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2. ABBREVIATIONS AND SYMBOLS

uXRF — micro X-ray fluorescence spectrometry

A — Li-ion battery degradation rate, also known as the proportionality constant
AG - artificial graphite

AGA - artificial graphite A

AGC — artificial graphite B

BET — Brunauer-Emmett-Teller (theory of gas adsorption)
CCCYV - constant current, constant voltage

CE — coulombic efficiency

CIE — coulombic inefficiency (1 — CE)

DEC — diethyl carbonate

Delta V' — voltage hysteresis

DMC — dimethyl carbonate

DMOHC - dimethyl-2,5-dioxahexane carboxylate (dimethyl 2,5-
dioxahexanedioate)

DTD - ethylene sulfate (1,3,2-dioxathiolane 2,2-dioxide)
E, — activation energy

EC — ethylene carbonate

EMC — ethyl methyl carbonate

EV — electric vehicle

f— discharge capacity fade

GoF — goodness of fit

LFP — LiFePO4

LiFSI - lithium bis(fluorosulfonyl)imide

LiTFSI - lithium bis(trifluoromethanesulfonyl)imide
n — amount of substance in moles

NCxx — ball-milled NaAlHs and carbon black composite with “xx” wt% of
NaAlH4, e.g., NC60 is a NaAlH4/carbon black composite with 60 wt% of NaAlH4

NMC - LiNixMnyCoi-x-yO> positive electrode material
NPD — neutron powder diffraction

occp — deuterium isotope occupancy
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occy — hydrogen isotope occupancy

p — the equilibrium pressure of the adsorbate gas

p/po — relative pressure

po — the saturation vapor pressure of the adsorbate gas

pm2 — deuterium pressure

PES — prop-1-ene-1,3-sultone

PH2,dehydro — hydrogen pressure during dehydrogenation
PH2hydro - hydrogen pressure during hydrogenation
PXRD — powder X-ray diffraction

O(f) — capacity at time ¢

Qo — initial capacity

Q. — charge capacity

Q4 — discharge capacity

R — universal gas constant

Sget — specific surface area determined via the BET theory
SC — single crystal

SEI — solid-electrolyte interphase

T — temperature

¢t —time

taehydro — dehydrogenation time

Tehydro — temperature of dehydrogenation

THF — tetrahydrofuran

Thydro — temperature of hydrogenation

thydro— time of hydrogenation

Tmax — temperature of maximum H, release

TPD — temperature-programmed dehydrogenation
TTSPi — tris(trimethylsilyl) phosphite

UCYV — upper cut-off voltage

UHPC — ultra-high precision coulometry

VC — vinylene carbonate

Viot — total pore volume
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S — temperature ramp rate
Ac — charge endpoint capacity slippage
Ad — discharge endpoint capacity slippage

AMpalance — 10 an ex-situ gas volume measurement, it is the difference between the
mass measurement before and after cycling

AT — temperature ramp rate

AV — voltage hysteresis

AVol — change in volume of a pouch cell due to gas evolution
Pwater— density of deionized water at 20 °C (0.998 g mL™)

»— Arrhenius equation pre-exponential factor, also known as the frequency factor
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3. INTRODUCTION

Since 2022, the Russian invasion of Ukraine and the instability of the global
energy market, combined with the intense growth of energy demand, have created
an impetus for further energy independence and renewable energy solutions. In
the EU, this has given rise to the REPowerEU plan to eliminate dependence on
natural gas from Russia before 2030. This is in addition to the Fit for 55 package,
which is the implementation network for the EU Green Deal.! Fit for 55 aims to
reduce greenhouse gas emissions by 55% by 2030, reaching full climate neutra-
lity by 2050.2 Reliable, scalable, and efficient energy storage solutions are neces-
sary to integrate the rising shares of renewables. They balance supply and demand
daily and seasonally, enable peak shaving, back-up energy storage, and the use of
renewable energy for mobile solutions.'

Battery manufacturing is set to increase four to six times from current levels
by 2030.! Li-ion batteries dominate the energy storage market due to their high
energy density, efficiency, and technological and supply chain maturity. They
exhibit rapid response times and high cycling capabilities while remaining easy
to recharge and portable.>> However, they are not considered suitable for long-
duration energy storage due to the self-discharge and the amounts of energy
required. Hydrogen is considered more suitable for long-duration and seasonal
energy storage.’”’ Li-ion batteries also face increasing concerns around raw
material availability, sustainability, and ethical sourcing. The supply chain for
critical inputs like lithium, cobalt, and nickel is concentrated in a few countries,
raising concerns about environmental and social impacts.*’ Moreover, their de-
gradation over time, especially under extreme conditions and demanding cycling,
limits their operational lifespan. Limited lifespans result in production being
directed towards the replacement of existing energy storage capacity rather than
increasing it. Thus, research addressing longevity and recyclability is critical.'®

The Fit for 55 package aims to shift from fossil natural gas to renewable and
low-carbon gases, including hydrogen.'' There are many funding schemes to
support the transition to green energy and support regions that are affected by it,
such as the Just Transition Fund.'? In terms of energy storage, the electrolysis of
water during renewable energy overproduction is another way of balancing the
grid. Hydrogen is a flexible energy source that can provide multiple services in
both power supply and industrial processes." It is beneficial for long-duration
and seasonal storage. Its ability to store large amounts of energy over extended
periods makes it valuable for addressing the variability of renewable energy and
improving grid flexibility. Industrial uses include fertilizer production, other che-
mical industries, and metallurgy. Thus, the electrolytic production of hydrogen
using renewables and subsequent storage allows for saving excess renewable
energy for later use, which is critical to decarbonize hard-to-abate sectors.'*
Although hydrogen storage can supplement increased storage capacity, it faces
significant issues relating to efficiency, safety, and cost. Current H, storage
technologies involve liquefaction and high-pressure compression, which have
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low round-trip efficiencies and low volumetric energy densities and require cryo-
genic liquids or dangerously high pressures. Hydrogen embrittlement is also a
major issue. This means novel hydrogen storage materials, such as hydrides or
adsorbents, are necessary.'® All things considered, a combination of batteries and
hydrogen storage is necessary to cover all the aspects of integrating renewable
energy, exemplified by Toshiba’s H;One™ hydrogen-based autonomous energy
supply system. The latter combines a Li-ion battery, electrolyzer, hydrogen
storage tank, and fuel cell all in one system.'®!” Therefore, research and develop-
ment in both fields are critical.

This thesis is composed of seven publications that fall into two distinct topics.

1. Synthesizing a complex metal hydride-based hydrogen storage material, cha-
racterizing it, and preparing it for and studying it by in-situ neutron diffraction
(I-III). The goal was to lower the required operating pressures and tempera-
tures and understand the mechanisms and limitations of the H; storage system.

2. Developing a Li-ion pouch cell with liquid electrolyte that is operable in a wide
temperature range and especially at highly elevated temperatures (< 100 °C) for
the creation of a lifetime estimating model for long-lifetime cells (IV-VI).

In addition to featuring energy storage materials, the overarching themes for both
topics are the extreme environmental conditions involved and the use of advanced
characterization methods. The extreme conditions entail high temperatures
(60-100 °C) for Li-ion batteries and high temperatures and high pressures
(£190 °C, <160 bar) for hydrogen storage materials. The advanced methods used
involve in-situ neutron powder diffraction for hydrogen storage materials and
ultra-high precision coulometry combined with accelerated elevated temperature
testing for Li-ion batteries. Though these methods have specific requirements for
instrumentation and may be expensive, as when using a neutron source, they are
founded in direct analysis of experimental data, rather than modelling. There is
considerable information retrieved directly from the measurement that enables
the determination of the processes and mechanisms guiding the investigated
systems, which allows for further improvement of the systems towards higher
efficiency and longer lifetime.

Under the topic of hydrogen storage, the effects of nanostructuring sodium
alanate (NaAlHy) are discussed (I), followed by the synthesis and laboratory
characterization of a NaAlHs/carbon black composite material (III), which is
finally prepared and studied in sifu via neutron powder diffraction (II). The aim
of these studies was to lower the operating temperature and pressure using a
mesoporous carbon material. Lower operating temperatures and pressures would
make the hydrogen storage system more viable for commercial applications. For
this, insight into what goes on during dehydrogenation/hydrogenation cycling
was gathered specifically thanks to in-situ neutron diffraction.

The topic of Li-ion batteries discusses the optimization of the positive
electrode material, electrolyte salt, solvents, and additives (IV, VI) to enable cells
that could be cycled for extended periods at temperatures up to 100 °C (IV).
Combining ultra-high precision coulometry data from a wide temperature range
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with accelerated cycling testing allows the development of a lifetime model that
could predict Li-ion cell lifetimes into decades (I'V). Limitations of the pouch cell
format used for the development of these cells and advantages of the metal
cylindrical cell format for long-lifetime cells are also presented (V).

This thesis aims to demonstrate how these advanced, yet straightforward,
characterization methods can be powerful tools in the successful development of
energy storage materials, specifically in the development of long-lifetime Li-ion
cells and effective hydrogen storage materials.
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4. LITERATURE OVERVIEW

4.1. Hydrogen storage

4.1.1. Sodium aluminium hydride (NaAlH,)
for solid state H. storage

Hydrogen (H») is a clean energy carrier that can be produced from renewable

sources and has zero emissions upon utilization. It has high specific energy:

33 kWh kg™ compared to 13 kWh kg™ for gasoline. However, its energy density

is inherently low — 0.0813 g L™" at 25 °C and 1 bar — and though compression and

liquefaction can slightly improve on this, they come at the cost of energy losses

during those processes. Liquid hydrogen at —253 °C has an energy density of

2.35kWh L™, and compressed hydrogen at 700 bar has approximately 1.6 kWh L™,

not accounting for the weight and volume of the storage system. For comparison,

gasoline’s energy density is 9.8 kWh L™.'"®?® Therefore, traditional gas-phase

storage technologies face limitations in achieving the long-term objectives of the

hydrogen economy due to safety and economic constraints. Solid-state storage

materials offer a more promising path due to enhanced safety, a compact

structure, and increased H, storage density.'®

Any H, storage material should have the following characteristics:'®

high H» content,

fast hydrogen uptake and release kinetics,

high safety in terms of flammability and reactivity,

low cost of materials,

durability and stability in terms of degradation over repeated cycles and long-

term storage conditions,

e close to ambient operating conditions, as opposed to high temperatures and H»
pressures,

e high efficiency in terms of required energy input for storing and releasing
hydrogen.

Metal hydrides offer benefits such as cost-effectiveness, safety, high hydrogen
storage capacity, and possible operation at low pressures and temperatures, with
the highest energy densities and specific energies under mild conditions exhibited
by complex metal hydrides. These include borohydrides, alanates, and nitrides.'®

The advantages of alanates are the low price and abundance of the component
compounds, low weight, non-toxicity, and that no volatile gases besides hydrogen
are formed. Most alanates possess high gravimetric hydrogen densities, but high
thermodynamic and kinetic barriers remain obstacles to viable widespread appli-
cations.”** Sodium aluminum hydride or sodium alanate (NaAlH,) is an exten-
sively studied low-density material (1.24 g cm*)*® that could be used for rever-
sible hydrogen storage.'®**"?® NaAlH, has a relatively high hydrogen content:
7.47 wt%. Although a promising material, the main limiting factor is its high
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kinetic barrier, although high temperatures required for decomposition and
formation and poor reversibility are also issues.*****° It has been shown that Ti
and other transition metal based catalysts can greatly enhance the dehydrogena-
tion and hydrogenation of NaAlHs4, but repeatability over several cycles is

limited, especially when it comes to hydrogenation.'®*2>’
NaAlH4 decomposes in three stages.

1 2

NaAlH,(s) 2 §NaAlH6 + §Al(s) + H, T (R1)
1 1 1

§Na3AlH6(s) 2 NaH(s) + §Al(s) + EHZ T (R2)

1
NaH(s) - Na(l) + EHZ T (R3)

The first two stages (R1 and R2) are reversible and release a total of 5.6 wt% of
H,, with 3.7 wt% attributed to R1 and 1.9 wt% attributed to R2. This is 75% of
the total H, content in the material.'****° Figure 1 shows the rate of hydrogen
evolution against temperature for NaAlH4. R1 is a prolonged process starting
between 145-183 °C. This is mostly from the surface and defect sites. Kinetic
hindrances are eliminated to a large degree at the melting point of 183 °C. R2
begins around 240 °C, and it is indistinguishable from R1 in bulk alanate. The
irreversible R3 occurs at > 300 °C as NaH is thermally very stable.'****%3! How-
ever, the equilibrium pressure calculated from the enthalpy values (AH is 37 kJ
mol ' and 47 kJ mol™', respectively) is 1 bar for R1 and R2 at 30 °C and 100 °C,
respectively.?’ This means that though these processes are kinetically hindered
below the melting point in the bulk material, severely reduced H, release tem-
peratures can be achieved.

=
~

F Ramp rate:
L 2°C min?

R1 R3

I
Vio/Myaama (MHg™ °CT)
B e
D ()] oo o N
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T

o

100 200 300 400
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o

Figure 1. The temperature dependence of the differential volume of released H, nor-
malized with the mass of NaAlH4. The temperatures where NaAlH4’s decomposition
reactions take place are marked R1-R3.
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Though theoretically, R1 and R2 are reversible, in practice, they remain irrever-
sible in bulk alanate. One of the main causes is the spatial separation of the NaH
and Al phases or the accumulation of Al into larger particles after repeated
cycling.” In general, with catalysts, nanoscaling, and nanoconfinement, kinetics,
thermodynamics, and reversibility can be improved.'82>27:28.31-46

4.1.2. Strategies to improve NaAlH4 characteristics for H, storage

This work will combine two approaches to help lower the required temperatures
and H pressures for dehydrogenation and hydrogenation of NaAlH4. These are
nanostructuring and nanoconfinement.

