal for advancing
the performance of next-generation lithium-ion batteries. However, several critical challeng-
es, such as dendrite formation, capacity decay, and safety concerns, have hindered its practi-
cal application. All the strategies to prevent Li dendrites are based on the space-charge model
for Li dendrite nucleation and growth which predicts that cationic and anionic concentrations
exhibit unusual behaviour at Sand’s time resulting in the development of excess positive
charge and uneven electric fields at negative electrode which ultimately leads to dendrite
nucleation and subsequent growth. Thus, Sand’s time is the period of actual dendrite-free
deposition after the onset of electrodeposition. Though the dendrite growth issue could be
mitigated to a large extent, huge volume changes and poor coulombic efficiency (CE) persist
at higher current density and high Li intake deposition in host less Li metal which can further
deteriorate the overall battery performance. In this talk I will deliberate on the critical role
of host materials in stabilizing lithium metal anodes by providing a protective environment
that mitigates the formation of dendrites, a major cause of short circuits and safety concerns.
The discussion will cover various aspects of host engineering, including material selection,
design principles, and the influence of host structure on lithium metal deposition and strip-
ping processes.
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Our society is being electrified with lithium-ion (LIB) batteries whose application range is
being expanded from electric vehicles and stationary energy storage systems to various e-
mobilities, airplanes and submarines. Then, the demand for higher energy density and safe
LIBs is continuously increasing for longer range use of LIBs and the safety of customers,
respectively. Although an increase in the content of silicon (Si) of Si-graphite anodes toward
Si-dominant anodes is of great interest for high energy density LIBs, swelling issue hinders
the use of increased content of Si beyond the current level and brings the risk of safety haz-
ard. One of the critical strategies for improved performance and safety simultaneously is to
innovate electrolyte that enables the stabilization of interfacial chemistry, i.e., solid electro-
lyte interphase (SEI) layer, of Si-based anodes, which will suppress the swelling of Si, pre-
vents Li-dendrites at graphite and stabilizes cathode interface. We will present our research
results that electrolyte and interfacial chemistry designs yield performance improvement of
Si-based anodes.
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Advanced rechargeable batteries are gaining high importance in the transition toward carbon
neutrality, affordable, secure energy, sustainable and smart mobility, and circular economy.
Their acceptability will highly rely on the improved quality, reliability, lifetime, and safety.
The acceptance of these batteries’ hinges on enhanced quality, reliability, lifespan, and safety
standards. Moreover, a crucial aspect is their durability and the use of ethically sourced ma-
terials, minimizing negative environmental impact. The goal is to ensure that these batteries
can be efficiently recycled, remanufactured, or repurposed at the end of their lifecycle, con-
tributing to the return of valuable materials to the economy.

Until now, lithium-ion batteries (LIBs) are dominating the secondary battery market, find-
ing widespread use in different areas, such as e-mobility, various portable electronic devices,
and energy storage systems due to their high energy density, good stability, and track record.
Nevertheless, the innovations of LIBs are highly anticipated from the electrode materials,
electrolytes, separators, and cell structures. In addition to LIBs, redox flow batteries (RFB)
are emerging as prime candidates for grid-scale stationary energy storage. Their capability
to store large amounts of electrical energy for extended periods and release it quickly when
needed, coupled with an extended lifespan and reasonable efficiency, make them attractive
options. The redox couples and electrolytes play important roles in determining the energy
density and cost of redox flow batteries.

In this study we are developing a novel battery component using modelling and real test-
ing of different components with aim to build a hybrid battery energy storage system that
simultaneously provides multiple services (mobile and/or stationary).
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Figure 1 Redox flow battery testing rig and single cell for testing of battery components.
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The uses of ceramic materials in current and future energy storage battery technologies have
penetrated or will soon penetrate the commercial space. However, as the complete under-
standing of their hazards is still lacking, it is necessary to investigate the potential risks of
pre-commercialized battery chemistries through the whole design process.[! The materials-
level research and development (R&D) at the Electrochemical Safety Research Institute
(ESRYI) is studying early-technology readiness level (TRL),/? new chemistry and novel engi-
neering methods of energy storage and conversion through a safety lens.

This presentation focuses on several on-going collaborations to leverage combined learn-

ings, including investigating the anatase-LMFP (lithium manganese iron phosphate) system,
operando imaging of solid-state batteries (SSBs), and new additive manufacturing processes
for cell fabrication.
The anatase-LMFP system can potentially be a chemistry pairing suited for fast charge condi-
tions,*4 and with Dr. Palani Balaya (National University of Singapore), the performance and
safety of these materials for next generation lithium-ion batteries in the 18650 cylindrical cell
format are investigated.

Operando optical microscopy often provides great visualization to identify interfacial re-
actions and resistances between battery layers during electrochemical cycling.’) With Dr.
Xiaonan Shan (University of Houston), this project aims to elucidate safety in SSBs through
relating changes in light intensity and electrochemical signatures.

Finally, preliminary information regarding 3D-printing of anode-free all-solid-state bat-
teries will also be shared from the collaboration with Dr. Fan Zheng (University of Houston).
The Director of Research (Novel Materials & New Energy Forms), Dr. Wan Si TANG, will
be presenting this talk for the Electrochemical Safety Research Institute (ESRI), under UL
Research Institutes. At ESRI, we are interested in the energy storage safety from materials
to cells and scaling up into commercially viable applications to advance the area of current
lithium-ion batteries, future battery chemistries, and other green energy storage and conver-
sion technologies.[
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Several ~developed cathode structures, such as NaNi___MnMgTiO, O3-
NaNji,,Fe Mn, Mg, ,Sn, ,0, layered oxides, polyanionic Na,V,(PO,),F, and Prussian
Blues Analogues (PBAs) have found their application in recently launched Na-ion battery
prototypes. The cathode type dictates the potential application, since it is challenging to
develop a cathode material that excels in longevity, economic feasibility, storage stability,
scale-up viability, and energy density [1]. Usually, when selecting a cathode in terms of the
highest energy and power density, there is a trade-off involving durability, economic consid-
erations, and ecological impact.

By prioritizing ecological and economic matters, we focused our efforts on developing
a novel, eco-friendly, and cost-effective polyanionic cathode for Na-ion batteries, with the
composition of Na,Fe,(PO,),P,O0, (NFPP). The literature survey of this NFPP polyanionic
family [2], opened up unresolved issues: 1. Discrepancies regarding the use of phosphorous
source (solely PO, or PO,/P,0, mixture) without elucidating the parameters governing NFPP
stoichiometry and appearance of secondary phases; 2. Challenges associated with NFPP via
a sol-gel synthesis, using both PO, and P,O, units; 3. Problems with XRD and FTIR analyses
when it comes to the formation of accompanying Na,FeP,O, (NFP) phase 4. Clarification
regarding NFP presence and whether it boosts or deteriorates NFPP performance; 5. The
challenge of attaining the theoretical capacity at elevated current rates.

