1862

RS

RIGA TECHNICAL
UNIVERSITY

Liga Maskova

ESTIMATION AND EXTENSION OF THE CYCLE LIFE
OF LiNi,Co Mn_, O, CATHODE MATERIAL FOR

1-X-Y ~ 2

Li-lON BATTERIES

Doctoral Thesis

RTU Press
Riga 2026



RIGA TECHNICAL UNIVERSITY

Faculty of Natural Sciences and Technology
Institute of Technical Physics

Liga Maskova

Doctoral Student of the Study Programme “Chemistry, Materials Science and Engineering”

ESTIMATION AND EXTENSION
OF THE CYCLE LIFE OF LiNixCoyMnxy0:
CATHODE MATERIAL FOR LI-ION
BATTERIES

Doctoral Thesis

Scientific supervisors:
Dr. phys.

GINTS KUCINSKIS
Professor Dr. habil. phys.
MARIS KNITE

Riga 2026



The doctoral thesis was carried out at the Faculty of Natural Sciences and Technology, Riga
Technical University, Institute of Technical Physics, Material Physics Laboratory in the period
from September 2021 to January 2026.

SCIENTIFIC SUPERVISORS:

Dr. phys. Gints Kucinskis
Dr. habil. phys., Professor Maris Knite

The work has been carried out as part of the Latvian Council of Science project “Cycle life
prediction of lithium-ion battery electrodes and cells, utilizing current-voltage response
measurements”, project No. LZP-2020/1-0425 and the M-Era.net project "Inert Coatings for
Prevention of Ageing of NMC Cathode for Lithium-Ion Batteries" (InCoatBat), Project Reference
Number 10341.

PIRS

.|-T|l-|- FLPP %o’ M-ERA.NET

FUNDAMENTALO UN
° lmT LIETISKO PETIUMU \ G
PROJEKTI
«0 InCoatBat

The work has been completed with the support of a PhD grant from the project No
5.2.1.1.1.0/2/24/T1/CFLA/003 "Implementation of consolidation and management changes at Riga
Technical University, Liepaja University, Rezekne Academy of Technology, Latvian Maritime
Academy and Liepaja Maritime College for the progress towards excellence in higher education,
science and innovation" funded by the EU Recovery and Resilience Facility

Submitted for defense at the RTU P-02 Promotional Council of the Materials Science
branch of the Riga Technical University in 2025.



ACKNOWLEDGEMENTS

Above all, my appreciation extends towards both of my scientific supervisors — Gints
Kucinskis and Maris Knite — who led me to become a more independent and capable researcher.
Their guidance, efforts, and time is what will shape my future as a scientist. Besides my direct
supervisors, I would like to thank all my colleagues, also from other laboratories, for their guidance.
In addition to being extremely helpful and forthcoming, most of my colleagues have genuinely
cared for me and helped me through some tough times, which gave me strength to continue — for
this I wish to thank everyone, but especially Rita Leimane, Gints Kucinskis, Inara Nesterova, Paula
Malnaca, and Kaspars Kaprans!

I would not have completed this mountain of a task if I had not had the support of the people
in my life. Firstly, I wish to express my full gratitude to my Sirsnina — Andris Maskovs! Thank you
for the unwavering support and holding space for me to grow. Secondly, I would like to thank the
rest of my family with all my heart! My sisters — Rasa, Marta, Anna, and Laura — and my brothers
— Miks and Maris — I can always rely on you for good laughs! Thirdly, thank you, Dad, so much,
for supporting me! And, finally, I wish to thank you, Mom! You made me the person I am today.

My gratitude also extends to my friends who have been very patient with me throughout
the thesis-writing journey and are just a joy to be around! Thank you, Ibli (Zane, Daira, and Ralfs),
Dita, Alma, Haralds, Kristine, and Dace!

Finally, I would like to acknowledge my little Pecina. Although never here, you gave me
the strength to finish this and carry on, and I will love you forever...

Thank you!



ANNOTATION

This doctoral thesis research focuses on two key aspects of the lithium-ion battery (LIB)
life cycle: its estimation and extension.