Nanostructuring, i.e., reducing the particle size until one dimension is < 100 nm,
has emerged as one promising strategy to improve the kinetic and thermodynamic
properties of NaAlH,.'**?7* These changes stem from increased surface-to-
volume ratios, increased surface area and activity, and shortened diffusion
distances.*’” Ball milling has been shown to be an effective way of reducing
particle size'®*"*%4748 but is also useful for doping®” ****> or creating mixed
hydride systems*'*® that have alternative dehydrogenation pathways. The ball
milling process also creates highly reactive surfaces, and the higher density of
grain boundaries facilitates hydrogen diffusion. Thus, the overall kinetics of
dehydrogenation and hydrogenation are increased.*’

Nanoconfinement of NaAlH4 within a porous scaffold material prevents phase
segregation and helps maintain particle size. By inhibiting the aggregation of
separate phases, it eliminates the need for their diffusion during hydrogenation to
reform the pristine hydride. Additionally, confinement prevents denser phases
from settling at the bottom of the storage tank.*’*' Scaffold materials have several
vital functions: they facilitate nanoparticle formation, inhibit sintering, and im-
prove the alanate’s overall thermodynamic and kinetic properties and the system’s
durability, i.e., maintaining the system’s properties over several cycles. The
scaffold/nanomaterial interface influences the final hydrogen storage properties
of the composite,25:2831:32.3442:43.47.52

Porous carbon materials are low-cost, tunable, chemically inert, have high
thermal stability in an inert atmosphere, are lightweight, and have high thermal
conductivity. The decrease in the mass fraction of the alanate and the increase in
volume with the use of a carbon material are well compensated by the system’s
increased performance, i.e., the enhancement of the capability to store hydrogen
reversibly.’! The effects of carbon materials on sodium alanate’s hydrogen storage
properties have been studied in the past.”>?"**3%47 Specifically, NaAlHs com-
posites ball milled together with carbon aerogel have been investigated and
described by Pinkerton.*” Even at low aerogel loadings, the kinetics and
reversibility of R2 improved, with hydrogenation occurring at 19.8 bar H, and
140 °C. Another carbon material of interest is carbon black, which consists of
near-spherical nanoparticles typically fused into larger aggregates, that tend to
agglomerate further into even larger particles.™
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4.1.3. Neutron diffraction for the study of H, storage materials

Significant advancements have been made in addressing sodium alanate’s kinetic,
reversibility, and temperature limitations. A thorough understanding of complex
hydride chemistry is essential for the rational design of systems that enable the
applicability of sodium alanate and all other hydrides. This encompasses insights
into their structure, thermolysis pathways, H, evolution mechanisms, ion dyna-
mics with temperature, and chemical bonding characteristics. Neutron diffraction
and other scattering methods have been crucial in enhancing our comprehension
of complex hydrides and continue to be vital tools for researchers.>*

Neutron powder diffraction (NPD) is a powerful tool for the analysis of crys-
talline materials. The basic principles of NPD align with powder X-ray diffraction
(PXRD). However, since scattering takes place from the nucleus, not the electron
cloud, as in the case of PXRD, it has higher sensitivity to light elements and can
even distinguish isotopes. Therefore, NPD excels in the study of H, storage
materials and is complementary to PXRD.>**

The coherent neutron scattering cross section influences diffraction peak
intensity. Incoherent scattering cross sections produce broad background features
independent of the scattering angle that can obscure weak diffraction peaks. The
substantial incoherent cross-section for H complicates diffraction experiments. H
exhibits a coherent scattering cross section of 1.8 barns (1 barn = 10* m?) and a
large incoherent cross section of 80.3 barns. The addition of a neutron to H signi-
ficantly alters its coherent and incoherent scattering cross sections: 5.6 and 2.05
barns, respectively. As deuterium (D) displays a reduced incoherent scattering
cross section, it is wise to substitute H for D for structural analysis based on
neutron scattering experiments. Unlie diffuse electron clouds, atomic nuclei act
as point scatterers. Consequently, neutron scattering form factors remain stable
across measurement angles.>* Replacement of H atoms with D atoms in NaAIH,
is achievable in multiple ways.’*® Isotope exchange is possible in a D pres-
surized environment, especially if the material is previously dehydrogenated.
This can be further driven by high temperatures and the small particle size of the
NaAlH4 material.

Neutrons are also able to penetrate the material deeply, enabling operando
studies of bulk materials in situ. This allows the investigation during dehydro-
genation/dedeuteration and hydrogenation/deuteration, revealing structural and
chemical changes. This helps determine intermediate reaction products, phase
transformations, and reaction rates.>® Therefore, neutron scattering methods are
particularly applicable and necessary for investigating H, storage materials.

There are a variety of studies investigating the in-situ dehydrogenation and
hydrogenation behavior of complex metal hydrides using X-ray and neutron
techniques.”**%” However, there is still significant research to be done inves-
tigating systems where NaAlH4 is confined in porous carbons. There, the be-
havior and interactions of NaAlH4 and the carbon remain to be elucidated. There
are indications that the carbon scaffold material may substantially alter the re-
action pathways, dependent on the chemical composition of the scaffold
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itself.>*66% Post-dehydrogenation small-angle X-ray scattering indicates the
preferential filling of accessible mesopores, where nanoparticles are formed.*®
Small-angle neutron scattering has demonstrated that NaAlD, particles nano-
confined within porous scaffolds maintain their size distribution and exhibit re-
markably stabilized morphology.® Finally, a synchrotron PXRD and NPD study
analysed the hydrogenation of Ti-doped NaAlH4. They confirmed that Al initially
reacts with NaH to form NasAlHs, with the onset of NaAlH4/NaAlD, formation
occurring before the total consumption of NaH/NaD. This concurrent process is
in contrast with the traditionally assumed sequential decomposition reactions.

4.2. Li-ion batteries

4.2.1. The motivation for long lifetimes

There are many aspects of Li-ion batteries that can be optimized and improved:
energy density, specific energy, power and rate capabilities, safety, lifetime, and
cost. In general, improving one aspect, e.g., increasing energy density via in-
creasing the operating voltage, comes at the expense of another, e.g., lifetime. In
the past, energy density has been prioritized over other characteristics. However,
when considering, for example, electric vehicles (EVs), the daily need for most
users is < 100 km, which makes up 25-50% of an EV’s range.”""! Therefore, most
of the battery’s capacity remains unused. Since higher voltages, i.e., operating a
battery at its maximum capacity, reduce lifetime due to an increase in parasitic
reactions,””"* many automakers recommend’>”’’ keeping the battery pack
between 20-80% capacity during everyday use. Even though this increases
battery longevity,”® automakers only warranty their batteries for less than a
decade,””™ even though they likely still retain more than 80% of their original
capacity. This is traditionally considered the end of life, though batteries may re-
main operable far beyond the 80% capacity mark. These batteries could be used in
second-life applications to satisfy demand and provide economic benefits.2#2 More-
over, there are already examples of non-EV battery warranties > 10 years.%* %

Considering the necessity of swift integration of renewable energy sources,™
the significance of battery longevity becomes more evident.'” On the one hand,
the demand for more battery storage capacity and, thus, production, is ever-
growing. On the other hand, the accessibility of raw materials and limits to pro-
duction capacity set constraints on how quickly battery capacity can be grown. If
battery lifetimes are very limited, more production capacity must be directed
towards replacing obsolete batteries in all applications, rather than expanding
global storage capacity. Increased longevity of Li-ion cells postpones the need to
replace obsolete batteries, enabling increased total capacity production, but also
reducing the costs of building and maintaining these systems.'°

These long lifetimes give rise to a new issue. With modern batteries having
longer and longer lifetimes, how does one predict their lifetime? This returns us
to the question of extending the warranties for battery packs. If the lifetime of a
Li-ion battery cell is in the order of decades, one cannot simply test a cell until its
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end of life. This is because the development cycle of products is far shorter, for
example, 3 years for an EV. Therefore, accelerated testing methods must be
utilized, and regardless of the exact methodology, a lifetime model is required.®’
A long lifetime Li-ion cell is required to develop and validate this model. This
requires significant optimization of all components of the cell: from electrode
materials to form factor. The aim is to reduce degradation modes to a minimum,
until only active Li loss remains. With a single degradation mode, one not only
has an excellent long lifetime cell, but can also begin to construct a model around
it. As one of the main goals of this thesis is the development of such a cell, the
rationale behind the cell development is explained in the following chapter.

4.2.2. Construction of a long-lifetime Li-ion cell

Cells containing Li[Ni,Mn,Coi.«y]O> (NMC) positive electrodes are typically
reserved for high-energy cells, as the materials exhibit higher specific energies
and average operating voltages.**® The increase in operating voltage can lead to
more oxidizing conditions, limiting lifetime and reducing stability, creating safety
concerns in the charged state.”"*% % Furthermore, the use and acquisition of Ni
and particularly Co come at a considerable expense and ethical complications.*” %

The higher voltage utilized in the NMC cells introduces numerous potential
degradation modes: irreversible phase transitions,*"'*'"'* electrolyte oxida-
tion,'191% and particle cracking.'””'" These can significantly reduce cell life-
time. However, it has been shown recently that by limiting the upper cutoff
voltage (UCV), NMC cells can exhibit excellent lifetimes while still maintaining
energy densities higher than LiFePO, (LFP) cells.”*’! This, as discussed pre-
viously, is due to the fact that electrolyte oxidation on the positive electrode is
limited at lower voltages. Secondly, microcracking due to volume changes of
polycrystalline NMC materials is also inhibited.''*''? This can be even further
avoided by combining low voltages with single-crystal materials.'®!"*"!'?

Artificial graphite remains a key negative electrode material. Though small
particle sizes and large surface areas enable better rate capability, they also offer
more surface area for active Li loss via solid-electrolyte interphase (SEI) growth.
Therefore, one has to choose a graphite material with minimal electrochemically
active surface area to prolong lifetime.''®!"”

Ethylene carbonate (EC), diethyl carbonate (DEC), ethyl methyl carbonate
(EMC), and dimethyl carbonate (DMC) remain some of the most common com-
mercial electrolyte solvents.''® Even though a model system is needed, ideally, it
would be as close as possible to a real commercial cell, and carbonate-based
solvents have already been optimized after decades of research.'"” Different
variations provide an electrolyte more optimized for high rate, long lifetime, high
temperature, or low temperature. NMC cells with the more novel and exotic
dimethyl-2,5-dioxahexane carboxylate (DMOHC) in combination with DEC
and lithium bis(fluorosulfonyl)imide (LiFSI) as salt operating at low voltages
have shown incredible capacity retention and minimal gassing while cycling at
85 OC.IIS,IZO
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Lithium hexafluorophosphate (LiPF) is the most common salt used in Li-ion
battery electrolytes.'?! However, it has been shown to decompose at temperatures
> 70 °C;'?%13 therefore, using the more temperature-stable LiFSI would be pre-
ferred, as accelerated testing requires testing at temperatures up to 100 °C."** A
concern with salts, such as LiFSI or lithium bis(trifluoromethanesulfonyl)imide
(LiTFSI) is that they may cause corrosion of the Al current collector.'*'#>1% This
should, however, be mitigated by low voltages and can also possibly be mitigated
by blending LiFSI with LiPFe.'*%'*

Small amounts of electrolyte additives can have a big impact on cell lifetime
and performance. Vinylene carbonate (VC) is one of the most common additives
used to help passivate the graphite electrode. Other additives, such as ethylene
sulfate (DTD), prop-1-ene-1,3-sultone (PES), and tris(trimethylsilyl) phosphite
(TTSPi), are known for improving positive electrode stability, gas production
limiting, and lifetime extending abilities, respectively.'**'#

Lastly, pouch cells are a convenient form factor for electrolyte development,
being easy to produce and handle. On a commercial scale, they benefit from
higher specific energy as the laminate pouch bag is lighter than a sealed metal
can. However, sealed metal cans, such as the cylindrical 18650 form factor, bene-
fit from a more robust container that can hold a more tightly wound electrode,
increasing energy density, and are more resistant to rupture due to excessive gas
production.'*

4.2.3. Predicting the lifetime of Li-ion cells

The main tool for estimating or predicting the lifetimes of Li-ion cells is acce-
lerated lifetime investigation. The goal is to identify and quantify ageing in a short
period of time. One way of doing this is by increasing the precision of mea-
surement without accelerating the degradation mechanisms. Therefore, one can
quickly detect the smallest degradation. Another strategy is to accelerate the
ageing mechanisms to make the degradation faster. This can be done, for
example, by increasing the temperature or the applied current.®” This work takes
the approach of combining these two strategies and using accelerated testing,
mainly increasing the temperature, and high precision measurements to measure
characteristics required for lifetime estimation.

The high precision measurement is ultra-high precision coulometry (UHPC),
which enables the assessment of ageing behavior within a month.'*> During a
UHPC experiment, the current source output is accurately and precisely moni-
tored, high-precision and temperature-controlled components are utilized, and
data sampling rates are increased. Coulombic inefficiency (CIE), charge endpoint
capacity slippage (slippage, Ac), and capacity fade (fade, f= Ad — Ac) are the
three most important characteristics obtained from a UHPC measurement.'**'3#

Figure 2 prepared by Claire Floras illustrates the meaning of these metrics.'*’

23



a) CIE b) Slippage c) Fade
On a zoomed-in V-Q plot, charge
Note the difference between Q4 endpoint capacities slip to the right Take the difference between
and Q_each cycle i g iti
I “a
. Qd T
Q t H =¥
¥ ¥ ¥ x
Cycles Cumulative Q Cycles
Coulombic efficiency is the ratio These endpoints can be plotted Or the difference between discharge
between Q4 and Q. separately against cycle and charge endpoint slippages
Ac
Charge
endpoint v
capacity
-—
Ad
Cycles Cycles Cumulative Q
Erom which CIE can be obtalned: Tptladc?iﬁerences between points 'Ei:lherlme.thod gives the
yield: m ollowing: im
Cycles Cycles Cycles

Figure 2. Illustrations of how to calculate a) coulombic inefficiency (CIE), b) charge
endpoint capacity slippage (slippage), ¢) capacity fade (fade) from capacity and voltage
data obtained from UHPC. This is a modified version of a figure by MSc Claire Floras
from Ref.139. Used with permission.