These issues have been addressed in the course of this study through the synthesis of a
series of samples, with different NFPP and NFP ratios, produced by varying amounts of
citric acid and controlling pH [3]. Developed samples served as a platform to examine the
formation mechanism of the polyanionic NFPP phase and its relationship with the second-
ary polyanion pyrophosphate phase. Our findings not only shed light on the synthesis pro-
cess, by addressing the intricate interplay between iron species, citric acid, and oxalates but
also suggested appropriate guidelines for the successful production of the NFPP phase. The
mixed NFPP phase was found to have higher capacity when liberated from NFP, capable of
reaching the theoretical value (129 mAh g'at 1 A g'') and displaying high-rate capability in
Na-containing aqueous electrolyte. Lower, but more stable capacity over cycling, was mea-
sured with the organic type of electrolyte. The results can be helpful for the broad family of
polyanionic compounds in light of their synthesis for tuning their sodium storage properties.
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The demand for electric vehicles equipped with Li-ion batteries is growing to develop low
carbon society. Ni-enriched layered materials are used as electrode materials of Li-ion bat-
teries for electric vehicle applications. Stoichiometric LiNiO, with cationic Ni*'/Ni*" redox
is the ideal electrode material, but the gradual loss of capacity at the high voltage region,
associated with Ni ion migration, hinders its use for practical applications.' Therefore, to
improve electrode reversibility of LiNiO,, less abundant Co ions and/or other electrochemi-
cally inactive ions, e.g., AI** ions, are in part substituted for Ni ions. Nevertheless, the origin
of improvement by metal substitution was a long-standing debate. Recently, the importance
of non-stoichiometry and anti-site defects is discussed, and highly reversible pure Ni-based
layered materials without metal substitution is successfully developed through defects engi-
neering.!

Another important target is the development of a practical and high-energy Co-/Ni-free
Mn-based positive electrode material, which is necessary for the economical electric ve-
hicles. Now, for this purpose, LiFePO, is widely used, but its energy density is limited to
~500 Wh kg, which is significantly low compared with Ni-rich layered materials (~800
Wh kg') used for high-end electric vehicles. Moreover, the batteries with LiFePO, show
lower volumetric energy density because of intrinsic disadvantages of phosphate materials
with low packing density and inferior electronic conductivity. Recently, nano-structured Mn-
based electrode materials are studied as emerging materials for this purpose.? However, these
materials are generally synthesized by high-energy mechanical milling, which cannot be ad-
opted for mass production. Recently, nanostructured LiMnO, with high-energy density (~800
Wh kg™') is successfully synthesized by using a conventional calcination reaction, which is
potentially used for economical electric vehicle applications.?

To develop safe and high-energy advanced Li-ion batteries, the use of solid electrolyte
is an important strategy. Nevertheless, inevitable volume changes of electrode materials on
cycling lead to the difficulty to maintain the stable interface between electrode materials and
electrolyte. Recently, non-layered electrode materials, i.e., cation-disordered rocksalt oxides,
are studied for high-energy advanced Li-ion batteries.* One of the important achievements
is the development of high-capacity dimensionally invariable electrode materials, and this
unique character originates from the isotropic volume change observed for non-layered ma-
terials. Indeed, the excellent reversibility for solid-state batteries is achieved for nanostruc-
tured cation-disordered rocksalt oxides with V ions.’

From these results, the importance of nano-structured lithium insertion materials for ad-
vanced and practical Li-ion battery applications is discussed in detail.
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High-temperature superconductivity in cuprates represents one of the largest mysteries in
condensed matter physics, even after almost forty years of intensive research. Interestingly,
it emerges from a normal (non-superconducting) metallic state, that is highly unconventional
and therefore no less mysterious. Especially intriguing is the strange metal phase in the over-
doped part of the phase diagram, where marked deviations from the standard Fermi liquid
theory have been observed, which led to claims that the charge carriers there exhibit non-qua-
siparticle-like nature. Here we present our recent high-field magnetoresistance study on the
two single-layer cuprates: (Pb/La)-doped Bi,Sr,CuQy,, and T1,Ba,CuOq_,;, which clearly indi-
cated that, besides these non-quasiparticle-like carriers, the strange metal phase contains also
the standard quasiparticle-like carriers [1]. These findings elicit an inevitable question: which
of these two types of carriers are responsible for superconductivity? Our detail analysis of the
Hall carrier density and superfluid density from literature, for the two single-layer cuprates:
TL,Ba,CuOy,; and La, Sr CuO,, enabled us to postulate an empirical relation, which leads
to a striking conclusion that, contrary to expectations from the conventional BCS theory,
the superconductivity in the selected overdoped cuprates stems from the non-quasiparticle-
like carriers [2]. If the proposed empirical relation is found in other members of the cuprate
family and related materials, this will potentially shift the paradigm of the high-temperature
superconductivity.
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With the aim of improving the critical current density of bulk cuprate superconductors char-
acterised by high anisotropy, which is often limited by grain boundary weak links, we apply
alternative synthesis techniques to increase the ceramic density and improve grain boundary
quality.

Polycrystalline ceramic samples of the Nd, .,Ce,,;CuO, superconductor were made by
means of freeze-drying followed by high temperature sintering and post annealing in vacuum.
The ceramic density reached 90 % of the theoretical density. The onset critical temperature
and the critical current density depends on the duration of the vacuum annealing treatment.
For 2.5 h annealing, the critical temperature is 23.5 K, while the self-field critical current
at 5 K reaches 4450 A/cm?, a value that is significantly higher than previously reported for
standard solid state preparation techniques.

On the other hand, La, ¢,Sr,,,CuO, ceramics made by consolidating pre-reacted powders
by means of spark plasma sintering, can achieve near 100 % density when the treatment is
conducted under vacuum. While as-treated samples show degraded superconducting char-
acteristics, a post-annealing treatment results in significant grain growth and yield critical
current densities of the order of 103 A/cm? at 5 K. For both types of compounds, the achieved
values are higher than would be expected for non-textured polycrystalline ceramic pellets.
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All Solid State Batteries are currenctly developed at high pace. They have the potential to
increase the energy by facilitiating the use of metallic lithium as the anode. Among other,
strong efforts were made in developing suitable electrolytes, designing cells and increasing
the compatibility between the different battery components.

In contrast, recycling of such battery systems is in the early steps, also related to the fact
that end of life batteries are not available at large extent. In this contribution, potential recy-
cling studies will be discussed for the different classes of solid electrolytes. Apart from the
recovery of elemental ressources, we will explain how suitable recycling approaches could
be designed to create energy efficient processes. Further, concepts on how to make batteries
more recyclable by design will be elaborated.
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Solid oxide cells (SOCs) provide a mature alternative to conventional power-generation
sources to achieve the EU carbon-neutrality goal for 2050. However, the full deployment of
SOC:s is still hindered by the lack of efficient, scalable and cost-effective end-of-life (EoL)
strategies that enable managing and valorizing waste products derived from cell operation
and avoiding their disposal.

As the SOCs market is foreseen to remarkably increase shortly, the recovery and re-use of
critical and high-cost materials is crucial to enable large-scale production and overall sustain-
ability of SOC-based technologies. In this work, strategies for possible recycling routes of
high-temperature SOC cell components (yttria, zirconia, Ni, La and Co materials) and cell
re-manufacturing are presented and discussed.