Within the first part battery ageing trends are explored via in-depth electrochemical
characterization methods and correlations between simple voltage hysteresis measurements and the
states of health (SoHs) of a battery are drawn, laying the groundwork to a possible method for easy
SoH determination of used batteries. The second part of the research is focused on preventing the
ageing of LIBs by mitigating degradation of the cathode material via surface coating. Here, the
importance of a proper reference for correct evaluation of the effects from coating is also
highlighted.

A meta-analysis comprising more than 40 literature sources is conducted within the
literature review. It compiles the improvements to the capacity retention from coating or doping
the cathode active material, indirectly revealing the main degradation mechanisms — surface or
bulk based — plaguing LiNixCoyMni.xyO2 (NCM) cathode materials of different compositions.



ANOTACIJIA

Saja doktora disertacija tiek pétiti divi galvenie litija jonu akumulatoru (LIB) dzivildzes
aspekti: tas noteikSana un pagarinasana.

Pirmaja dala, izmantojot padzilinatas elektrokimiskas raksturoSanas metodes, tiek pétitas
akumulatora novecos$anas tendences, un tiek veidotas korelacijas starp vienkarSiem sprieguma
histerézes merjjumiem un akumulatora veselibas stavokli (SoH), kas varétu kalpot par pamatu
metodei, ar kuru iesp&jams viegli noteikt lietotu akumulatoru novecosanas stavokli un dzivildzi.
P&tfjuma otra dala ir vérsta uz LIB novecosanas novér$anu, mazinot katoda materiala degradaciju,
izmantojot virsmas parklajumu. Seit tiek uzsvérta ari atbilstosa references parauga nozime, lai
adekvati novertétu tiesi parklajuma ietekmi.

Literattras apskata ieklauta arT metaanalize, kas ietver vairak ka 40 publikacijas. Taja
apkopoti cikléSanas stabilitates uzlabojumi, parklajot vai leggjot katoda aktivo materialu, netiesi
atklajot galvenos degradacijas mehanismus — virsmas vai tilpuma —, kas skar dazada sastava
LiNixCoyMn| xyO2 (NCM) katodmaterialus.
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GLOSSARY

AIP — aluminum isopropoxide, AI(OC3H7)3

ALD — atomic layer deposition

BV — Butler-Volmer

CAM - cathode active material

CC — constant current

CCCV - constant current, constant voltage

CE — Coulombic efficiency

CEI — cathode-electrolyte interphase

CTM — charge transfer multiplet

CVD - chemical vapor deposition

EDS - energy-dispersive X-ray spectroscopy

EoL —end of life

EV — electric vehicle

FEC — fluoroethylene carbonate

FIB — focused ion beam

HR-TEM — high resolution transmission electron microscopy
ICP-MS — inductively coupled plasma mass spectrometry
ICP-OES - inductively coupled plasma optical emission spectroscopy
IRMS — isotope ratio mass spectrometry

LAM - loss of active material

LCO - LiCo0,

LFP — LiFePOg4

LIB — Li-ion battery

LLI - loss of lithium inventory

NCA — LiNixCoyAl;-x-yO2

NCM - LiNixCoyMn|.x.yO2

NEXAFS — near-edge X-ray absorption fine structure spectroscopy
NMP — N-methyl-2-pyrrolidone

OCYV - open circuit voltage

OEMS - online electrochemical mass spectrometry
PVDF — polyvinylidene fluoride

RLC — residual lithium compound

SEI — solid-electrolyte interphase

SEM - scanning electron microscopy

SoC — state of charge

SoH — state of health

STEM — scanning transmission electron microscopy
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TEM - transmission electron microscopy

TM - transition metal

TTE — 1,1,2,2-tetrafluoroethyl-2,2,3,3-tetrafluoropropyl ether
VC — vinylene carbonate

XAS — X-ray absorption spectroscopy

XPS — X-ray photoelectron spectroscopy

XRD — X-ray diffraction



INTRODUCTION

Lithium-ion batteries (LIBs) have become indispensable in modern energy storage
applications, powering everything from consumer electronics to electric vehicles. Their widespread
application results in large amounts of waste generated recycling of which requires plenty of energy
and human resources. Understanding and limiting the rate of ageing of LIBs and their components,
mainly the cathode material, would thus decrease the amount of battery waste generated.