Coulombic efficiency (CE) is defined as the ratio of discharge capacity to the
preceding charge capacity:

_ %

CE=—.
Qc

(1)

If CE were exactly 1, then that would imply that no parasitic reactions are oc-
curring, and a battery could cycle indefinitely. However, this is never the case as
even in a well-designed Li-ion cell, there are always some parasitic reactions
taking place. Primarily, there will always be some active Li lost into the SEI that
passivates the negative electrode, resulting in incremental capacity loss.'**!*!
Hence, even in the best-performing Li-ion cell, CE can only be very close to unity
(~1.00000). Measuring CE very accurately can help estimate how many cycles a
cell can perform before reaching end-of-life, which is typically defined as 80%
of its original discharge capacity. However, since batteries have a very high CE
(> 0.997), one has to measure it at least to the precision of 0.0001. A UHPC
instrument measures CE to the precision of 0.00001.'%

CIE is a better metric to analyze UHPC data, as it is the sum of parasitic re-
actions attributed to the positive electrode — slippage — and those attributed to the
negative electrode — fade. CIE is defined as:
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CIE=1—CE=1—& (2)

Qc
CIE is related to slippage and fade via the following equation:'*®

CIE=L+£ 3)

Q Qc

Ac

QL is referred to as fractional capacity fade and QC as fractional charge endpoint
C

C

slippage. As at the low constant currents used (C/20), time, ¢, is the primary
contributor to CIE, then these values are often normalized to the time required for
one full cycle:"’

CIE [  Ac
T ok o @

These very high-precision measurements enable the estimation of how many
cycles it takes to reach 80% capacity. Furthermore, they allow for the decon-
volution of reactions on either electrode separately and give insight into both
reactions that consume Li inventory and those that do not. However, UHPC alone
has its limitations. CE is affected by C-rate, and the low C-rates used give no
information on the cell’s internal resistance. Therefore, CE measurements are
good for ranking based on lifetimes but insufficient for lifetime predictions. The
insights gained about the processes taking place at each electrode are valuable,
but direct extrapolation has its limitations.®’

Another way of accelerating ageing is cycling at elevated temperatures.'** If
the primary degradation mode of the cell is Li-inventory loss, caused by chemical
reactions on the negative electrode expending active Li into the SEI, the
temperature dependence of these processes can be approximated by the Arrhenius

equation:'*1#
_Ea

A =yeRrrT, (5)

where A is the reaction rate (in our case, the degradation rate), p is the pre-
exponential factor (frequency factor), £, is the activation energy, R is the uni-
versal gas constant, and 7 is the absolute temperature. Using elevated tempera-
tures can reduce the required cycling time to reach 80% capacity from years to
mere months. The elevated temperatures enable the manifestation of degradation
modes that may go unnoticed when cycling at room temperature.'* However,
there are major challenges in transferring high-temperature testing results to low-
temperature lifetimes. Firstly, the goal is to exacerbate and accelerate degradation
modes present in the cell at lower temperatures, not introduce new ones. New
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degradation modes or the disproportionate and intense acceleration of degrada-
tion modes irrelevant at lower temperatures can skew any extrapolation of results
to lower temperatures.®’

Secondly, the question remains on how to extrapolate high temperature data
to lower temperatures or even already measured data into the future. SEI growth
during lifetime testing is considered similar to thin film oxide growth on a metal
surface. That is, they follow the parabolic growth law, which describes diffusion-
limited processes. As Li inventory loss into the SEI is considered the primary
degradation mode in well-optimized cells, and is the main one considered in the
context of this work, then discharge capacity loss also follows the parabolic

law: 145-151,140,152
t
QO _ .y ax, ©)
Qo
where Q(t) is the capacity at any given time, Q, is the starting capacity, % is
0

thus the fractional capacity as a function of time, 4 is the degradation rate or
proportionality constant, and ¢ is the cycling time. The parabolic growth law in
this case is also sometimes referred to as the square root time model. From this
follows, firstly, that if one knows the A value at a given temperature, the lifetime
of the cell can be extrapolated from these results. Secondly, if the 4 values at two
different temperatures and the amount of time it takes to reach a given fractional
capacity value at one of those temperatures, one can calculate the time it takes to
reach that same fractional capacity value at the other temperature:

1- 4,36 =1- 435, (7)

6, = (ﬁ)z . (®)

Equation 8 is the first step in developing a model that can estimate Li-ion cell
lifetimes into decades with reasonable accuracy.

There is a plethora of studies showing data aligning well with Eq.
where the Arrhenius behavior of the degradation rate is also explored.’!'®!4-
132134138 By eliminating as many degradation mechanisms as possible, with active
Li loss being the primary one, a verifiable model descriptive of the internal pro-
cesses of the cell can be developed. By cycling the cells in a wide temperature
range between 20 and 100 °C and using UHPC, the benefits of both accelerated
testing and high precision measurements can be combined. The high-temperature
UHPC data allows the detection and quantification of processes that may
typically take years of room-temperature testing to observe, within a month. By
establishing a relation between temperature and UHPC metrics, which can be
applied to higher rate accelerated testing performed at elevated temperatures,

147,148,153
6,
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more real-life use cases can be simulated. This enables the interpretation of acce-
lerated testing results from elevated temperatures into room temperature life-
times, giving more accurate lifetime predictions. This has the potential to be
applied to battery warranties and enabling more second-life use cases.
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5. EXPERIMENTAL

5.1. Hydrogen storage material synthesis

The NaAlH4 (90%, Sigma-Aldrich, Germany) was purified with the recrystalliza-
tion method performed in an MBraun LABmaster sp glovebox (MBraun,
Germany), filled with argon (Ar, 5.0, Linde, UK). For recrystallization, bulk
NaAlH4 was dissolved in tetrahydrofuran, THF (anhydrous, > 99.9%, Sigma-
Aldrlch Germany), at ambient temperature (~20 °C), resulting in a 0.05 gnaain4
mLTHF solution. The solution was filtered through a glass microfiber filter (GF/B,
Whatman) to remove any insoluble impurities. The THF was removed via the
Buchi R-215 Rotavapor System, which includes the B-491 Heating Bath, V-710
vacuum pump, and V-855 vacuum controller (Buchi, Switzerland). The NaAlH4
solution in THF was held at 26 kPa and 50 °C until most of the THF had eva-
porated. Then the sample was maintained at ambient temperature and < 0.1 kPa
for 15 h to remove any remaining THF.

5.1.1. Solution impregnation

NaAlH4 was deposited on a high surface area, microporous, and high porosity,
dry carbon material RP-20 (Kuraray, Japan) through the solution impregnation
method. A 0.05 gnaain4 mLTHF solution was used for all samples. Samples with 5,
60, and 100 wt% of deposited NaAlH4 were synthesized to yield the nano-
confined, bulk-deposited, and bulk NaAlH4, respectively, and are denominated as
such. In the case of the bulk NaAlH4 sample, recrystallization is performed at
identical conditions, but without the carbon support material. All syntheses,
sample storage, and sample preparation for further analysis were performed in an
Ar-filled (5.0, Linde) glovebox (MBraun LABmaster sp, Germany).

5.1.2. Ball-milling

An appropriate ratio of the mesoporous carbon black Vulcan XC72R (Cabot,
USA) and the recrystallized NaAlH4 was weighed in a glovebox and placed into
a ZrO; grinding bowl containing 10 mm ZrO> grinding balls. The carbon black
had been dried at 150 °C and 10 kPa using a Vaciotem TV vacuum oven (J.P
Selecta, Spain) before it was transferred into the glovebox. The ball-to-mass ratio
was roughly 75:1. The system was hermetically sealed with a clamp in an Ar
environment. The materials were ground in a PULVERISETTE 6 classic line
planetary mono mill (Fritsch, Germany) for 40 min, allowing 10 min cooling
breaks every 5 min. NaAlHg/carbon black composites with 50, 60, 70, 80, and
90 wt% of NaAlH4 were synthesized. The composites are designated as NCxx,
where “xx” is the NaAlH4 content in wt% (e.g., NC50 is a NaAlH4/carbon black
composite with 50 wt% NaAlHy).
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5.2. Temperature-programmed dehydrogenation (TPD)

The temperature-programmed dehydrogenation (TPD) experiment enables kine-
tic and quantitative data about the H, evolution process to be obtained.*' The tem-
perature is linearly raised during the experiment while a steady stream of inert
carrier gas flows through the powder sample.'” When the activation energy is
exceeded, the hydride decomposes, releasing H; into the flowing gas, which then
carries it into the detector. The AutoChem 2950 HP chemisorption analyzer
(Micromeritics, USA) utilizes a thermal conductivity detector to measure gas con-
centrations. When analyzing H, (187 mW m ™' K" at 300 K), N> (26 mW m™' K!
at 300 K) is used as the carrier gas.'® The measured signal is proportional to the
concentration of the detected gas. For calculations, a calibration constant is used
to convert the thermal conductivity data into values that directly represent the
concentration of evolved H». To obtain this constant, calibration measurements,
where fixed and known amounts of H; are injected into the N, stream, were
performed. From the measured data, both the rate and quantity of evolved H, can
be calculated, giving a thorough overview of the material’s H» storage properties.

The constant carrier gas flow used was 50 mL min' N (6.0, Linde). The
sample was transported hermetically sealed to the instrument and was supported on
quartz wool inside the sample holder. Measurements were performed on ~10 mg
of the sample. Before the measurements, the sample was flushed with Ar, and the
temperature was stabilized at 0 °C. Before and after the temperature ramp routine,
the thermal conductivity signal was measured for 2 h for stabilization of the
system and background subtraction. Measurements were performed from 0 °C to
600 °C with a temperature ramp rate (AT or ) between 0.5 and 10 °C min™', with
2 °C min' used for most characterizations.

5.3. Gas sorption

All materials were characterized using the N» sorption method utilizing the ASAP
2020 (Micromeritics, USA) surface area and porosity analyzer. The samples were
prepared in an Ar-filled glovebox. Pure carbon black was degassed at 300 °C and
vacuum of at least 1.3 x 107® bar or lower for 12 h. The composite materials were
degassed at ambient temperatures and under pressures of 3.3 x 107 bar or lower
for 24 h. The composites were degassed at lower temperatures to avoid the
melting and decomposition of NaAlH4. The BET theory'®' was used to calculate
the specific surface area (Sger). The total pore volume (Vi) was calculated from
the adsorbed amount at p/py = 0.95, which estimates the total pore volume of
pores with widths <40 nm.

5.4. Powder X-ray diffraction (PXRD)

The Vulcan XC72R, NaAlH,4, and NaAlH4/Vulcan XC72R composites were cha-
racterized using the PXRD method. The measurements were performed with a
D8 Advance (Bruker, USA) diffractometer using a low-background airtight
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specimen holder. The samples were prepared in an Ar-filled glovebox. Ni-filtered
Cu Ka radiation was used, and the diffractogram was measured with a LynxEye
detector. Measurements were done in the 26 range of 13—80° with a step of
0.016°. The collected data were analyzed with the Diffrac Suite EVA software
package and the PDF4+ 2020 database.'® The crystallite sizes were estimated
using TOPAS 6 software and the Double-Voigt method.'®

5.5. Dehydrogenation/hydrogenation cycling

The dehydrogenation/hydrogenation cycling experiments were performed with
the iSorb HP1 (Quantachrome, USA) high-pressure gas sorption system. 300—
400 mg of composite material was placed into an autoclave and attached to the
machine. All sample preparation and handling were performed in an Ar-filled
glovebox. Dehydrogenation, under high temperature and low H, pressure, and
hydrogenation, under high temperature and high H pressure, cycles were per-
formed. The dehydrogenation procedure began with the depressurization of the
autoclave. Then, the composite was dosed to pu2 dehydro, and the temperature was
ramped to Tgchydro, at a rate of 10 °C min'. The amount of hydrogen evolved from
the sample was calculated from the measured pressure change. After dehydrogena-
tion for a fixed time, fiehydro, the sample was evacuated, dosed to pr nydro, and the tem-
perature was set to Thydwo at a ramp rate of 10 °C min . The sample was held under
pressure for fhyarn. Post-cycled composites were characterized by TPD and PXRD.

5.6. Deuteration and neutron powder diffraction (NPD)

Deuteration of the milled samples was performed with the iSorb HP1 high-pres-
sure gas sorption system. 1.64 g of sample was held under vacuum at 170 °C for
24 h, and then D, gas pressure of 160 bar was applied for 72 h. Based on the D
vs H occupancies obtained from refinement of NPD data, a > 90% replacement
of H with D was achieved. All sample preparation, manipulation, and storage
steps were performed under Ar atmosphere.

In-situ NPD measurements were performed on the D20 instrument at ILL,
France.'® Incident neutrons with a wavelength of 1.54 A were obtained from the
(115) reflection of a Ge monochromator at 90°. Cylindrical sample holders with
an inner diameter of 6 mm were used. Diffraction patterns of empty sample
holders were measured in the temperature range from 27 °C to 177 °C under
vacuum conditions, in order to subtract the background and to assign the diffrac-
tion peaks caused by the sample cell. The NaAlD4/carbon black sample was
prepared in an inert gas-filled glovebox. The sample and sample stick gas line
were hermetically sealed for transportation from the glovebox to the instrument
and during the connection to the gas handling system. Four heating, D> pressuri-
zation (with multiple concurrent dosing steps), and cooling cycles were per-
formed. Diffractograms were obtained over 10 min and 5 min in the case of
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isothermal conditions and temperature ramp conditions, respectively. The raw
scattering data is available in the ILL data repository.'®®

The diffraction pattern of the empty sample cell was subtracted from all mea-
surements, yielding a pattern consisting of NaAlDs/carbon black and the incohe-
rent background signal caused by the applied D, pressure (pp2). As the equi-
librated temperatures were not equivalent between the applied routine and the
empty sample cell measurements, the signal subtraction was not perfect, and four
20 regions were excluded from further analysis, between 44 and 45.5°, between
63 and 66.5°, between 98 and 100°, and between 115 and 118°. The carbon black
additive causes wide diffraction peaks at all experimental conditions. In addition,
some of the diffraction peaks from different crystalline phases overlap, and after
the first dedeuteration/deuteration cycle, the diffraction peak intensities decrease
considerably. This makes the determination of crystalline composition difficult.
Thus, refinement of in-situ NPD data was performed at all experimental tempera-
tures and D, gas pressure conditions applied to obtain quantitative crystalline
phase compositions.