A single-step recycling process optimized for the Ni-YSZ electrode components of EoL
SOCs is described and upscaled from the lab scale to a pilot plant, enabling to target of
the quantity required for the manufacturing of new SOCs containing 30 wt% of recycled
material. The disaggregation of the Ni-YSZ composite and the selective extraction of Ni
(recovered in the form of NiO) was achieved by treating the cell components inside a hy-
drothermal reactor in the presence of low-concentrated (0.6-1.0 M) HNO3 solutions, thus
combining hydrothermal treatment and acid leaching. The processing parameters, including
temperature, time, acid concentration, and solid/liquid ratio were optimized considering their
mutual interactions to maximize the overall efficiency of the process, therefore minimizing
waste flows, energy consumption and costs. Re-manufactured cells containing 30 wt% of
recovered ceramic powders were electrochemically and mechanically characterized for com-
parison with standard virgin SOCs.
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The overall strategy for recovery and reusing materials from EoL cells,
Ni-YSZ composite powder dismantled from EoL cells and recycled YSZ after hydrothermal and
leaching treatment
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Ceramic sanitary ware is a branch of the industrial ceramics industry and is the name given to
vitrified products such as sinks, toilets, cisterns, bidets and urinals used in bathrooms, toilets
and kitchens.

Ceramic sanitary ware production is a labor-intensive process, and therefore process waste
is generated at every stage. The sludge is prepared in the production departments and taken
into large stocks and delivered via pipelines to small bench stocks in the foundry benches
where the shaping process will be carried out.After the shaping process, drilling, removal of
excess, and retouching operations are applied. The product is dried by taking it into box type
drying cabinets and then it is subjected to the glazing process after final checks. Glaze is pre-
pared in the glaze production unit and delivered to the glazing units mostly with IBC tanks.
Unfired process wastes are generated in all processes up to the firing stage. For example,
mill and sieve washing water in the sludge production unit, wet pieces formed in the shap-
ing unit, semi-products cracked from the drying cabinet and products broken during glazing
are examples of unfired process waste. After glazing, the products are placed on wagons and
subjected to the firing process in kiln. At the end of firing, some of the products are classified
as poor quality "rejects" due to defects such as cracks, deformations and parts on the product.

The mentioned wastes can be used to produce some of the same types of products in the
same campus where the waste was generated, contributing to the circular economy. In the
relevant study, studies carried out with the aim of recycling waste into prescriptions are in-
cluded.
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SiC,/SiC Ceramic Matrix Composites’ retained strength dependence
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Silicon Carbide-based Ceramic Matrix Composites (CMCs) are attractive materials for
use in high-temperature structural applications in the aerospace, power generation, and
nuclear industries. Thermomechanical loading and environmental exposure can degrade
CMCs’ strength and life. The history of testing conditions influences the dominant dam-
age mechanism(s). Consequently, chemical vapor infiltration (CVI) SiC/SiC ceramic matrix
composites (CMC) incorporating Sylramic™-iBN or Hi-Nicalon™ S SiC fibers coated with
boron nitride (BN) interphase and CVI-SiC matrix were exposed to a range of oxidative
environments, mechanical loads, and elevated temperatures (2200 - 2700°F). Next, samples
were evaluated via room temperature fast fracture tensile tests to determine residual prop-
erties, with the use of acoustic emission (AE) to assess stress dependent damage initiation
and progression. Microscopy of regions within the gage section of the tested specimens was
performed. Observed material degradation mechanisms are discussed.
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events and programs that supported increasing TRL to 5
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While ceramic matrix composite (CMC) research and development has been in progress
in the United States (U.S.) for over 40 years, it was not until 2016 that CMCs began flying
in the hot sections of commercial aircraft turbine engines as HPT (high pressure turbine)
shrouds in the CFM International LEAP (Leading Edge Aviation Propulsion) engine. This
presentation will review the evolutionary process that occurred in the U.S. which led to the
emergence of melt infiltrated (MI) SiC/SiC composites as the high temperature, nonmetal-
lic material of choice for replacing metallic hot section components. The significant impact
of U.S. Government-led programs that were focused on the development and application
of CMCs, such as the NASA (National Aeronautics and Space Administration) Enabling
Propulsion Materials (EPM) and Ultra Efficient Engine Technology (UEET) Projects and the
DOE (Department of Energy) CFCC (Continuous Fiber Ceramic Composite) and Advanced
Turbine Systems (ATS) Programs, and the contributions made by a range of organizations in-
cluding those from other countries which helped advance SiC/SiC technology are discussed.
The content of the presentation was obtained from selected open literature from the past 40+
years and from researchers who have been involved in efforts to develop and apply SiC/SiC
CMC:s in aircraft engines. In addition, the presentation provides information about the GRC
Hybrid SiC/SiC CMC system, as an example of a composite developed to address the need
for 2700°F capable CMCs for further increasing turbine engine efficiency.
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Ceramic matrix composites CMC are mainly developed for high temperature application in
severe environments. One enthusiastic application has been identified in the field of aero-
engines. By the use of SiC/SiC composites higher temperatures in the gas turbine can be
achieved leading to higher efficiency. Additionally SiC/SiC come with a longer lifetime un-
der critical conditions helping to make a gas turbine equipped with CMC even more attrac-
tive. With a consumption decrease of 10% with same performance the use of CMC in an
aeroengine contributes already quite effectively on the reduction of the carbon footprint of
airplanes.

Apart from the use phase it becomes also more and more interesting for the scientific
community to evaluate the manufacturing of CMC parts along the whole processing chain
considering environmental aspects. In our approach we develop a method to evaluate the
environmental footprint of SiC/SiC manufacturing considering the liquid silicon infiltration
(LSI) route. For this approach we establish first life cycle assessment (LCA) results on envi-
ronmental impacts of the CMC production by correlating properties with environmental im-
pacts during processing. The goal is to find a suitable tradeoff between individual properties
and according manufacturing environmental impact. With this approach one can define the
process of CMC as efficient as possible and correlate the process steps with the mechanical
properties. With these so-called Pareto-efficient correlation one can deccide which process
parameters lead to the best properties when environmental aspects are considered.

This work is leading to the design of — how we call it — “Sustainable Ceramic Matrix Com-
posites” (SCMC) where the issues of LCA and circularity of the CMC are taken into con-
sideration. The presentation will explain the overall approach and will show how data col-
lected during manufacturing are correlated with mechanical properties and can furthermore
be crosslinked with life cycle assessment approaches for more sustainable manufacturing.
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In space propulsion and atmospheric re-entry applications, the use of ceramic matrix com-
posites requires improved oxidation resistance, such as UHTC matrices. Oxidation tests to
simulate atmospheric reentry are mainly carried out with an oxyacetylene torch. However,
only characterizations of the sample after oxidation or destruction tests are available in the
literature. For the understanding of the aging mechanisms, the kinetic of generation of the
oxide layer and the establishment of a degradation front, are difficult to extract. Indeed, these
data are for one single aging time, after a quenching, resulting to a sudden cooling with stop
of the thermal flux.

Thus, we propose to simulate an atmospheric re-entry by characterizing a composite in
situ during an aging test, using X-ray tomography. To do this, an oxyacetylene torch is placed
in a synchrotron X-ray beam to observe the change in the morphology and nature of material
phases during the tests. The scientific advances will allow the understanding of oxidation
mechanisms from a real time monitoring at ultra high temperature of the global behaviour
and will constitute a reliable database for future modelling and numerical simulation activi-
ties on the behaviour of these materials.
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Lightweight, oxide/oxide ceramic matrix composites (OxCMC) are attractive materials for
exhaust gas exposed turbine engine components. Despite many favorable physical-chemical
properties, their limited high-temperature mechanical strength and creep resistance, but also
limited knowledge on their aging behavior are frequently obstacles for their application in
demanding environments and high-performance applications. Moreover, reproducible and
scalable manufacturing processes are considered mandatory to exploit the full potential
of OxCMC. Various studies on OxCMC consisting of different oxide fibers and matrices
based on Al,O, and mullite were performed to identify key degradation effects and possible
mitigation strategies. Chemical modification of oxide matrices as well as the application of
thick thermally sprayed protective coatings revealed the potential for increased application
temperatures. In terms of OxCMC manufacturing technologies, DLR’s recently introduced
vacuum-assisted textile infusion processes IFOX offer promising time- and cost efficiency
manufacturability as well as improved material properties with low scattering.
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SiC ceramics are being considered as a material to be applied in high-temperature and high-
radiation environments due to their excellent high temperature strength, chemical stability
and radiation resistance. SiC/SiC composite reinforced with SiC fiber has the advantage
of improving the catastrophic failure of monolithic SiC ceramics, thus expanding its appli-
cation range to parts of various shapes for extreme environments. Researches on SiC/SiC
composites and SiC coatings has been conducted at Korea Atomic Energy Research Institute
(KAERI) over the past 20 years, focusing on components for high-radiation environments
and high-temperature gas turbines, and is still ongoing. Major nuclear components to which
SiC composites will be applied include nuclear fuel cladding tubes for advanced light water
reactors, core components for next-generation nuvlear reactors, and TRISO coated nuclear
fuel particles. Since high purity characteristics are very important specifications in nuclear
applications, chemical vapor deposition (CVD) and chemical vapor infiltration (CVI) pro-
cesses were mainly developed as manufacturing process. In addition to the nuclear applica-
tion of SiC composites, KAERI expanded its research area by utilizing the developed CVD
and CVI processes and applied them to the development of components for high-temperature
gas turbines. In this presentation, the manufacturing characteristics, mechanical properties
and performance evaluation results of SiC coated SiC and SiC/SiC composites manufactured
based on CVD and CVI will be briefly introduced.
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The consumption of fossil fuels and CO2 emissions must be further reduced to meet the Paris
Agreement 2015 and goals of Flightpath 2050. In order to allow a higher temperature in the
core part of jet engines, lightweight and high temperature resistant materials such as damage
tolerant ceramic matrix composites (CMC) are under development. SiC/SiC based CMC
with BN/SiC fiber coating and SiC matrix mostly produced by CVI process meet the material
requirements in hot turbine sections. However, the disadvantage of CVI is the very long in-
filtration cycle and the remaining closed porosity in the matrix. To overcome these problems,
MI with silicon in porous fiber preforms offers the possibility to generate a dense matrix and
to reduce the high production costs of CVI processing. Since the silicon melt is very cor-
rosive, the challenge is to protect the SiC fiber and its functional fiber coating from reaction
with silicon and degradation during infiltration to achieve a high strength of the final CMC.
For the study within the HotTurb project [1], we used single fiber tows based on Hi-Nicalon
type-S instead of expensive textile preforms to investigate parameters during the MI process.
Similar experiments investigating the strength of single SiC fiber tows, but only infiltrated
with CVI SiC matrix, were performed in [2, 3]. In our experiments, we prepared ~60 mm
long single rovings by matrix slurry infiltration, pyrolysis and final silicon MI. A water based
low viscosity slurry containing SiC particles was used as the primary matrix [4]. For the in-
filtration experiments, several parameters such as coating thickness and furnace temperature
were varied. Finally, a specific furnace setup and equipment were designed to perform uni-
form MI at low temperatures, preferably < 1420 °C. The fiber coating as well as the number
of filaments of the tows which survived the process were examined by light microscopy. The
tensile tests of the tows were performed using a Hegewald testing machine, and the frac-
ture surface was examined by SEM. It could be shown that a certain coating thickness and
other infiltration parameters must be adjusted accurately to avoid fiber and functional coat-
ing degradation during the silicon MI process. Moreover, for the in-situ characterization of
the minicomposites, a specific high-temperature furnace is being developed enabling in-situ
observation of the microstructure and crack formation under mechanical loading.
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The ablation behavior is crucial to the application of carbon fiber reinforced silicon carbide
(C/SiC) composites in thermal protection systems of spacecraft to enter the atmosphere or
to cruise hypersonically in near space. Plasma wind tunnel is a suitable tool to simulate the
service conditions of space vehicles. In this study, we systematically studied the ablation
behaviors of C/SiC composites in plasma wind tunnel. The oxidation behavior of C/SiC
composites in plasma is discussed. The results indicated that the oxidation under atomic
oxygen condition dominated at low heat flux and stagnation pressure; however, rapid reces-
sion mechanism by sublimation and decomposition of SiC was observed at high heat flux and
stagnation pressure. The temperature jump phenomenon during the ablation performed under
high heat flux and stagnation pressure was attributed to the exposure of the carbon fibers to
the plasma flow after consumption of the SiC coatings.
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(a) Typical screenshot for the video recording of sample in plasma flow. (b)Temperature versus time curves
obtained from plasma wind tunnel testing of the C/SiC samples, where surface temperature jump is not
observed and (c) surface temperature jump is clearly observed, respectively. (d) Normalized erosion rate as
a function of oxidation temperature in the logarithm form.
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For over 3 decades, GE Aerospace and GE Research have been heavily invested in the de-
velopment and commercialization of CMCs for applications in turbine engines. While the
best-known product is the melt infiltrated SiC/SiC in the CFM LEAP and GE9X engines, GE
now commercially produces Ox/Ox, C/SiC, and SiC/SiC CMC:s for a variety of applications.
Challenges experienced in taking CMCs from laboratory development to full-scale industrial
manufacturing will be discussed along with potential future opportunities for CMCs.
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Environmental barrier coatings (EBCs) having excellent resistance to a Ca-Mg-Fe-Al-Si-O
melt (CMAS) at temperatures above 1300 °C are required to promote practical applications
of SiC fiber-reinforced ceramic matrix composite parts in next-generation engines. However,
systematic design guidelines for mitigating against CMAS attack have not yet been proposed.