The Topas software package was used for the applied refinement routines. '
Sequential fitting routines were applied for the batch refinement of multiple
diffractograms in one go. H-based equivalent crystalline structures obtained from
the Materials Project'®” and works by Gross et al'®® and Ke and Tanaka'® taken
as a basis for the refinement of NaAID., NasAlDs, NaD, and Al structures. The H
and D isotope occupancy, occ, was fitted based on the assumption that occy +
occp = 1 for each site. Neutron scattering from the isotopes, H and D, could be
separated based on the divergent coherent neutron scattering cross-section (1.758
barn for H vs 5.592 barn for D) and the ratio of coherent/incoherent neutron
scattering cross-sections (0.02 for H vs 2.73 for D).** The spherical harmonics
preferred orientation correction was applied to the refinement of the carbon crystal
structure. This was done to account for the anisotropic crystalline ordering, i.e.,
different length scales of crystalline ordering for intra- and inter-layer graphitic
structures.

Initially, refinement was performed with all possible crystalline phases pre-
sent. Certain crystalline phases were eliminated based on the high uncertainty of
the refined wt% in comparison to the obtained value and based on the divergence
of lattice parameters of the refined structure in comparison to the original struc-
ture. The goodness of fits (GoF) for all refinements was below 1.65. The weighted
profile R-factors were between 6.8 and 13.5, and the expected R-factors were
between 4.1 and 10.8, yielding the aforementioned GoF values.

The amount of D, released during the decomposition/deuteration cycles
applied during the NPD measurements was calculated from the in-situ pressure
readings. The free volumes in the gas handling system used for the calculation
were determined beforehand with He, and the temperatures of different zones
were measured in situ during the experiment.
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5.7. Pouch cells and electrolyte

Machine-made 402035-sized pouch cells supplied by LiFUN Technology (Zhu-
zhou, Hunan Province, China) were received vacuum-sealed without electrolyte.
These pouch cells have an extended gas bag, allowing visual examination of
whether gas is produced and estimation of the amount of gas produced according
to how much the gas bag has expanded. The positive electrode materials were
commercially supplied single-crystal (SC) Li[NigsMn3Co002]O> (NMC532)
paired with the negative electrode material “artificial graphite A” (AGA), poly-
crystalline Li[Nigg3Mng0sC00.11]O2 (Ni83) paired with “artificial graphite C”
(AGC), and SC Li[Nip.cMno.4C00.0]O> (NMC640) paired with AGC. The graphite
materials have been discussed previously.!'®!"” The NMC532/AGA cells were
balanced to 3.8 V with a nominal capacity of 160 mAh, the Ni83/AGC cells were
balanced to 4.06 V with a nominal capacity of 240 mAh, and the NMC640/AGC
cells were balanced to 4.05 or 4.1 V with a nominal capacity of 240 mAh.

The cells were cut open in an Ar-filled glovebox and dried under a dynamic
vacuum at 120 °C for 14 h. Cells were filled in the glovebox with ~0.63 g (0.55 mL)
of electrolyte in the case of the NMC532 cells and ~1 g (0.85 mL) of electrolyte
in the case of the Ni83 and NMC640 cells. Then, they were vacuum sealed at
0.1 bar absolute pressure (MSK—115 A, MTI Corp). The solvents used were
ethylene carbonate (EC), dimethyl carbonate (DMC), ethyl methyl carbonate
(EMC), diethyl carbonate (DEC), and dimethyl-2,5-dioxahexane carboxylate
(DMOHC). They were used in various solvent blends (w/w): DMOHC:DEC (1:4),
EC:DEC (1:1), EC:DEC (1:2), EC:DEC (1:4), EC:DMC (3:7), and EC:EMC (3:7).

The additives used were vinylene carbonate (VC), ethylene sulfate (DTD),
prop-1-ene-1,3-sultone (PES), and tris(trimethylsilyl) phosphite (TTSPi). The
combinations used were:

1) 2wt% VC+1wt% DTD,

2) 2wt% VC+ 1 wt% DTD + 0.5 wt% PES,
3) 3wt% VC+1wt% DTD + 0.5 wt% PES,
4) 4wt% VC+ 1 wt% DTD + 0.5 wt% PES,
5) 2wt% VC + 0.5 wt% PES,

6) 3 wt% VC + 0.5 wt% PES,

7) 4 wt% VC + 0.5 wt% PES,

8) 2 wt% PES,

9) 2 wt% PES + 1 wt% DTD,

10) 2 wt% PES + 1 wt% DTD + 1 wt% TTSPi

The salts used were 1 M lithium bis(fluorosulfonyl)imide (LiFSI), 0.4 M LiFSI
+ 0.4 M lithium bis(trifluoromethanesulfonyl)imide (LiTFSI), 0.5 M LiFSI
+ 0.5 M LiTFSI, or 0.9 M LiFSI + 0.1 M lithium hexafluorophosphate (LiPFs).
All electrolyte components were obtained “battery grade” from Capchem (Shen-
zhen, Guangdong, China) and their structures are shown in Figure 3.
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The cells were held at 1.5 V for 24 h to ensure proper wetting of the electrode
stack. The cells were formed on a Maccor 4000 series charger at C/20 up to their
respective UCVs, 3.8, 3.9,4.0, or 4.1 V at 40 °C. After formation, cells were again
cut open in an Ar-filled glovebox and re-sealed with the vacuum sealer to remove
any formation gases.

5.8. Electrolyte loss measurements

Cells were weighed in ambient conditions on an analytical balance (Shimadzu
AYW200D) prior to and after cycling to measure any solvent loss due to permea-
tion through the seals of the pouch cells at high temperatures. An experiment to
specifically measure electrolyte loss was conducted by filling dry pouch cells and
empty 18650 cylindrical cans with electrolyte as described in chapters 5.7. and
5.12. Then, their masses were recorded, and the cells and cans were placed into
temperature boxes at 70 °C, 85 °C, and 100 °C. The cells and cans were removed
from the temperature boxes at regular intervals, and their masses were recorded.
The changes in mass correspond to solvent loss.

5.9. Ex-situ gas volume measurements

The gas volume in a pouch cell was measured using Archimedes’ principle.'”

The pouch cell was suspended from a hook connected to the bottom of an ana-
lytical balance (Shimadzu AY W200D). The cell was then submerged in deionized
water (18 MQ cm), and the mass was recorded. The change in mass can be used
to calculate the volume change caused by gas evolution:

—Am
AVol = balance , (9)

pwater

where Ampatance 1S the difference of the mass measurement before and after cycling,
and pwater is the density of deionized water at 20 °C (0.998 g mL ™).

5.10. Long-term cycling and ultra-high precision
coulometry (UHPC)

Long-term constant current constant voltage (CCCV) cycling was conducted on
Neware cyclers (Shenzhen, China) or Novonix ultra-high precision cyclers (Nova
Scotia, Canada). Cells were cycled at 85 °C or 100 °C from 3.0 V to 3.8, 3.9, 4.0,
or 4.1 V. All cycling was done at C/3 with C/20 capacity check-up cycles after
every 50 cycles at 85 °C and 25 cycles at 100 °C.

UHPC experiments using Novonix cyclers were conducted at 10.0, 20.0, 40.0,
55.0, 70.0, 85.0, and 100.0 = 0.1 °C with a current corresponding to C/20 from
3.0to3.90r4.0V.
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5.11. Scanning micro X-ray fluorescence spectrometry
(MXRF)

After cycling experiments, the pouch cells were discharged to 2.5 V and dis-
assembled. uXRF measurements were performed to quantify Mn and Al depo-
sited on the negative electrode. The calibration method for quantification has
been reported previously.'”' The negative electrode from the disassembled cell
was unrolled and dried under the fume hood for 12 h. A piece of the electrode
was cut and mounted on a polyacrylic plate. An electrode from a pristine unfilled
cell was prepared in a similar manner to measure the background signal and
establish a baseline. The Bruker M4 Tornado spectrometer (Bruker, USA) used a
Rh tube, 50 kV and 600 puA, an Al200Ti200 filter, a 20 um X-ray spot size, a
100 um scanning step, and a 10 ms scan time per pixel when analyzing Ni and
Mn. When Al was analyzed, no filter was used, and the tube current was 300 pA.

5.12. Cylindrical cells and electrolyte

Machine-made, 18650-sized cylindrical cells supplied by LiFUN Technology
(Zhuzhou, Hunan Province, China) were received in vacuum-sealed bags without
headers and electrolyte. The electrode chemistry and chemically inactive compo-
nents of the cell (e.g., separator) were the same as in the SC NMC640/AGC pouch
cell format. The cells were balanced to 4.05 V with a nominal capacity of about
2100 mAh. The headers were spot welded to the cathode tab, the electrolyte was
filled (4.5 ml (5.3 g)), and the headers were crimped in place.

The electrolyte used was EC:DEC (1:1) 1 M LiFSI with 2 wt% VC + 1 wt%
DTD, and the formation process was the same as for the pouch cells, except for
skipping the post-formation degassing step.

5.13. Torr-sealing of cells

In order to hinder solvent permeation, the seals of the pouch and cylindrical cells
were covered with commercially supplied Torr Seal® — a high-temperature and
high-vacuum epoxy resin marketed by Agilent (Lexington, MA, USA). Figure 4
shows pouch and 18650 cylindrical cells before and after Torr-sealing. Only the
crimp seal of the 18650 cells was covered with Torr Seal.
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Figure 4. Photos of the front view of a typical pouch cell (a), same view as panel a) of a
Torr-sealed pouch cell (b), top view of a typical 18650 cylindrical cell (c), same view as
panel ¢) of a Torr-sealed 18650 cylindrical cell (d).Y
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6. RESULTS AND DISCUSSION

6.1. Hydrogen storage

6.1.1. Influence of nanostructuring on the dehydrogenation
properties of NaAlH,4

The analysis presented in this chapter is based on publications I and III.

Figure 5 shows the distinct H» release curves exhibited by bulk, bulk-de-
posited, and nanoconfined NaAIH4. The carbon scaffold material used, RP-20, is
a microporous carbon.’' Therefore, the NaAlH4 can be deposited into the porous
structure as nanoparticles or onto the surface of the carbon as a thin film. In the
case of bulk NaAlH4, a low amount of H» is released just below the melting
temperature of 183 °C and is most likely from the surface layer and defect sites
of the material. At 200 °C, H; release increases considerably via R1 and R2. The
final decomposition step begins at 280 °C, with the material having completely
decomposed by 375 °C.

The bulk-deposited material has very limited H, release < 90 °C. The exact
temperature depends on the temperature ramp rate and the source of the constant
rate H, evolution is likely highly polycrystalline or nanosized alanate particles. A
high amount of H; is released in a narrow temperature range starting at 165 °C,
followed by a slightly reduced rate up to 200 °C. After that, there is a constant
low H, release up to ~375 °C. These correspond to R1 from the surface, R1 and
R2 from bulk, and R3.

The nanoconfined material starts to release H» already at ambient conditions
and H; is released in a wide range, mostly < 200 °C. The curve shape is very
dependent on the temperature ramp rate. A low additional H; release at > 400 °C
is likely from the decomposition of NaH.
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Figure 5. Hydrogen release curves of bulk (red), bulk-deposited (blue), and nanoconfined

(grey) NaAlH, measured at a constant temperature ramp rate of 2 °C min !
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The corresponding H, release efficiencies (released H, compared to theoretical
H, content) for bulk, bulk-deposited, and nanoconfined materials are ~100%,
~66%, and ~40%, respectively. The decrease in efficiencies is likely caused by
the decomposition of NaAlH4 during synthesis or the loss of nanoconfined mate-
rial at storage conditions (~21 °C and Ar gas environment).

The H; release curves were fitted with a combination of gaussian and bigaus-
sian peak functions to help deconvolute the different release processes taking
place. The bigaussian profile is caused by the kinetic limitation of a decom-
position step. Initially, the increase in the released H, amount is quick. After
reaching a maximum H, release at Tax, it Will continue over a wide temperature
range as the process is kinetically hindered. Figure 6 shows an example of the fit.
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Figure 6. Hydrogen release curve from bulk-deposited measured during a temperature
ramp rate of 1 °C min~! with the corresponding hydrogen release peak fits.!

The Kissinger method allows for the calculation of the activation energy, E,, of a
first-order reaction by measuring the H, release curves at different temperature
ramp rates.'” The equation is:

B YR E,

=In——

In—— ,
Thax Ea  RTmax

(10)

where f is the temperature ramp rate (referred to as AT in the figures), R is the

ideal gas constant, and p is the Arrhenius pre-exponential factor. Figure 7 plots
1

In Tzﬂ against

. The slope will yield — % and thus, E, can be calculated.
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Figure 7. Kissinger equation plots of (a) bulk, (b) bulk-deposited, and (c) nanoconfined
NaAlH4 and the corresponding fits to the Tnax of H, release processes obtained from
fitting the H, release curves with gaussian and bigaussian peak functions. The fit values
for each peak at a different temperature ramp rate are denoted with a colored square: blue
for the I peak, red for the II peak, olive for the III peak, green for the IV peak, and grey
for the V peak.!

From these experiments, it is evident that the addition of a porous carbon material
reduces the temperature for H, evolution in all cases, but the remarkable reduction
of activation energies is achieved with nanoconfinement of NaAlH4. In addition
to reducing the E, for R1 and R2 by at least a factor of two, the E, for R3 was
even slightly increased, inhibiting the final irreversible decomposition step. The
latter is another benefit for real-life applications, as it increases the material's
longevity.

Though initial analysis was performed on a microporous carbon material,
further research utilized a mesoporous carbon black. The mesoporosity of the
material is considered more accessible for the NaAlH4, especially when methods
other than solution impregnation are used. Furthermore, carbon blacks are in-
herently nanoparticulate, enabling thin films to form on the surfaces and nano-
particles to form in the interparticulate voids. Figure 8 shows gas adsorption mea-
surement results of ball-milled NaAlH4/carbon black composites. It demonstrates
a significant reduction of surface area and pore volume due to the ball milling
synthesis. This, together with the fact that the isotherm of the pure Vulcan XC72R
carbon black is type IV, indicating mesoporosity, while the composite is type II,
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which is indicative of nonporous or microporous material,'”?

filling has taken place during the ball milling process.

indicates that pore
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Figure 8. N, gas sorption measurement results for NaAlH4/Vulcan XC72R composites
with different NaAlH4 wt%. The left y-axis with solid black columns describes the spe-
cific surface area calculated according to the BET adsorption theory (Sger), and the right
y-axis with striped, blue columns represents the total pore volume (Vi) calculated from
the adsorbed amount of N, at p/po = 0.95.1"
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Figure 9 presents PXRD data for pristine ball-milled NaAlH4 and the composite
materials. A crystalline Al phase is observed in composites with < 80 wt%
NaAlH4, whereas only NaAlH. reflections are detected in the NC90 composite
and the ball-milled alanate. The intensities of the Al diffraction peaks decrease
with increasing NaAlH4 content, indicating that the amount of separate crystalline
Al is lower in composites with higher NaAlH4 loading. This suggests that at lower
NaAlH4 wt%, nanoscaling is more effective and the influence of the scaffold
material is more pronounced, leading to partial decomposition of NaAlH4 during
ball milling or even under ambient conditions.

In addition, the absence of diffraction peaks for intermediate phases such as
Nas;AlHs and NaH further supports this: the smallest NaAlHa particles likely
decompose into polycrystalline or amorphous products that do not yield distinct
diffraction peaks. However, the presence of sharp NaAlH4 peaks indicates that a
fraction of the material remains in the form of particles of considerable size.
Furthermore, the existence of Al peaks shows that the Al resulting from decom-
position is not strictly confined and forms larger crystalline particles.
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Figure 9. PXRD diffractograms of NaAlH4/Vulcan XC72R ball-milled composites and
pristine ball-milled NaAlIH4. NaAlH4 diffraction peaks are marked with a black diamond,
and Al peaks are marked with a blue circle with a superimposed x. The diffractograms

have been shifted vertically for easier comparison, and only the most informative 26 range
from 25° to 70° is presented.™

Figure 10 shows the TPD results from pristine NaAlH4, ball-milled NaAlHa,
NC50, and NC90. Ball milling significantly reduces the dehydrogenation
temperature of the alanate. While limited hydrogen release begins at ambient
temperatures, it remains kinetically hindered below approximately 135 °C. A
more substantial release is observed around 150 °C. However, these early peaks
correspond to very small amounts of H,. Compared to pristine NaAlHs, the
hydrogen evolution peaks in the milled samples occur at lower temperatures but
exhibit similar peak widths, suggesting that ball milling reduces particle size,
which in turn lowers the dehydrogenation temperature. Notably, a significant
portion of NaAlHs decomposes during the milling process itself, resulting in a
lower overall H, yield relative to the bulk material.

The incorporation of porous carbons further enhances dehydrogenation
performance of NaAlHs. The addition of a small amount of carbon in NC90
mitigates alanate decomposition during milling compared to bulk alanate. This
suggests that the carbon scaffolding stabilizes freshly milled particles or aids in
dissipating the impact energy from the milling process. NC90 demonstrates a
dehydrogenation maximum 25 °C lower than bulk alanate and lacks the three
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distinct dehydrogenation peaks (corresponding to R1-R3) typically observed in
bulk alanate. Instead, the first two peaks — corresponding to the reversible decom-
position reactions R1 and R2 — merge into a single process. The NC50 composite
shows even more pronounced changes, with dehydrogenation initiating at near-
ambient temperatures. The most significant hydrogen release occurs in the tempe-
rature ranges of 100-190 °C for NC50 and 145-235 °C for NC90. This contrasts
with the higher dehydrogenation temperature range of bulk alanate, 165-275 °C,
where the first two reactions have clearly defined peak maxima, unlike the
composites.
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Figure 10. a) Differential volume and b) cumulative mass of released hydrogen nor-
malized to the mass of NaAlH4. Pristine NaAlH4 (dash-dot black line), ball-milled
NaAlH4 (dash-dot-dot green line), lowest, and highest wt% composites — NC50 (solid red
line) and NC90 (dashed blue line) — are brought for comparison. Only TPD results at
<400 °C are shown for better readability; almost no release of hydrogen was detected at
>350 °C for all composites.™
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A clear relationship exists between alanate weight percentage and dehydro-
genation temperature. The temperature of the first hydrogen release peak maxi-
mum decreases from 201 °C to 157 °C as NaAlH4 loading drops from 90 to
50 wt%. This indicates that the NaAlH4 particle size has significantly decreased
due to the applied ball milling process. Enhanced nanoscaling and catalytic
effects of the scaffold carbon may occur if alanate is deposited as a thin layer on
spherical carbon black nanoparticles. The alteration in dehydrogenation tempe-
rature and the shape of the TPD curve relative to bulk alanate suggest intermixing
and covering of carbon particles during milling, including some filling of inter-
particulate pores. The scaffolding effects of porous carbon intensify at lower
NaAlH4 weight percentages. Notably, intense dehydrogenation begins at approxi-
mately 100 °C. The effective hydrogen release is diminished for composites with
lower NaAlH, weight percentages. This indicates that decomposition conditions
have been reduced to ambient temperatures, with some material decomposing
during milling and storage.

6.1.2 Influence of nanostructuring on the
dehydrogenation/hydrogenation cycling of NaAlH,

The effects of nanostructuring on the dehydrogenation/hydrogenation cycling
performance of the composite materials were studied in publication III.

Figure 11 shows the results of dehydrogenation/hydrogenation cycling for
ball-milled NaAlH4/carbon black composites. It demonstrates that the composites
can be hydrogenated at 60 bar, enabling NC50 to be cycled 10 times when the
operating temperature is held at 150 °C. The H; storage capacity degraded to half
of the initially released H» over those 10 cycles. The largest drop in H» storage
capacity was after the first cycle, and the first two reversible reactions (R1 and
R2) were both engaged until cycle 7.

When the operating temperature was raised to 190 °C for NC60, the H, effi-
ciency for the first cycle was greater, as the material was heated past the melting
point of NaAlIH4, removing kinetic barriers. However, the loss of efficiency after
the first cycle was also much more significant, reaching a stable plateau lower
than the one for NC50 after the very first cycle.
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Figure 11. Amount of H; released during dehydrogenation of NC50 (black squares) for

4 h at 150 °C, and NC60 (red circles) for 4 h at 190 °C. Materials were hydrogenated
under 60 bar of H; pressure for 10 h at 150 °C for NC50 and 190 °C for NC60.™

Figure 12 shows the post-cycling TPD analysis for the composite materials. The
TPD curves of the NC50 samples cycled at 150 °C exhibit a reduction in the total
quantity of H, effectively stored within the composite after cycling. An initial
release of 5.5 wt% of H» was observed from the pristine, uncycled composite.
Following one cycle, a release of 4.6 wt% of H, was recorded, whereas after 10
cycles, 3 wt% of H, was attained. During the cycling experiment, the H, evolved
stabilized at approximately 1.7 wt%, signifying that a portion of H, from R1 and
R2 (~0.8 wt%) was not released (the irreversible R3 corresponds to merely
1.8 wt%). This phenomenon suggests that the dehydrogenation process is kinetic-
ally hindered under these testing conditions.

Notably, the scaffolded material has preserved its principal dehydrogenation
peak at 165 °C even after the completion of 10 cycles. However, the intensity of
H; evolution is markedly diminished across all applied temperature ranges. The
observed decline in H, capacity is presumably attributable to the material that
was not nanoconfined, whereas the confined particles have successfully retained
their properties, as evidenced by the consistent shape of the H» evolution curve.
The observed shift of H, evolution towards elevated temperatures may arise from
the irreversibility of the initial R1 under the applied hydrogenation conditions.

44



—~
b a) Ramp rate: 2 °C min* Ramp rate: 2 °C min’}
s 50 Wt% NaAlH, 60 Wt% NaAlH,:
n —— Uncycled —— Uncycled
9 10 4 - - -After 1 cycle - - - After 5 cycles
e ' —-—- After 10 cycles
N—r ' h
/.sr fl i
I o
% ,‘l\|
Z 5} " 'I
£ ’
Lk
'|E " I
~— v N '
\(\‘ 7 - 2\
T | A \ A\
% ...... _
6} C)
ra Tdehydro,hydro =190°C
?E Priz,hyaro = 60 bar
Y G
<
I
Z - -
£ Caene -7
\N 2 r . Tdehydro,hydro =160°C+
I ,/, Phz,hydro = 160 bar
S . 10 cycles
Tdehydro,hydro =150°C
O d : X sz,hydro = .60 bar R X X
0 100 200 300 400 100 200 300 400

T(°C)
Figure 12. a), b) Differential volume and c), d) cumulative mass of released hydrogen
normalized to the mass of NaAlH4. Results of NC50 (a and ¢) are presented before cycling
(uncycled, solid black line), after 1 cycle (dashed red line), and after 10 cycles (dash-dot
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When subjected to cycling at 190 °C, the degradation of NC60 during the cycling
process becomes exceedingly evident. As the temperature exceeds the melting
point of NaAlH4 (183 °C), the kinetic barriers that impede its decomposition are
surpassed. It is important to highlight that the profile of the H, release curve
remains relatively unchanged, with H, evolving across a wide temperature range,
despite a significant reduction in the overall quantity of stored H» (from 5.6 wt%
to 2.7 wt%). Also, the results suggest that most, if not all, of the reversible H, was
released from the material during the cycling experiment.

The diminished quantity of released H, comes from the principal dehydro-
genation peak observed within the temperature range of 100—190 °C. This peak
is attributed to the liberation of H, from sizable particulate or bulk NaAIH4. The
capacity for near-ambient dehydrogenation is preserved, signifying that the well-
constrained scaffold-supported material retains its H, storage capabilities even
following the cycling process.
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Figure 13 presents PXRD diffractograms acquired prior to and after cycling.
In addition to NaAlH4 and Al, the intermediate phase Na3;AlHs appears after 10
dehydrogenation/hydrogenation cycles with NC50 at 150 °C. This phase is absent
after the first cycle but becomes clearly detectable by the tenth, indicating the
progressive crystallite growth of Na3;AlHs to sizes sufficient for producing
distinct diffraction peaks. The latter observation signifies crystallite growth to
such an extent that they yield clearly distinguishable diffraction peaks. This ob-
servation, along with the increased intensity of Al reflections, signifies substantial
phase separation, particle aggregation, and irreversible decomposition. The
resulting larger particles are too kinetically hindered and spatially segregated to
be hydrogenated into NaAlH4 under the applied cycling conditions.

Similarly, during cycling of NC60 at 190 °C, diffraction peaks for Na;AlHs
and Al intensify, while those for NaAlH4 diminish, mirroring the trend seen in
NC50. The elevated cycling temperature — above the melting point of NaAlH, —
promotes irreversible decomposition, with Al segregating into sizeable distinct
particles. The scaffolded (nano)particles facilitate the stable H, storage capacity
ascertained throughout all applied cycles. The H, uptake and release observed
over all cycles are predominantly attributed to the NazAlHs «» NaH transition, as
the formation of NaAlHj is obstructed under these cycling conditions.
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Figure 13. PXRD diffractograms of uncycled and cycled NC50 and NC60. NaAlH,4
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6.1.3. Studying the mechanism of
dehydrogenation/hydrogenation of NaAlH4/carbon black
composites

The mechanism of dehydrogenation/hydrogenation of the composite materials
was studied in sifu using NPD and is featured in publication II.

Mass ratios of the carbon scaffold, NaAlD4, Na3AlDg, NaD, and Al were deter-
mined from the refinement of NPD data. The carbon black scaffold consistently
accounted for approximately 40% of the total mass throughout the experiment.
Its relative contribution decreased during decomposition, as NaAlD4 converted
to NasAlDs and Al, and subsequently to NaD and additional Al. This trend
suggests the presence of an amorphous or nanocrystalline deuterated alanate
phase in the pristine material, which sintered into larger particles and crystallites
at elevated temperatures, thereby reducing the relative scattering contribution
from the carbon phase.

To facilitate a clearer comparison of NaAlD, and its decomposition products,
the sum of mass contributions of all non-carbon phases was assumed to be unity
at each experimental time point after subtracting the scaffold fraction. Figure 14
shows the results of these calculations. Up to 147 °C, the NaAlD4 comprises over
90% of the crystalline phase. Approximately 20% of the NaAlD4 decomposes in
30 min at 147 °C. The crystalline NaAlD4 phase disappears completely upon
heating to 177 °C — just below the melting point of bulk NaAIH4 (183 °C) — and
does not form again during subsequent deuteration cycles.

The known phase transitions or melting points of the decomposition products —
NazAlDg (252 °C), NaH (632 °C), and Al (660 °C) — are significantly higher than
the experimental temperature range, and therefore, do not influence the calculated
mass ratios derived from NPD refinement.

With the disappearance of the NaAlIDj4 crystalline phase beginning at 147 °C,
the mass fractions of Na3AlDg and Al increase, corresponding to the first decom-
position step (R1). The subsequent rise in NaD and concurrent decline in Na3AlDg
occur only upon cooling to 157 °C from 177 °C, indicating that even with a
carbon scaffold, R2 remains kinetically limited by the sluggish progression of R1.
This is further supported by behavior observed in subsequent decomposition/
deuteration cycles.
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Figure 14. a) D, pressure (pn, light blue line) and sample temperature (7, red line) in the
sample cell as functions of experimental time, and b) mass ratios of crystalline phases
(blue squares for NaAlH4, olive for NasAlHs, green for NaH, and blue for Al) in the
sample plotted versus experimental time. The initial mass ratio of the carbon had been
subtracted, and the remaining mass ratios are normalized so that their sum equals unity.
Temperature (red line, right y-axis) is overlayed on this panel for reference.”

Upon applying a D, pressure of > 20 bar at 157 °C, the NaD phase rapidly
diminishes, as the majority of the phase disappears in < 30 min, while the
Na3AlDs fraction increases. This reflects the reverse of R2, i.e., deuteration of
NaD, and results in a stable Na3AlDs mass fraction of approximately 0.61 under
these mild hydrogenation conditions. Only crystalline Naz;AlD¢ and Al are
detectable, affirming that R2 remains at least partially reversible under these mild
conditions. Similar reversibility is observed during the third cycle: NaD forms
upon heating to 177 °C and disappears upon subsequent D2 pressurization. Figure
15 is provided to show the data, including D, release, for visual clarity.
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Upon heating to 147 °C and dosing with 40 bar of D», no change was deter-
mined in the crystalline composition. Nevertheless, a pressure increase of 0.3 bar —
corresponding to ~5.5 wt% D- released from the theoretical maximum — is
detected. This suggests the carbon black facilitates the decomposition of NaAlD4
without inducing significant changes in the detectable crystalline phase composi-
tion. This behavior is primarily attributed to the decomposition of amorphous or
nanoscale NaAlD4 and NazAlD¢ components within the composite, which remain
undetectable with NPD. The formed Al is separated and largely confined, as no
increase in the ratio of crystalline Al is determined during the second heating
cycle. Identical release of D, at < 147 °C, without a change in the crystalline
phase composition, can be seen during the 3rd decomposition cycle. Furthermore,
the crystalline phase composition remains consistent up to 147 °C during the 4th
cycle, even when vacuum is applied. This consistency across cycles reinforces
the stabilizing role of the carbon scaffold and the involvement of non-crystalline
or nanophase materials in the hydrogen release process.