In this study, for nine kinds of model EBCs that have excellent water volatilization re-
sistance at high temperatures, a thermodynamic descriptor ¥ that indicates the reactivity
between an EBC and CMAS at 1400 °C was proposed. A model EBC disk with a CMAS
pellet was placed in a furnace held at 1400 °C and then removed after 20 h to suppress crys-
tallization and/or separation of the CMAS phase during heating, and crystallization from the
residual CMAS melt during cooling.! The thickness of the corroded layer was then measured
from SEM images of the cross section of the CMAS-YbAG disk pair, and the microstructure
of the corroded layer was observed using energy-dispersive X-ray spectroscopy, electron
backscatter diffraction, and transmission electron microscopy. Fig. 1 shows the relationship
between ¥ and the corroded layer thickness for each EBC. The logarithmic thickness de-
creased linearly with increasing ¥, demonstrating that ¥ is an extremely effective indicator
for predicting the optimal structure of EBCs to achieve excellent CMAS resistance.
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Figure 1. Corroded layer thickness for EBCs as function of y at 1400 °C for 20 h.
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The upper use temperature of current environmental barrier coatings (EBCs) for ceramic
matrix composites (CMCs) is limited by the low melting point of Si bond coat (1414C). The
next generation CMCs, with up to 1482C (2700F) temperature capability, require a new EBC
with a higher temperature bond coat. Oxide-based bond coats are a logical option to replace
the current Si bond coat due to their high melting points. Plasma spraying is the most widely
used EBC manufacturing process. A slurry process has been developed as an alternative pro-
cess, whose benefits include non-line-of-sight process capability and low cost.[1] Another
benefit of slurry process is the fast turnaround time that allows a rapid exploration of a vast
spectrum of complex oxide chemistries. Oxidation is the most critical life-limiting degrada-
tion mode for EBCs. Oxidation-induced EBC failure is due to the stresses caused by the SiO,
oxide scale. The reversible phase transformation of SiO, scale between [ | and [| cristobalite
at ~230C in thermal cycling and the mismatch in thermal expansion between SiO, scale and
EBC are the main contributors to the stresses. Longer EBC life, therefore, requires slower
oxidation rates. This paper will discuss the oxidation kinetics of slurry EBCs comprising an
oxide bond coat and the key variables affecting the oxidation kinetics.
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High entropy oxides (HEOs) have attracted great interest in recent years because of their
unique and tunable properties. They were first mentioned in 2015 by Rost et al. [l proposing
the composition (Mg,Ni,Co,Cu,Zn)O with the five cations in equiatomic proportions on the
cationic site in the NaCl structure. Like high entropy alloys, HEOs consist of five or more
cations in approximately equal amounts distributed (statistically) on one or more sublattice
sites, resulting in a configurational entropy S, larger than 1.5 R . The high configuration-
al entropy affects the materials characteristics due to the cocktail effect, sluggish diffusion,
and lattice distortion.

In terms of application as TBC materials, HEOs are promising because the high configu-
rational entropy results in improved phase stability at high temperatures. Due to the different
cations, phonons are additionally scattered, which leads to a reduction of thermal conductiv-
ity. However, there is a lack of systematic studies regarding phase formation, stability, and
properties.

In this work, high entropy zirconates with the general formular A,Zr,O, and up to nine
different cations in equimolar amount on the A site were investigated ?. The composition has
been varied systematically to evaluate its influence on crystal structure and material prop-
erties. Phase formation, phase stability, thermophysical properties and corrosion resistance
were investigated. The results support the idea that HEOs are promising TBC materials.

Figures

Illustration of the idea of replacing the cation on the A site of A,Zr,0, with five in equimolar composition.
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Rare-earth silicate based Environmental Barrier Coatings are now used to protect SiC fiber
reinforced SiC composites from environmental damage during high temperature operation
in engines. Due to the large differences in vapor pressures between silica and the rare-earth
oxide, the coating formed by plasma spray is invariably affected by stoichiometric changes
induced by the plasma spray process. This in turn affects the thermo-structural properties of
the system with concomitant implications on coating performance and durability. Further-
more, the as-sprayed materials preferentially form an amorphous phase due to the high glass
transition temperature of silicates and sluggish viscosities. As such much of the coating is
metastable require careful heat treatment of the substrate coating system to minimize thermal
stress and associated cracking.

In this presentation, insights gained through fundamental research on process-stoichiom-
etry-phase-structure-property linkages is critically analyzed for different EBC chemistries
along with deliberate variations in process conditions to provide a framework for fundamen-
tal description of the deposition process and post-spray thermal treatments. Performance of
coatings in controlled moisture testing and in select CMAS exposures will be presented.
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Ammonia (NH,) is expected to be an alternative fossil fuel for power generation. Ammonia
has several advantages as a carbon free hydrogen carrier such that the weight ratio of hydro-
gen is 18%, which is higher than a conventional hydrogen absorbing metal and that it can be
liquidized at -33 °C or at room temperature under 8.5 bar, which is convenient for transporta-
tion. Recently, a two-stage rich-lean combustion has been proven to suppress unburn NH;, as
well as NO, below a practical level, which accelerates the combustion research to realize pure
ammonia gas turbine for power generation'?. However, ammonia fuel-rich environment at
the first stage combustor can create a reduced atmosphere at high temperatures, which may
lead a deterioration of metallic and ceramic materials. In this presentation, we will overview
our recent development of ammonia gas turbine power system. Then, our recent research to
investigate such a degradation under ammonia reduced atmosphere will be mentioned. Sev-
eral metallic substrates as well as CoNiCrAlY coating deposited by high-velocity oxy-fuel
flame spraying were tested under 10-20%-NH, diluted by N, at elevated temperatures. The
nitridation and subsequent degradation occurred, but they did not happen monotonically with
temperature and time. The existence and role of alumina layer will be discussed together with
the nitridation of metallic components, which will give some implications for thermal barrier
coating system for ammonia combustion gas turbines.
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SiC,/SiC composite engine components critically requested high-performance environmental
barrier coating (EBC) that can withstand harsh thermal and chemical attacks against combus-
tion environment. Typical EBCs provide reliable protections to SiC/SiC components up to
the surface temperature of 1300°C. However, EBCs failed capability of corrosion resistances
to hot steam and molten CaO-MgO-Al0,-Si0, (CMAS) deposit at higher temperatures, as
well as the phase instability and amorphization during atmospheric plasma spray fabrication.
To address these critical challenges, we adopted effective multilevel design, including phase
regulation and microstructure modification of rare-earth silicate EBC. The developed EBCs
showed significantly enhanced reliability and support the advancement of SiC/SiC compos-
ite engine components.
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Multi-entropy ceramics, including high-entropy ceramics, present a vast and largely unex-
plored compositional space for materials innovation. The recent advent of entropy engineer-
ing in rare earth (RE) silicates has opened up expansive compositional avenues in the devel-
opment of advanced thermal environmental barrier coating (TEBC) materials for SiC-based
ceramic composite components within the hot sections of gas turbine engines. This approach
provides the ability to finely tune thermal conductivity, resistance to CMAS (calcium-mag-
nesium-aluminosilicate), and water vapor resistance at elevated temperatures.

Nevertheless, achieving targeted characteristics through entropy-driven compositional
design within specific RE silicate structures, such as monosilicate RE,SiO,, apatite silicate
RE, ,,(Si0,)0,, and disilicate RE,Si,0,, poses a significant challenge due to variations in
coefficient of thermal expansion (CTE) arising from different combinations of rare earth ele-
ments (monosilicate: 5.5-10.3 x 107¢ KA1; apatite silicate: 8.7-10.8 x 1076 KM!; disilicate:
4.3-5.2 x 10~ KM,

Here, we propose a universal design principle based on the ionic features of RE elements.
Employing this principle, a series of novel medium-entropy RE silicates have been syn-
thesized, encompassing monosilicate, apatite silicate, and disilicate structures. Systematic
investigation of thermal conductivity and thermal expansion behavior across various lattice
structures of these medium-entropy silicates has been conducted. The underlying thermody-
namic mechanisms have been elucidated through advanced microscopy techniques including
SEM-EDS, FIB, and TEM.