The presence of Al in the pristine composite likely originates from partial
decomposition of NaAIH4 or NaAID4 during ball milling and the initial deute-
ration steps in sample preparation. As neither NazAlDs nor NaD is detected in the
pristine material, any decomposition products present must be amorphous or too
small particulate to be detected by NPD.
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Figure 15. a) Temperature (7, red line, left axes) and D, pressure (pp2, light blue line,
right axes) profiles during the first three decomposition cycles. The temperature axis has
equivalent values for all three cycles for direct comparison. b) Amount of D, released,
calculated from the pressure increase, during the first three decomposition cycles. The
applied decomposition temperatures and the theoretical maximum D, release from the
initial decomposition reactions are indicated. ¢) Molar ratios of crystalline phases, deter-
mined from the refinement of NPD data. Panel ¢ has the same color scheme as Figure 14b."

49



During the 4th applied cycle, molar ratios of NaD and Al reached 0.45 and 0.55,
respectively, with no additional crystalline phases detected. Based on the equi-
valent molar ratios of NaD and Al after R2 and Al content present in the pristine
composite, full decomposition of NaAlD4 into NaD at 177 °C is ascertained.

6.1.4 Conclusion

Having first understood the significant impact of nanoconfinement in a micro-
porous carbon on the H, storage properties of NaAlH4, a new composite was
developed and synthesized. To enhance pore accessibility and surface contact
with the alanate, a mesoporous carbon black was selected as the scaffold material.
This, combined with an increased mass fraction of NaAlHs and a shift to ball
milling as the synthesis method, advanced the system toward practical applicabi-
lity. The resulting ball-milled NaAlHs/carbon black composite demonstrated
reduced dehydrogenation temperatures and improved kinetics, even at a carbon
content as low as 10 wt%. These results suggest that, in addition to nanoconfine-
ment, the NaAlHs/carbon interface itself may play an active role in modifying the
alanate’s hydrogen storage behavior. Notably, dehydrogenation/hydrogenation
cycling was achieved under conditions compatible with high-pressure polymer
electrolyte membrane electrolyzers.'™

Through NPD and complementary physical characterization techniques, the
system has been thoroughly investigated. This analysis highlighted both strengths
and limitations: on the one hand, the composite exhibits efficient lowering of
(de)hydrogenation thresholds at high alanate loadings; on the other, it remains
hindered by phase segregation and underutilization of R1 during cycling.

Future research targeting high-alanate or complex metal hydride systems at
low temperatures and hydrogen pressures should place greater emphasis on the
carbon scaffold material. Even small carbon mass fractions showed a significant
impact when combined with ball milling. Tailoring the carbon structure — for
instance, by synthesizing it from metal carbides such as TiC — offers a pathway
to further optimize material performance and facilitate catalyst integration.

6.2. Li-ion pouch cells

6.2.1. Development of Li-ion pouch cells for accelerated testing
at elevated temperatures

Firstly, the Li-ion pouch cells were optimized in terms of positive electrode, electro-
lyte solvent, salt, and additives. The negative electrode was always artificial graphite.
The results of these experiments were analyzed in publications IV and VI.

Figure 16 shows long-term cycling results at 85 °C for Ni83, NMC640, and
NMC532 cells with either EC:DEC (1:1) or DMOHC:DEC (1:4) as the solvent
blend. This experiment evaluates the positive electrodes and principal solvent
blend for the most optimal long-lifetime and high-temperature cells. Mid-nickel
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cells have shown great promise in the past.’®****3 High Ni cells enable higher capa-
cities and have also exhibited great lifetimes when operated at low voltages.”
DMOHC:DEC is tested to mitigate the known gassing in Ni83 cells''*!?* and
possible gassing in NMC640 and NMC532 cells.

NMC640 and NMC532 cells showed no gas production with either solvent
blend after extended cycling. EC:DEC (1:1) exhibits clearly better capacity
retention in NMC640 (panel e) and NMC532 cells (panel f) compared to Ni83
cells and cells with DMOHC:DEC (1:4). The increase in voltage polarization for
NMC532 cells with DMOHC (panel i) is explained by electrolyte permeation
from the pouch cell, as discussed in chapter 6.2.2.
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Figure 16. Discharge capacity (a-c), normalized discharge capacity (d-f), and normalized
voltage polarization (g-i) for Ni83/AGC (a, d, g), SC NMC640/AGC (b, e, h), and SC
NMC532/AGA (c, f, i) with EC:DEC (1:1) and DMOHC:DEC (1:4) cycling C/3 CCCV
at 85 °C between 3.0 and 3.8 V (grey squares for EC:DEC and light blue circles for
DMOHC:DEC) and 3.0 and 3.9 V (dark grey triangles for EC:DEC and dark blue
diamonds for DMOHC:DEC). The electrolyte salt was 1 M LiFSI and the additives were
2 wt% VC and 1 wt% DTD. The second set of sparse data points is the C/20 check-up
cycle data, which lies above the C/3 data points in the case of capacity and below the C/3
data points in the case of voltage polarization. Note that panel ¢ has a different y-axis."!
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The significant noise in the Ni83 data (panels a, d, g) is from gas production in
the cell. Stack pressure was slightly increased after ~100 cycles to more effec-
tively push gas out from between the electrodes. Ni83 cells with DMOHC have
an initial advantage, as they prolong gas production, delaying venting. However,
gas production remained an issue that could not be managed with gas-limiting
additives either.

It can be concluded that the choice of the positive electrode strongly influences
cell lifetimes under the applied conditions, as the effects from potential and the
negative electrode can be negated with the low voltage and graphite negative
electrode used in all cells in Figure 16.

EC is suspected of being the main culprit for gas production in cells with high
Ni content positive electrodes, as increased intensity of surface reconstruction
and oxygen release may lead to gas-producing reactions with EC.%%!03175-178
Therefore, the option of reducing gassing by reducing the EC concentration with-
in the cell was explored. Figure 17 shows cycling data for Ni83 and NMC640
with EC:DEC (1:1), (1:2), and (1:4). In the case of NMC640, the performance is
almost independent of EC concentration with increased voltage polarization
growth and slightly decreased capacity retention, possibly resulting from in-
creased electrolyte permeation rate (chapter 6.2.2.) or decreased conductivity due
to the increased DEC mass fraction. This retains the option of reducing the
viscosity of the electrolyte by reducing the EC concentration. However, in the
case of Ni83, the cell lifetime is significantly improved by reducing EC content,
as gas production is also reduced, delaying venting further. Cells with EC:DEC
(1:2) and (1:4) perform comparably to DMOHC:DEC (1:4) cells in terms of
capacity retention (panel f) and slightly outperform in terms of voltage
polarization growth (panel i), while having slightly lower absolute capacity
(panel c). Cells with EC:DEC (1:2) started rolling over at cycle 315 with
165 mAh and 93% capacity vs 170 mAh and 94% capacity at cycle 315 for
DMOHC:DEC (1:4). This comparison also does not take into consideration that
due to the high viscosity and low vapor pressure of DMOHC:DEC electrolyte,
venting events may go unnoticed for longer durations, of time with it possibly
occurring already at cycle 165, where noise in the data is noticeable. Cells with
EC:DEC (1:4) exhibit even longer lifetimes at the cost of a slight decrease in
absolute capacity.
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Figure 17. Discharge capacity (a-c), normalized discharge capacity (d-f), and normalized
voltage polarization (g-i) for SC NMC640/AGC (a-b, d-e, g-h), and Ni83/AGC (c, f, 1)
with EC:DEC (1:1) (dark grey triangles), EC:DEC (1:2) (grey circles), EC:DEC (1:4)
(light grey diamonds), and DMOHC:DEC (1:4) (dark blue stars) cycling C/3 CCCV at
85 °C between 3.0 and 3.9 V (a, c-d, f-g, i) and 3.0 and 4.0 V (b, e, h). The electrolyte salt
was 1 M LiFSI and the additives were 2 wt% VC and 1 wt% DTD. The second set of
sparse data points is the C/20 check-up cycle data, which lies above the C/3 data points
in the case of capacity and below the C/3 data points in the case of voltage polarization.
Note that panel ¢ has a different y-axis."!

Though NMC640 cells with EC:DEC based solvent blends show impressive
cycling results at elevated temperatures, most commercial cells operate at tem-
peratures far lower than 85 °C. Figure 18 shows overlayed voltage curves at 20
and 40 °C. The large difference in voltage polarization caused by only a 20 °C
temperature increase is evident. This demonstrates that cells with EC:DEC (1:1)
suffer a significant capacity penalty at 20 °C.
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Figure 18. Voltage-capacity curves of single-crystal NMC640/AGC cells using EC:DEC

(1:1), 1 M LiFSI, 2 wt% VC, 1 wt% DTD. These cells were cycled C/20 at 20 °C (blue)
and 40 °C.IV

To mitigate this, other co-solvents, such as DMC and EMC, were considered for
their lower viscosities to yield electrolytes with higher conductivities than
DEC.""® Figure 19 shows cycling results for NMC640 cells with EC:DEC (1:2),
EC:EMC (3:7), and EC:DMC (3:7) at 85 °C. EC:DMC cells show far more rapid
capacity fade and also exhibit intense gassing. However, cells with EC:EMC (3:7)
showcase comparable cycling behaviour to cells with EC:DEC (1:2). Though
EMC is challenging to use at 100 °C due to its close boiling point of ~107 °C,'”
it may come into consideration for cells designed for lower temperature per-
formance.
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Figure 19. Discharge capacity (a), normalized discharge capacity (b), and normalized
voltage polarization (c) for SC NMC640/AGC with EC:DEC (1:2) (grey circles),
EC:EMC (3:7) (red squares), and EC:DMC (3:7) (green diamonds) cycling C/3 CCCV at
85 °C between 3.0 and 4.0 V. The electrolyte salt was 1 M LiFSI, the additives were 2 wt%
VC and 1 wt% DTD. The second set of sparse data points is the C/20 check-up cycle data,
which lies above the C/3 data points in the case of capacity and below the C/3 data points
in the case of voltage polarization."!

Figure 20 shows the absolute capacity (a—c), capacity normalized to the Sth cycle
(d—f), and the voltage polarization (g—i) of cells cycled at 100 °C, plotted against
cycling time. The cells were tested to three different UCVs: 3.9V (a, d, g), 4.0 V
(b, e, h),and 4.1 V (c, f, i). Notably, NMC640/AGC cells using EC:DEC (1:1) as
the solvent blend, LiFSI and LiTFSI as salts, 2 wt% VC 1 wt% DTD as additives,
achieved ~600 cycles (approximately six months) before reaching 80% capacity
when cycled up to 4.0 V. Achieving such longevity at 100 °C with a liquid
electrolyte is exceptionally difficult for conventional Li-ion batteries.'™®

The best salt composition is a 1:1 molar blend of LiFSI and LiTFSI, with pure
LiFSI as the next best. The latter reached 80% capacity at just over 400 cycles at
100 °C and cycling to 4.0 V. Blending with LiPF¢ did not improve performance,
except at4.1 V, where it was comparable to the LiFSI + LiTFSI blend. Interesting-
ly, despite pure LiTFSi causing severe aluminum corrosion on the positive
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electrode current collector at such voltages and temperatures, blend with LiFSI
still lead to the best-performing cells'**'** Excessive gas production introduced
noise in the pure LiFSI data and rapid cell venting at 4.1 V. For both pure LiFSI
and its blends, no significant differences in capacity retention or voltage polariza-
tion were observed when cycling to 3.9 V or 4.0 V. However, when cycling to
4.1V, the cells fail rapidly either due to venting (pure LiFSI) or due to rapid
capacity fade (the salt blends). While capacity retention at elevated temperature
is impressive, all configurations experienced notable impedance growth, in-
cluding the 0.5 M LiFSI + 0.5 M LiTFSI blend at 3.9 and 4.0 V (g-h).
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Figure 20. Discharge capacity (a-c), normalized discharge capacity (d-f), and voltage
polarization (g-i) for single crystal NMC640/AGC cells cycling between 3.0-3.9 V (a, d,
g), 3.0-4.0 V (b, ¢, h), or 3.0—4.1 V (¢, f, i) at C/3 and 100 °C. These cells use EC:DEC
(1:1) as the solvent blend and 2 wt% VC and 1 wt% DTD as additives. The salts used are
0.4 M LiFSI + 0.4 M LiTFSI (dark grey squares; 595 cycles at 3.9 V, 585 cycles at 4.0 V,
102 cycles at 4.1 V), 0.5 M LiFSI + 0.5 M LiTFSI (blue circles; 503 cycles at 4.0 V, 272
cyclesat4.1 V), 0.9 M LiFSI + 0.1 M LiPFs (red triangles; 297 cycles at 3.9 V, 314 cycles
at 4.0V, 224 cycles at 4.1 V) and 1 M LiFSI (green diamonds; 427 cycles at 3.9 V, 514
cycles at4.0 V, 28 cycles at 4.1 V). The second set of sparse data points is the C/20 check-
up cycle data, which lies above the C/3 data points in the case of capacity and below the
C/3 data points in the case of voltage polarization.'V
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Figure 21 shows ex-situ gas volume measurement results for UHPC cells. These
cells exhibit minimal gassing over an extended period of time, even at 100 °C.
NMC640 has no issues with gassing even at 4.0 V, whereas Ni83/AGC cells even-
tually vent at 3.8 V and 85 °C.
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Figure 21. The volume of gas produced in SC NMC640/AGC pouch cells after 30 UHPC
cycles (1200 h of testing) at C/20 and at various temperatures. No detectable gas was
produced in the UHPC experiment between 20 to 55 °C.1V

Figure 22 presents quantified uXRF data from the negative electrodes of selected
cells cycled under extreme conditions alongside comparator cells with 1 M
LiTFSI that failed rapidly. Although LiFSI is typically associated with Al corro-
sion at elevated voltages, no Al corrosion was detected, even at high temperatures
and a cutoff voltage of 4.1 V. In contrast, using pure LiTFSI under the same con-
ditions led to severe Al corrosion, resulting in immediate cell failure. Ex-
pectedly,'®! no detectable Mn was found on the negative electrodes of low-voltage
cells (£4.0V). However, cycling to 4.1 V induced Mn dissolution from the
positive electrode and its subsequent deposition on the negative electrode. This
suggests structural damage to the cathode and aligns with the observed decline in
cycling performance at 4.1 V, including reduced capacity retention and increased
voltage polarization, relative to cells cycled to 4.0 V. While cells using the LiFSI
and LiTFSI blend significantly outperformed those using pure LiFSI, Mn dis-
solution was still present. This indicates that the underlying degradation mecha-
nism is not fully suppressed. The full cause and effect of Mn dissolution remain
unclear. However, it can be concluded that SC NMC640/AGC cells with EC:DEC
(1:1) 1 M LiFSI 2 wt% VC and 1 wt% DTD cells exhibit no Al corrosion and
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very limited gas production and Mn deposition even under the most extreme
conditions.
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Figure 22. Post-mortem Mn (a, grey) and Al (b, blue) concentration on the negative
electrode of NMC640/AGC cells cycled at C/3 or C/20 at 85 or 100 °C. The number
overlayed or on top of bars is the number of cycles performed. Cells using 1 M LiTFSI
as electrolyte salt that vented and failed rapidly when tested at the indicated conditions
have been added for comparison. The dashed red line represents signal values obtained
from measuring the negative electrode of a dry, uncycled cell."

6.2.2. Limitations of Li-ion pouch cells for accelerated testing
and long-lifetime cells

The importance of the form factor was studied in publication VI.

Figure 23 shows the electrolyte loss rates for various solvent mixtures used in
pouch cells subjected to wide-temperature UHPC experiments. In all cases, the
electrolyte contained 1 M LiFSI as the salt with 2 wt% VC and 1 wt% DTD as
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the additives. The data exhibits an Arrhenius-type dependence of the solvent loss
rate, highlighting that solvent permeation is a relevant issue even at moderate
temperatures. While reduced at lower temperatures, solvent loss over decades
may still cause solvent depletion in long-lifetime cells leading to failure prior to
their electrochemical end-of-life.

A correlation is observed between solvent composition and loss rate: blends
with higher fractions of DEC or DMC exhibit greater solvent loss. This suggests
that the more volatile solvents, DEC and DMC, are the primary components lost
over time.
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Figure 23. Electrolyte loss rate at different temperatures for polycrystalline Ni83/AGC
402035-size pouch cells cycled C/20 between 3.0-3.8 V and 3.0-3.9 V for ~1500 h.
Solvent blends used were DMOHC:DEC (1:4) (black squares), EC:DEC (1:1) (blue
circles), DMOHC:DMC (1:4) (red triangles), and DMOHC (green diamonds). The
electrolyte salt was 1 M LiFSI, and additives were 2 wt% VC and 1 wt% DTD. The values
were calculated by dividing the total cell mass loss by cycling time.Y

Figure 24 shows the electrolyte loss rates for pouch cells, 18650 cans, and 18650
cells with and without Torr-seal under both storage and cycling conditions in a
temperature-controlled environment. The electrolyte loss rate at 70—100 °C is
substantial exceeding 10 wt% per year in most cases. Pouch cells particularly
reach 60 wt% per annum. At such rates, even if a cell could maintain 80% capa-
city for one year, failure due to electrolyte depletion would likely occur before
reaching electrochemical end-of-life.

It is evident that the 18650s have an inherent advantage as the solvent loss rate
is reduced by a factor of 1.3 to 3 compared to pouch cells. The application of
Torr-seal further reduces loss in both form factors, cutting it by approximately
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half at 100 °C. However, this additional sealing appears most beneficial for
18650s only at the highest temperatures, as their loss rates at lower temperatures
are relatively comparable. This is another advantage for the 18650s, as fewer
additional resources and processes are required to achieve better retention and a
more stable cell.

The discrepancy between electrolyte loss data of uncycled cells and cans vs
cycled cells is most probably due to differences in test configuration. The “un-
cycled” 18650s in panel a consist of empty cans without electrodes and contain
roughly half the electrolyte volume of a real cell. Additionally, in the case of both
the pouch cells and 18650s the uncycled cell data is averaged over 10 cells or
cans vs 2 cycled cells. Pouch cells also show more variability due to their smaller
mass and greater operator influence during filling and sealing. Therefore, the
18650s provide a more stable system over a long duration of time and in a wide
temperature range, enabling more representative lifetime predictions.
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Figure 24. (a) The solvent loss rate of pouch (blue) with (diamonds) and without (squares)
Torr Seal and 18650 cylindrical cans (red) with (circles) and without (hexagons) Torr Seal
kept at constant temperatures indicated. (b) SC NMC640/AGC pouch cells (blue squares)
and Torr-sealed 18650 cylindrical cells (red circles) cycled C/20 in a wide temperature
range between 3.0-3.9 V for the pouch and 3.0—4.0 V for the 18650 cells. In panel a, all
cells were filled with EC:DEC (1:1). In panel b, the solvent blend in pouch cells was
EC:DEC (1:1), and in the 18650s, it was EC:DEC (1:2). The salt was 1 M LiFSI and the
additives were 2 wt% VC 1 wt% DTD. The solvent loss values are calculated by dividing
the fractional solvent mass loss by the total time spent in the temperature box. Error bars
express (a) standard error or (b) standard deviation where multiple datapoints are
available.V
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Figure 25 shows normalized cycling and voltage polarization data for a pouch
cell, Torr-sealed pouch cells, and a Torr-sealed 18650 cell using EC:DEC (1:2)
1 M LiFSI 2 wt% VC 1 wt% DTD as electrolyte and cycled at C/3 at 85 °C.
Interestingly, pouch cells without Torr-seal outperform their Torr-sealed counter-
parts. The 18650 cell demonstrates superior performance, retaining approxi-
mately 91% capacity after 830 cycles (~7 months), compared to pouch cells
retaining 85%, 82%, and 79% capacity for the unsealed pouch cell and two Torr-
sealed pouch cells (A and B), respectively.
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Figure 25. Normalized discharge capacity (a) and normalized voltage polarization (b) for
SC NMC640/AGC pouch cells with (filled and unfilled light blue diamonds) and without
(blue squares) Torr Seal and 18650 cylindrical cells with Torr Seal (red circles) cycling
C/3 at 85 °C from 3.0 V to 4.0 V. These cells use EC:DEC (1:2) as the solvent blend, | M
LiFSI as the salt, and 2 wt% VC 1 wt% DTD as additives. The second set of sparse data
points is the C/20 check-up cycle data, which lies above the C/3 data points in the case of
capacity and below the C/3 data points in the case of voltage polarization. The absolute
capacities at cycle 800 are as follows: 169 mAh for "Pouch" (blue squares), 166 mAh for
"Pouch Torr A" (filled blue diamonds) and 157 mAh for "Pouch Torr B" (unfilled blue
diamonds), and 1753 mAh for "18650 Torr" (red circles)."
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These differences in capacity retention likely stem from the Torr-sealing and the
resulting differences in electrolyte loss. Assuming solvent loss only, the absolute
amount of salt remaining in the cell remains constant. This has very recently been
shown to be true, with salt consumption having a more minor effect compared to
solvent loss.'™ Thus, the salt concentration is increasing. Cycle-hold experiments
have demonstrated a positive correlation between increased LiFSI concentration
and capacity retention, while impedance growth remains unaffected.'™?

Measured electrolyte loss was 23% for Torr-sealed cell A, 21% for Torr-sealed
cell B, and 32% for the unsealed pouch cell. A back-of-the-envelope calculation
suggests the salt molarity increased from 1 M to roughly 1.37 M for cell A,
1.33 M for cell B, and 1.60 M for the cell without Torr-seal. The cell that has lost
the most electrolyte, and thus has the highest salt concentration, is the best-
performing. This suggests the cell without Torr Seal will perform better until it
dries out and ultimately fails. The Torr-sealed cells are expected to cycle well past
that point due to reduced solvent loss.

The 18650 cell, demonstrates itself to be the superior form factor when it
comes to both capacity retention and lower voltage polarization. Furthermore, the
Torr-sealed 18650 cell has lost only 2% of its electrolyte. A head-to-head com-
parison of pouch to 18650 is unfair, considering the significant differences in
geometry and capacity. These effects range from the testing aspects, e.g., lower
uncertainties due to increased capacities, to the mechanics of the cell, e.g., the far
smaller ratio of overhang to active negative electrode area in the case of 18650.
Overall, it is important to note how strongly these uncontrolled and unwanted
changes in electrolyte composition affect cell performance. This makes cells with
changing electrolyte compositions unpredictable.

6.2.3. Development of a lifetime model

The development of an initial lifetime model was done on pouch cells using
NMC640/AGC with EC:DEC (1:1) 1 M LiFSI 2 wt% VC 1 wt% DTD. Though
pouch cells have their limitations (as per chapter 6.2.2.), this was deemed a
simple, well-performing, and repeatable system to perform initial development
work on. This initial work is featured in publication I'V.

Figure 26 demonstrates the validity of Eq. 4. It is clear that the mathematical
relation established there — CIE is the sum of fractional fade and fractional
slippage — holds up with real data (panels ¢ and d). Eq. 4 does not match well at
the lowest temperatures (10 °C and 20 °C) due to the difficulty of maintaining
those temperatures at the required temperature stability (= 0.1 °C), the low capa-
city values increasing the impact of relative uncertainty, and the cells taking
longer to reach an equilibrium state at lower temperatures. On panels a and b, the
effects of temperature on the discharge capacity are apparent, with low-tempera-
ture capacities significantly lower than capacity at 40 °C. Even though the current
is very low (C/20), capacities increase with temperature. The cells running to
3.9V at 100 °Cand 4.0 V at 85 and 100 °C do not follow this trend, as degradation
is noticeably accelerated at the most extreme conditions.
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Figure 26. Discharge capacity (a-b) and coulombic inefficiency per hour, fractional capa-
city fade per hour, and fractional charge endpoint slippage per hour (c-d) for UHPC mea-
surements done on SC NMC640/AGC pouch cells with EC:DEC (1:1) 1 M LiFSI 2 wt%
VC 1 wt% DTD cycling C/20 between 3.0-3.9 V (a, ¢) and 3.0-4.0 V (b, d) at 20-100 °C.
Bar heights in panels ¢ and d represent the projected value at the 29th cycle based on a
linear fit of cycles 26-29. The 30 cycles shown took 1200 hours to measure.'v

Figure 27 shows the same UHPC characteristics as Figure 26 as an Arrhenius (a,
¢, e) or linear (b, d, f) scatter plot. It is visible that although at temperatures up to
70 °C the fade and CIE seem to be increasing linearly (b and f), if the entire
temperature range is observed, it follows more of an exponential trend, con-
sidering the linearity of the points on the logarithmic plot (a and e). This is con-
sequential as studies have often limited themselves to 60 °C, due to technical
challenges of operating Li-ion cells at > 60 °C. Both slippage and fade increase
with temperature, although the correlation is far stronger with fade. Though
charge endpoint slippage (c-d) exists and is on the same order of magnitude as
capacity fade at all temperatures, the exact cause of this is unknown. What is
more, its relation to temperature is unclear, as it does not follow a linear or
exponential trend.
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Figure 27. Fractional capacity fade per hour (a-b), fractional charge endpoint slippage
per hour (c—d), and coulombic inefficiency per hour (e—f) for UHPC measurements done
on SC NMC640/AGC pouch cells with EC:DEC (1:1) 1 M LiFSI 2 wt% VC 1 wt% DTD
cycling at C/20 between 3.0-3.9 V or 3.0—4.0 V at 20-100 °C. On panels a, c, and e,
the y-axis is logarithmic, and the x-axis is the inverse of absolute temperature, while on
panels b, d, and f, both axes are linear. Fade and CIE were negative at 10 and 20 °C, so they
are not visible on the logarithmic plots (a, €), and fade for 20 °C is out of scale in panel b.V

In order to use the acquired metrics for lifetime predictions, 4 must be extracted

from Eq. 6. That is most easily done by plotting, % vs 3/t.” If the parabolic law
0

applies, the resultant curve should be linear, and the 4 value can be extracted from
the slope. This is done in Figure 28. What is also apparent in Figure 28 is that
there are deviations from linearity that are caused mainly by power outages that
occurred during the experiment and the limitations in data quality offered by
small-capacity pouch cells.

"It is important to note that the analysis and its results in this thesis differ from those presented
in publication IV. The 4 values (denoted B in the publication) were previously extracted
incorrectly, with fractional capacity fade rates used. Thus, the analysis in this thesis has been
further elaborated and corrected.
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Figure 28. Fractional capacity vs square root time of SC NMC640/AGC pouch cells with
EC:DEC (1:1) 1 M LiFSI 2 wt% VC 1 wt% DTD cycling at C/20 between 3.0-3.9 V or
3.0—4.0 V at 85 and 100 °C. From their slopes, 4 values are extracted.

Using the 4 parameters extracted from Figure 28, Eq. 8 can be applied to real
long-term C/3 CCCV cycling data to check the validity of this simple model.
Using the lifetimes acquired from 100 °C cycling data in Figure 20 and calculating
projected lifetimes for similar cells cycling at 85 °C (as seen in, for example, Figure
17), the results can be compared to the lifetimes measured at 85 °C. Table 1
presents the results of these projections. It took 1240 h (~1.7 months) fora 1 M
LiFSI cell cycling to 4.0 V at 100 °C (4100 = 0.002244) to reach ~89.7% capacity,
it should take a cell cycling at 85 °C (4ss = 0.001318) about (1.70)* times longer
or 3420 h (~4.8 months) to do the same, based on the Arrhenius-type relationship.
The relative error of this projection is only an exceptional 1%. The cell cycling
to 3.9 V at 85 °C reached ~82.2% capacity retention after 8325 h (~11.6 months)
of cycling, compared to the predicted 8988 h (~12.5 months, 8% relative error).
Although these two predictions are within reasonable error (< 10%), the pre-
diction of the cell cycling to 3.9 V and 92.4% capacity is 20% off.
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Table 1. Projected cycling times compared to actual measured cycling times necessary to reach specific fractional capacity values for
NMC640/AGC cells using EC:DEC (1:1) 1 M LiFSI 2 wt% VC 1 wt% DTD cycling C/3 at the temperatures and to the UCVs indicated. The

lower cut-off voltage was 3.0 V in all cases. The 4 values needed to apply Eq. 8 were obtained from the linear slopes of Figure 28.