Ultimately, employing this design principle, a five-component equimolar monosilicate has
been successfully synthesized, marking a significant advancement in tailoring RE silicates
with desired characteristics for applications in thermal environmental barrier coatings.
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Environmental barrier coatings (EBCs) are needed to protect SiC{/SiC ceramics from degra-
dation advanced modern gas turbines. The EBCs with thermomechanical robustness against
calcium-magnesium-aluminum-silicate deposits are in high demand. The thermochemical
equilibrium between rare-earth oxides and calcium-magnesium aluminum-silicate deposit
was investigated at 13000C. The primary goal was to understand the influence of rare earth
constituents on crystallization behavior of reaction products. The variation of rare earth con-
stituents results in the transformation of crystalline products from apatite/silicocarnotite to
garnet/diopside, which accelerates the consumption of CMAS melt and facilitates corrosion
mitigation. A pseudo-ternary phase diagram was established, which had a great potential to
describe phase equilibrium in coating-deposit systems and could provide guidance for com-
positional design of corrosion-resistant coatings.
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Micro/nano mechanical testing of high - entropy ultra - high
temperature ceramics.
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Keywords: high entropy ceramics, nanoindentation, micropillar/cantilever tests

The deformation and fracture characteristics of different ultra — high temperature high entropy
ceramics — carbides, nitrides, carbonitrides, dual — phase systems, etc, were investigated con-
nected with the processing routes and nano/micro mechanical testing of these systems. The
microstructure and fracture characteristics were investigated using X-ray diffraction (XRD),
scanning electron microscopy (SEM) in combination with electron back scattered diffraction
(EBSD) and transmission electron microscopy (TEM). Atomic structure and local chemical
disorder was determined by means of scanning transmission electron microscopy (STEM) in
conjunction with energy dispersive X-ray spectroscopy (EDS. Depth-sensing nano-indenta-
tion of individual grains of bulk systems has been applied to study the nano/micro hardness
and deformation characteristics. Micro-compression test of micropillars prepared by focused
ion beam from oriented facets of grains were studied. During micro-cantilever tests in bend-
ing deformation and fracture characteristics of individual grains and grain boundaries have
been investigated. The hardness values of differently orientated grains showed significant
angle dependence. A strong influence of the grains orientation on compressive yield stress
and rupture stress values was found during the micropillar test, too. The active slip systems
for individual systems have been recognized. The bending strength of micro-cantilevers was
strongly dependent on the character/size of the present fracture origins which were in all
cases in nano-metric range. The fracture toughness of the individual grains and grain bound-
aries were investigated, too.
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Some selected stress—effective strain curves of microcantilevers with the correspond-
ing three main fracture origins as a,d) grain boundary, b,e) volume defects in highen-
tropy carbide grains and c,f) surface defects of beams in high-entropy boride grains.
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Dissimilar brazing of Al,O, ceramic and copper using AgCu-(Sn, Ti, Zr)
interlayer

Sri Harini Rajendran, Chul Hwa Jung, Jun Ho Ku, Jae Pil Jung”
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Dongdaemun-gu, Seoul 02504, South Korea
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Keywords: active brazing, alumina, copper, AgCu

Ceramics find diverse applications in electric vehicles, aerospace industries, nuclear and
chemical-powder plants. Despite their potential across various sectors, incorporating ceram-
ics into intricate shapes presents lots of manufacturing and economic challenges. The concept
of joining ceramics to metals emerged as a promising strategy to address these existing dif-
ficulties in the manufacturing process. The fusion of metals with ceramics imparts comple-
mentary properties that neither material possesses individually. However, achieving a robust
joint interface between ceramics and metals poses numerous obstacles. The properties of
ceramics and metals fundamentally differ in terms of bonding nature, as well as chemical and
physical attributes. Metals exhibit a metallic bond with free electrons, while ceramics form
covalent or ionic bonds with highly stable outer-shell electrons. Therefore, molten metal does
not wet the ceramic surface, thus limiting the prerequisite condition for joining, i.e., estab-
lishing intimate contact between ceramic and metal surface. Furthermore, the substantial dif-
ferences in physical properties, such as elastic modulus, strength, and Coefficient of Thermal
Expansion (CTE) mismatch between ceramics and metals, lead to significant residual stress
during cooling, impacting joint strength. Various methods for ceramic-to-metal joining exist,
including adhesive bonding, active metal brazing (AMB), diffusion bonding, and transient
liquid-phase bonding. AMB, owing to its simplicity and favorable joint properties, stands
out as the widely adopted ceramic—metal joining technique. This process involves brazing
ceramic—metal surfaces using an Active Braze Alloy (ABA) in a vacuum furnace.

In this study, we focused on evaluating the influence of Sn, Ti and Zr in a Ag-Cu filler
metal for brazing a Cu/Al,O, joint. Optimal wettability of alumina was achieved with a 5
wt% Sn content. The microstructure of the brazed joint revealed an Ag-rich matrix, a Cu-rich
phase, and observed Cu-Ti intermetallic compounds along the bonded interface. Notably,
intermetallic compound (IMC) formation in the filler increased as the Sn content approached
10 wt%. The shear strength of the brazed joint exhibited an increase with Sn content up to 5
wt%, peaking at approximately 15 MPa. However, strength diminished when the Sn content
exceeded 5 wt%. The effect of Zr was also briefly examined, and the brazability of the Cu/
Al,O, was improved with the dual addition of Ti and Zr to the AgCuSn interlayer.
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Effect of Y,0,-RE,O,(RE=Nd, Sm, Tb, Dy, Tm)-MgO additives on
mechanical and thermal properties of silicon carbide ceramics

Minsu Heo, Hyun-Sik Kim", Youg-Wook Kim"

Department of Materials Science & Engineering, University of Seoul, Seoul, South Korea
“E-mail: hyunsik.kim@uos.ac kr, ywkim@uos.ac.kr

Keywords: SiC, flexural strength, thermal conductivity, rare-earth oxides

Newly developed SiC ceramics incorporating Y,0,-RE,O, (RE = Nd, Sm, Tb, Dy, Tm)-MgO
additives were hot-pressed at 1900 °C under 35 MPa for 3 hours in nitrogen, achieving rela-
tive densities > 98.7%. Among these, the composition containing 0.747 wt% Y,0,, 1.233
wt% Dy,0,, and 0.551 wt% MgO exhibited the highest flexural strength of 943.8 + 101.5
MPa at room temperature. Thermal conductivities ranged from 87.9 to 125.2 W/m-K, with
the highest value observed in the composition containing 0.756 wt% Y,0,, 1.235 wt% Tb,0;,
and 0.551 wt% MgO.
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Densification and mechanical properties of boron carbide ceramics
reinforced with silicon carbide fibers

Branko Matovié

Centre of Excellence-CextremeLab Vinca, Inst. of Nuclear Sci., National Inst. of the Republic of
Serbia Vinca, Univ. of Belgrade, Serbia
E-mail: mato@vinca.rs

Keywords: B,C-SiCf ceramic composite, SPS densification, microstructure, mechanical properties,
ablation resistance

Boron carbide ceramics reinforced with silicon carbide fibers (B,C-SiCf) were fabricated
through spark plasma sintering, incorporating varying SiCf content ranging from 2.5 to 10
wt.%. The B,C-SiCf mixtures underwent heat treatment using the Field Assisted Sintering
Technique (FAST) for Spark Plasma Sintering (SPS) at temperatures of 1800°C and 2000 °C
for 5 minutes, applying a pressure of 70 MPa in an argon atmosphere. Heating and cooling
rates were set at 100°C/min and 50°C/min, respectively. The study investigated the influence
of the initial powders ratio on the sintering behavior, relative density, microstructural devel-
opment, and mechanical properties of the composites.