. . Cycling time at Projected cyclin Cycling time at Relative error of
ucvivl Fractional capacity Moo 5c [h] ime at 85 °C [h? Vesoc [h] projection
3.9 0.924 1181 3420 2846 20%
3.9 0.822 3102 8988 8325 8%
4.0 0.897 1240 3420 3378 1%




There are three main causes of error.

1. The square root time model currently only considers Li inventory loss at low
rates. When calculating lifetimes for cells cycling at C/3, other factors need to
be considered, as, for example, cell impedance starts to grow and factor in, as
visible in Figure 20g—20i. All three of the presented predictions overestimate
the lifetimes of the cells. Therefore, the causes and effects of this should be
included in future work.

2. Electrolyte permeation out of the pouch cells changes their properties and
affects their performance.

3. The quality of data from the pouch cells may not be sufficient. This is due to
the low capacity of the cells and the effects of power outages on the measure-
ments. Furthermore, insufficient data is presented here for validation, with a
single outlier cell possibly skewing the results.

However, the power of these kinds of predictions should not be underestimated,

and there are easy steps to take that can already negate these issues, e.g.,

switching to 18650 cylindrical cells with Torr seal.

If one were to take the most accurate lifetime prediction — based on the cell
cycling to 4.0 V at 100 °C — and project the lifetime of the same cell cycling to
40 °C, the cell would reach 89.7% capacity in 40 years, and 82.2% in an im-
pressive 85 years. However, in addition to the lack of necessary additional valida-
tion of these predictions, we already know from chapter 6.2.2. that (without Torr
seal) these cells would lose 30% of their electrolyte in 16 years, likely drying out
and failing long before reaching these lifetimes.

6.2.4. Further development

There are many propositions for further improvement in this thesis that have

already been applied. The work presented here was the forerunner of the results

published in Claire Floras et al 2025 J. Electrochem. Soc. 172 020514."® They
used cylindrical 18650 cells with NMC640, NMC631, or NMC60:35:10 as the
positive electrode, artificial graphite as the negative, and EC:DEC 1:2 1 M LiFSI

2 wt% VC 1 wt% DTD as the electrolyte. All cells had also Torr seal applied to

them and were cycled to 4.0 V. There are several key takeaways already available

to researchers based on that work.

e The cells went through thorough physical and electrochemical characterisa-
tion, and it was confirmed that the primary degradation mechanism at C/20
was Li inventory loss due to SEI layer growth. The cells exhibited severely
reduced solvent permeation, no transition metal deposition, no gas production,
no electrolyte oxidation or unexpected degradation product, nor significant
salt loss.

e The high quality of the data enabled further development and validation of the
square root time model.

e At C/3, the necessity to either include impedance growth in the model or
mitigate it in the cell became apparent and remains one of the directions for
further development.
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6.3. Benefits and efficacy of advanced techniques for
energy storage

Advanced techniques such as neutron powder diffraction (NPD), ultra-high pre-
cision coulometry (UHPC), and elevated temperature testing provided critical
insights into the performance and limitations of solid-state hydrogen storage in
NaAlH4/carbon composites and long-lifetime lithium-ion battery systems. These
methods deepened our understanding of the fundamental behaviors of these
technologies, supporting the development of more efficient H, storage solutions
and robust predictive models for Li-ion batteries.

NPD enabled the in-situ study of the NaAlH4/carbon black composites during
dehydrogenation and hydrogenation cycling. This made it possible to observe
structural and chemical changes in real time under operating conditions. The
results demonstrated that dehydrogenation/hydrogenation cycling was possible at
relatively mild conditions (150 °C, 20 bar H, pressure). Furthermore, they sug-
gested that the inherent chemical nature of the carbon material, in addition to its
mesoporous and nanoparticulate structure, likely contributed to improved per-
formance. Most crucially, NPD revealed the composite’s limitations. As an H;
storage material, it remains hindered by the segregation of its decomposition pro-
ducts and does not fully rehydrogenate to NaAlHa, returning mostly to the inter-
mediate NazAlHs. As a result, tailoring the carbon material’s structure and
including catalysts should be pursued in the future.

Wide-temperature range UHPC combined with accelerated testing at elevated
temperatures enabled a detailed evaluation of the degradation behavior of Li-ion
cells at elevated temperatures. With the degradation mechanisms in these well-
optimized cells limited primarily to Li inventory loss, a straightforward lifetime
model was developed using this high-precision data. While this initial model does
not yet account for impedance growth, it demonstrates how decades of real-world
aging can be predicted with moderate testing time. Furthermore, this has already
enabled continued work further developing and validating the cells and model.
This is a potentially transformative tool for warranty modeling, system design,
and second-life battery applications.

Although NPD and UHPC were applied to different storage technologies in
this work, the potential for integrated operando studies is compelling. For example,
once a hypothesis is established regarding the root cause of impedance growth in
these Li-ion cells, e.g., degradation of the positive electrode, combined NPD and
electrochemical testing could be employed to directly confirm or refute it. This
integrative approach represents a powerful future direction for diagnosing and
optimizing advanced energy storage systems.
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7. SUMMARY

The energy crisis following the Russian invasion of Ukraine has accelerated the
EU’s shift toward energy independence and clean energy adoption. Initiatives
such as REPowerEU and Fit for 55 aim to reduce reliance on fossil fuels, energy
imports, and cut emissions. Renewable energy sources are crucial to achieving
these goals. However, sustainable energy storage solutions are critical to integrate
renewables into the energy market. Lithium-ion batteries dominate short-term
energy storage due to their energy density, efficiency, and maturity, but face
limitations in sustainability, raw material sourcing, and long-duration storage
capability. These issues could be mitigated by extending battery lifetimes and
using them in second-life applications. Hydrogen, produced from renewables via
electrolysis, offers a promising solution for long-term and seasonal storage,
though current storage technologies struggle with safety, efficiency, and cost.

This thesis investigates solid-state H, storage in sodium alanate (NaAlHs) and
long-lifetime Li-ion batteries. They are characterized by standard lab-based
techniques, such as PXRD, gas adsorption, CCCV cycling, etc. However, signifi-
cant insights are gained through advanced techniques: neutron powder diffraction
(NPD) that reveals in-situ phase transitions of NaAlH4 composites, while ultra-
high precision coulometry (UHPC) combined with accelerated aging tests at
elevated temperatures is used to study Li-ion battery degradation.

To improve its hydrogen storage properties, NaAlHs was nanostructured via
ball milling with mesoporous carbon black, enabling confinement within nano-
pores, between particles, and possibly as thin films on carbon surfaces. This signi-
ficantly reduced dehydrogenation temperatures: hydrogen release began at
100 °C for 50 wt% NaAlH4 composites, compared to 183 °C for bulk NaAIHa. It
also enabled partial rehydrogenation at 150 °C and 20 bar. However, full reversi-
bility remains hindered by phase segregation, indicating that further optimization
of the carbon scaffold and inclusion of catalysts could enhance performance.

Li-ion cells were optimized for high-temperature (60—100 °C) performance by
carefully studying and choosing components such as positive electrode materials,
electrolyte solvents, salts, additives, and cell form factors. 402035 pouch cells
using NMC640/artificial graphite EC:DEC (1:1) 1 M LiFSI 2 wt% VC 1 wt%
DTD showed promising results, but suffered from electrolyte loss through seals
at elevated temperatures. Cylindrical 18650 cells combined with an epoxy sealant
showed improved stability, which can be applied to future development. UHPC
testing across a wide temperature range revealed Arrhenius-type degradation
behavior, allowing application of a square-root time model to predict long-term
capacity fade. Although this model does not yet account for all aspects affecting
Li-ion cells and suffers from limited data quality, it offers a foundational approach
to lifetime prediction, enabling extended battery warranties and second-life use.
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9. SUMMARY IN ESTONIAN

Liitiumioonakude ja vesinikuhoiustusmaterjalide
karakteriseerimine ekstreemsetes keskkonnatingimustes
korgtehnoloogiliste meetoditega

Energiakriis, mille tekitas Venemaa sissetung Ukrainasse, on sundinud Euroopa
Liitu liikkuma energiasdltumatuse ja taastuvenergeetika kasutuselevotu suunas.
Programmid nagu REPowerEU ja Fit for 55 on suunatud fossiilkiitustest ja energia-
impordist irdumisele ning kasvuhoonegaaside heitkoguste vdhendamisele. Ees-
mirgiks on vihendada emissioone 55% vorra 2030. aastaks ning jouda tédieliku
kliimaneutraalsuseni 2050. aastaks. Taastuvenergiaallikate kasutuselevott on nende
eesmirkide saavutamise aluseks, kuid nende integreerimiseks energiaturule on
tarvis jatkusuutlikke ning tdokindlaid energiasalvestusmeetodeid.

Sekundaarsed liitiumioonpatareid ehk liitiumioonakud domineerivad energia-
salvestuse turgu, eriti just lithiajalist salvestamist. See on eelkdige tinu nende
suurele energiatihedusele, kdrgele kasutegurile ja pikaajaliselt viljakujunenud
tehnoloogiale ning tarneahelatele. Siiski on véljakutseteks toorainete kéttesaada-
vuse ning nende tarneahelate julgeolekuga, materjalide jatkusuutlikkusega ning
sobimatusega pikaajaliseks ja sesoonseks energiasalvestuseks. Leevendust pa-
kuks pikema elueaga akuehituse eelistamine ning kasutatud, kuid to6voimeliste
akude jérelturu (nn ,teine elu® vdi ingl second life) rakendamisega. Teisalt
vesinik, mis on toodetud taastuvenergiast vee elektroliiiisi teel, on potentsiaalne
lahendus just pikaajaliseks ja hooajaliseks energiasalvestuseks. Kahjuks vesiniku
enda salvestustehnoloogiaid kimbutavad korged kulud, madal kasutegur ning
probleemid ohutusega.

Kéesolev doktoritoo késitleb kaht energiasalvestustehnoloogiat: vesiniku sal-
vestamist tahkel kujul keemiliselt seondatuna naatriumalanaadis (NaAlH4) ning
pika elueaga liitiumioonakusid. Neid siisteeme karakteriseeriti harilike labori-
meetoditega nagu rontgendifraktsioonanaliiiis, gaasi adsorptsioon ning elektro-
keemilised testid. Votmeteadmised saadi aga korgtehnoloogiliste meetoditega:
neutrondifraktsioon vdimaldas in situ jélgida NaAlH4/siisiniktahm komposiit-
materjalide faasisiirdeid. Ulikdrglahutuskulonomeetria (UHPC) koostdds kiiren-
datud vanandamisega korgetel temperatuuridel vdimaldas liitiumioonakude de-
gradatsioonimehaanismide, s.0 mahutavuse kao pohjuste, analiilisimist ning aku-
de eluea ennustamist.

NaAlH;4 vesinikusalvestusomaduste parandamiseks vihendati osakese suurust
nanoosakesteks. Seda saavutati koos mesopoorse siisiniktahmaga jahvatamisel
kuulveskis. Sel moel dnnestus alanaat 10ksustada siisinikmaterjali nanopoori-
desse, siisinikmaterjali osakeste vahele ja eeldatavasti ka dhukese kihina siisinik-
materjali osakeste pinnale. Selle tulemusena langes vesiniku eraldumise tempera-
tuur mérgatavalt: vesinik hakkas suurtes kogustes eralduma juba 100 °C juures,
kui alanaadisisaldus komposiidis oli 50 massi%. Puhtas alanaadis hakkab vesinik
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intensiivselt vabanema alles sulamispunkti, s.0 183 °C juures. Vesiniku seonda-
mine materjalis saavutati 150 °C juures ja vesinikurdhul 20 bar. Need on viga
moddukad tingimused arvestades, et puhta alanaadi lagunemine on sisuliselt
poordumatu. Siiski takistab lagunemise téielikku poordumist faaside fiiiisiline
lahusolek. Selle vastu voiks aidata siisinikmaterjali struktuuri peenhéilestamine
metallkarbiidide abiga ning metalsete kataliisaatorite kaasamine.

Liitiumioonakud optimeeriti esmalt kdrgtemperatuurseks (60—100 °C) t66ks
ning pika eluea jaoks. Selleks valiti hoolikalt positiivse elektroodi materjali,
elektroliiiidi solvente, soola, lisandeid ja aku formaati. Paljulubavaid tulemusi
saavutati pouch-tiilipi akudega, kus oli Li[NigsMno4Co0.0]O: positiivseks elektroo-
diks, siinteetiline grafiit negatiivseks elektroodiks, etiileenkarbonaadi ja dietiiiil-
karbonaadi segu elektroliiiidi solventideks, liitiumbis(fluorosulfoniiiil)imiid soo-
laks ning vintileenkarbonaat ja etiileensulfaat lisanditeks. Siiski ilmnes, et elektro-
Litidi solvendid difundeeruvad l4bi laminaatpakendi liitekohtade, mistdttu aku
voib 16petada tootamise kuivamise tottu enne, kui ta jouab oma elektrokeemilise
eluea loppu. Seetottu testiti silindrilist metallpakendit ning tdiendavat epoksiid-
hermeetikut kasutades, on tulevikus voimalik viia elektroliiidikaod minimaal-
seks. UHPC testimisel laias temperatuurivahemikus ilmnes, et aku mahutavuse
kadu jérgis Arrheniuse-tiiiipi s0ltuvust temperatuurist. See vdimaldas rakendada
lihtsat aja ruutjuurest sdltuvat mudelit, mis voimaldab prognoosida aku mahu-
tavuse viahenemist mitukiimmend aastat. Kuigi see mudel ei arvesta veel kdikide
voimalike degradatsioonimehhanismidega, mis turul olevaid akusid voivad
mojutada, siis see on oluline ja mdjus samm pikemate garantiiaegade mééra-
misele ning akude jarelturu planeerimise jaoks.
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