Results indicated that the sintered ceramic materials contained only the initial compounds,
namely B4C and SiC phases. Scanning Electron Microscopy (SEM) micrographs illustrated
that the sintered composites consisted of densely compacted B,C and SiC grains, exhibiting
a uniform distribution of both phases.

The highest relative density (> 99%) was achieved in the sample with 95% B,C and 5%
SiCf, sintered at 2000 °C. The composites demonstrated microhardness values ranging from
31 to 43 GPa, depending on the constituent content and densification temperature. The maxi-
mum microhardness was attained in the composite with 95% B,C, sintered at 2000 °C.

To assess the composites' performance under extreme conditions, the ablation resistance
was evaluated using a flowing oxyacetylene torch test. The material containing 5 wt.% SiCf
exhibited superior ablation resistance compared to other compositions investigated. The
study concluded that the SPS technique proves highly effective for densifying additive-free
B,C-SiCf ceramic composites, showcasing promising properties for applications in extreme
radiation environments.
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Effect of electric field/current on high-temperature behavior of 8YSZ
polycrystal
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Keywords: flash event, crack healing, creep, diffusion, 8YSZ

Flash event", which is a unique behavior occurring when an electric field larger than a critical
value is applied to a ceramic green compact, can succeed to lower the sintering temperature
of ceramic powder compacts. Currently, it is confirmed that the flash event effectively works
also to high temperature behavior of bulk ceramics, such as deformation,>® joining® and
crack healing®. Irrespective of the many research works, however, the effect of the electric
field/current on the high temperature processing is still unclear. The present study, therefore,
was carried out to make clear the effects of i) the DC/AC electric currents/fields® and ii) grain
size” on the high temperature behavior under the flash event using polycrystalline zirconia
ceramic (8Y-CSZ) as a reference material.

Although the high-temperature behavior was accelerated by the flash event significantly
more under the AC field than under the DC field. For example, although the crack healing
occurs even under the static annealing without the electric field, the healing rate was 4 times
faster than that of the static annealing without electric current/field.® Under the flash event,
the high-temperature behavior is apparently accelerated in fine grained 8Y-CSZ than in coarse
grained one, suggesting that the grain boundaries play an important role in the flash event.”
The enhanced processing cannot be explained only by the thermal effect caused by Joule
heating, but non-thermal effects caused additionally by the flash event. Especially, the high-
temperature behavior under the flash event would be accelerated through the field/current-en-
hanced diffusional processes, especially through the grain boundary diffusivity of the cations.
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Oxidation mechanisms of multicomponent carbide ceramics
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In this study, we take the (Hf,,Ti,,Zr,,Ta,,Nb,,)C (HTZTNC) and (Hf, ,;Zr,,;Ta,,sNb, ,)C
(HZTNC) as typical samples to investigate their oxidation rate-controlling step and the fac-
tors to determine the oxide morphologies. The results indicate that the outward diffusion of
metal-containing substances is the rate-controlling step for HTZTNC with the generation of
high-pressure TiO during prolonged oxidation, while the inward diffusion of oxidant is the
controlling-step for HZTNC, in which the vapor-pressure of corresponding metal-containing
oxides are too low to diffuse out. The elements in the resultant oxide during oxidation shows
gradient distribution, which is consistent to a preferential oxidation order driven by the oxi-
dative free energy of each element. The vapor pressure of elemental oxidation can also have
an important effect on the structure of the oxide layer. It is also noted that the rapid growth
of oxide scale in HZTNC ceramics accumulates oxidative stress due to the lack of continu-
ous outward diffusion of the element, leading to eventual fracture with prolonged oxidation.
Herein, it is concluded that the rate-controlling step for oxidation of multicomponent carbide
ceramics is determined by the vapor-pressure of the corresponding metal-containing oxides,
and the oxide morphologies are determined by both the chemical potentials for oxidation and
the vapor-pressure. This understanding could provide criteria to design the oxidation resis-
tance of multicomponent carbide ceramics.
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T2.5 ADvANCED POLYMER DERIVED CERAMICS (PDCs) AND RELATED
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Polymer-derived ceramic coatings for stainless steel corrosion resistance
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Corrosion of spent nuclear fuel storage canisters is a serious concern due to the deposition of
corrosive marine salts by inducing chloride-induced pitting corrosion. Ceramic coatings are
desirable options thanks to their high resistance to corrosive environments and good mechan-
ical properties. However, the interfacial compatibility with the steel substrate is a challenge.

In our work, SiON coatings were created using perhydropolysilazane (PHPS) on the weld
region and the base stainless steel region with different microstructures and compositions.
The influences of the weld and base steel compositions and microstructures on coating for-
mation, composition, microstructure, mechanical properties, and corrosion resistance were
investigated. The SiON coatings show a higher nitrogen content and a lower oxygen content
on the base metal than on the weld metal. Salt spray tests show that the differences in mechan-
ical properties and compositions on the weld and base steel substrates do not significantly
affect the function of the corrosion-protective coatings. However, when the coating thickness
is high, the corrosion resistance decreases. In addition, a SIOCN coating has been developed
based on polysilazane and polysiloxane preceramic polymers. The multilayer coating system
consists of a 600 nm thick SION bond coat, a 66 nm thick SiOC buffer layer, a 604 nm thick
SiONC main coat, and a 50 nm thick SiON/SiO, top coat. Coating compositions and struc-
tural evolution were analyzed. The SIOCN amorphous coating shows improved hardness and
reduced modulus than the SiON layer only. The coating can also be repaired after damage.
Our coating systems provide a new approach to extending the lifetime of nuclear waste con-
tainers in corrosive conditions and important guidance regarding the desirable coatings and
thicknesses for best corrosion prevention.

CMCEE14 / 18-22 August 2024 / Budapest, Hungary 204



Invited T2.5 Advanced Polymer Derived Ceramics (PDCs) and Related Materials ...

Figures

Acknowledgments
This work was financially supported by the US Department of Energy (Grant Number DE-NE0008963).

205 CMCEE14 / 18-22 August 2024 / Budapest, Hungary



T2.6 Sustainable Materials and Systems for Energy Efficient Building and Structures Invited

T2.6 SUSTAINABLE MATERIALS AND SYSTEMS FOR ENERGY EFFICIENT
BUILDING AND STRUCTURES

3D printed lightweight advanced building material from waste
glass-based geopolymer
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The production of Portland cement requires vast amounts of energy and raw materials. Un-
fortunately, it also generates a significant amount of CO,, which contributes to global warm-
ing. By 2020, the global cement industry is expected to produce 5.9 billion tons of cement,
producing over 4.8 billion tons of CO, emissions [1]. This is a concerning situation, and it is
urgent that we find ways to reduce CO, emissions from cement manufacturing. Notably, the
production of Portland cement alone contributes to 5-7% of all CO, emissions [2].

The solution to this problem requires the development of efficient building materials and
building processes. Lightweight constructions are increasingly used in construction sectors
because using low-density materials reduces the structural weight of products. Geopolymers,
mainly aluminosilicate materials produced from industrial by-products, are alternative build-
ing materials with low CO, emission, excellent properties, and high durability compared to
ordinary Portland cement. The geopolymer technology prvides a solution by using industrial
byproducts (waste) containing aluminosilicate phases with little negative impact on the en-
vironment. Combining different source materials containing aluminosilicate and alkali solu-
tions with optimization of curing temperature, alkali concentrations, additives, Na,O/SiO,
ratio, etc., gives geopolymer-like materials/cements good mechanical properties and a high
durability. Due to their mechanical properties and environmental benefits, geopolymer-like
materials appear as future prospective construction materials with applications in different
areas.

3D printing of building materials offers several environmental and economic advantages
by reducing construction errors, costs, time, and safety risks compared to conventional con-
struction systems. 3D printing process of lightweight geopolymer-like materials would be a
potential game-changer in the building industry. This study presents a method that utilizes
waste glass powders with an alkali solution (3-5 M NaOH) to produce a geopolymer-like
paste through direct ink writing 3D printing. A mixture of hollow and solid glass micro-
spheres was incorporated as fillers to enhance printability and adjust density. Additionally,
alumina-zirconia silica refractory (AZS) was included to investigate its impact on mechani-
cal properties. After printing, the samples underwent curing at 40°C for 48 hours, followed
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by a 14-day ambient temperature treatment. Subsequently, the printed samples were fired
at 800°C to evaluate their thermal behavior. The results demonstrated a favorable trade-off
between compressive strength and density in the printed samples. The fired samples trans-
formed into lightweight glass ceramic foams while keeping their printed structure.
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Development of ceramic components for energy efficient combustion
technology for gas burner applications
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The conventional gas burners for domestic and commercial applications not only have low
thermal efficiency but emit harmful emissions into environment due to high presence of car-
bon monoxide & nitrogen oxide in flame. Investigations were carried on the development of
ceramic components for the replacement of metallic burner casing, metallic burner base, and
burners by the combination of ceramic materials like Silicon Carbide & Cordierite. A devel-
opment study on burners and their thermal efficiency was carried out on two types of porous
radiant burners (PRB). Thermal efficiency of both burners was found to be around 56-65%.

The carbon monoxide emission from PRB was found to be 54-58 ppm in comparison of
355-545 ppm of conventional burner system. NOx emission was 2.10 — 5.00 ppm for PRB
in comparison to 28-56 ppm of conventional burners. This work has been done as a mission
of clean energy & sustainable solution for LPG Gas burners & stoves. These burners are not
only energy efficient but also produces convection cum radiant heat & emits far infra-red
rays, which belong to the positive spectrum of light operating at a frequency bandwidth of
300GHz to 430-THz.

In both the burner systems, ceramic materials with low thermal expansion, high thermal
shock resistance and good thermal conductivity were used and assembly was developed.
Complete burner component system with the use of ceramics is eco-friendly in manufactur-
ing as well as in use.
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Nanostructured iron-based absorber and catalyst materials for solar
energy conversion
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Efficient conversion and storage of solar energy are crucial steps in the establishment of a
renewable and carbon neutral energy supply. Photocatalysis and photoelectrochemistry are
considered promising to make use of the large amounts of sunlight that reach the surface of
earth. They render the direct conversion of light into chemical energy possible, circumvent-
ing the problem of expensive energy storage using batteries that comes with the use of photo-
voltaics. In recent years, earth-abundant spinel ferrites have emerged as auspicious materials
for applications in photo(electrochemistry) and photocatalysis. They have the inherent ability
to absorb a large part of the visible light spectrum with band gaps around 2 eV, while being at
the same time stable against photocorrosion. To overcome their charge carrier limitations, my
group utilizes modern synthesis techniques to prepare nanostructured spinel ferrites.

In the last years, we have developed fast microwave-assisted sol-gel syntheses yielding
phase-pure spinel ferrite nanoparticles of e.g. MgFe,0,, CoFe,0O,, NiFe,O, MnFe,O, and Zn-
Fe,O, at temperatures as low as 170-200 °C.[1-4] The crystallite size can be tailored by post-
synthetic heat treatment, however the materials are already (partly) crystalline as-prepared,
with specific surface areas of around 200 m*g and good colloidal stability. Photocatalytic
and electrocatalytic experiments will be presented, as well as the conversion of some spinel
oxides into sulfides, e.g. pendladites.[5] A new direct microwave synthesis for nickel-iron
sulphide nanosheets for electrocatalytic CO, reduction will also be presented,[6] as well as
a novel microwave synthesis for macroporous CaFe,O, foams for hydrogen generation.[7]
Recent results on using nickel-iron sulphide nanosheets as co-catalysts in photocatalytic hy-
drogen production will also be presented,[8] as well as the synthesis of high-entropy spinel
oxide nanoparticles at low temperature.[9]
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Photoelectrochemical water splitting using hematite-based photoanodes
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Hematite (a-Fe,O,) receives great attention as photoanode in water splitting devices due to its
abundance in nature, environmental friendliness, high photochemical stability, and a narrow
bandgap of 1.9-2.2 eV. Despite these favorable properties, a-Fe,O, is handicapped by short
excited-state lifetime, poor water oxidation kinetics, limited hole diffusion and subpar electri-
cal conductivity, leading to predominant electron—hole recombination in the bulk, interfaces,
and surfaces, thereby constraining PEC efficiency.

Several strategies exist to overcome the limitations of a-Fe,O,, including heterojunction
construction, doping, morphology advancement, and co-catalyst loading. In my talk, I pay
attention to these strategies and show examples on the possible outcomes of their combina-
tions.

First, the nuanced impacts of a thin co-catalyst layer over morphologically controlled,
doped or pristine a-Fe,O, will be introduced, in connection to surface states denoted as S1
(higher energy) and S2 (lower energy). We prepared isomorphous hematite nanoarrays with
a thin layer of amorphous copper oxide (CuOx), composed of a blend of Cu(I) and Cu(II)
species. Remarkably, we discovered that in pristine a-Fe,O,, the S2 state played a pivotal role
in activating the CuOx ad-layer for water oxidation. Notably, CuOx was activated indirectly
through the equilibrium with the S2 state, despite available, high-energy holes of S1. As a
result, in the case of Ti-doped a-Fe,O, devoid of the S2 state, the presence of CuOx caused
a loss of efficiency.

Second, we layered economically viable pyrolytic carbon nanotubes (p-CNTs) as solid-
state mediators to accelerate the charge transfer between the a-Fe,O, and the boron-doped
graphitic carbon nitride (B-C;N,) component of a type II heterojunction. This synergistic
combination resulted in a remarkable enhancement in photocurrent density compared to
pristine a-Fe,O,. The highest donor density could be confirmed for a-Fe,0,/B-C;N,/p-CNT,
compared to a-Fe,O, or a-Fe,0,/B-C,N,. Superstructuring the B-C,N, and p-CNT onto pris-
tine a-Fe,O, enhanced the charge separation and transfer efficiencies, moreover, mitigated
recombination losses. DFT calculations suggested the type II charge transfer mechanism
switched to enhanced Z-scheme type by simple deposition of p-CNT on a-Fe,O,/B-C;N,.

Achieving such cost-effective and efficient hematite-based photoanodes offers an opportu-
nity to fabricate tandem PEC devices for low-cost solar fuel production.
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