A key insight into LIB ageing pertains to the evolution of voltage hysteresis during battery
cycling. As the cell degrades or is subjected to higher currents, the hysteresis in the charge-
discharge curve widens. Within the scope of this thesis a correlation between state-of-health (SoH)
and voltage hysteresis has been established for state-of-art LiNig.§C0o.1Mno.1O2 (NCM811) LIBs,
allowing SoH estimation via two methods: a direct function of hysteresis which is linear above
70% SoH and exponential below and through a fitting of C rate measurements with a Butler—
Volmer-like function. These tools present non-invasive methods to diagnose battery health.

Among the various cathode chemistries employed, nickel-rich layered oxide materials,
particularly LiNixCoyMnixyO2 (NCMs), have emerged as promising candidates due to their high
energy density and relatively low cost. However, the increased nickel content that enhances
capacity also introduces critical challenges related to material degradation, especially during
prolonged cycling and high-voltage operation[1]. Understanding and mitigating the degradation
mechanisms of NCM cathodes, especially those with high nickel content, is therefore essential for
extending battery life and ensuring reliable performance.

Ageing in NCM cathode materials manifests through both surface and bulk degradation, with
bulk degradation becoming increasingly prominent at higher states of charge (SoC), particularly
beyond 80%[2]. For high-Ni content NCMs (> 80%), such SoC levels are reached at lower voltages
(~4.3 V) compared to lower-Ni variants (~4.6 V), making them more susceptible to structural
degradation such as microcracking. This highlights a fundamental limitation in the structural
resilience of high-Ni materials, requiring strategies that go beyond surface stabilization alone, such
as doping or structural modification.

To address these challenges, numerous strategies including surface coating and elemental
doping have been explored. A meta-analysis of ageing mitigation strategies (coating and doping)
conducted in this thesis reveals a composition-dependent trend: while surface protection plays a
dominant role in NCM111, doping becomes increasingly critical for NCM622 and reaches equal
importance with surface protection in NCM811. These findings underscore the necessity of
combining surface protection and doping for effectively stabilizing high-Ni NCMs where bulk-
related degradation dominates.

Additionally, the efficacy of surface coatings is influenced not just by the coating material, but
also by the processing methods. Wet-chemical procedures, commonly used for applying coatings,
can inadvertently introduce degradation through solvent interactions, such as ethanol washing
leading to carbonate impurity formation as demonstrated in this work. However, subsequent
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sintering has been shown to reverse much of this degradation both in literature[3] and in this work.
This emphasizes the importance of carefully designed reference samples when evaluating coating
effectiveness, as misattributing improvements to the coating effect alone can lead to misleading
conclusions.

In this context, a wet-chemically applied Al,03/LiAlO; coating developed in in this work has
shown promising results in comparison to a properly prepared reference sample. For NCM111, this
coating method improved capacity retention from 65% in pristine samples to 79% in reference
samples, to 88% in coated samples after 500 cycles at 1 C. Similarly, the capacity retention of
NCMB811 improved from 44% in re-sintered reference material to 54% in coated samples. While
the absolute improvement is less pronounced in NCM811, due to the dominance of microcracking
which coatings cannot fully prevent, the relative gain still represents a meaningful advancement in
extending battery lifespan.

Aim of the Thesis

The aims of this work are to explore the possibility of using simple voltage hysteresis
measurement for the determination of the SoH of a LIB, as well as prolong the cycle life of NCM
cathodes with the use of a protective coating, simultaneously establishing a proper reference for
comparison.

Tasks

Establish a relationship between SoH and voltage hysteresis and determine the best fit function
to describe this relationship. Evaluate the possibility of determining the SoH from a simple voltage
hysteresis measurement. Consider alternatives.

Conduct a meta-analysis on coating and doping effect on capacity retention and determine the
dominant ageing mechanisms in NCM cathode materials based on Ni content.

Develop a sustainable wet-chemical method to coat NCM cathodes with an inert protective
coating. Establish a proper reference for the coating study. Achieve cycle life extension for the
coated sample when compared to the proper reference.

Scientific novelty

Based on available information, there is no simple method to determine the SoH of a given
battery of unknown history, as the SoH of a battery is usually based on its initial state. Thus,
knowing the SoH at any point would require storing large amounts of data or knowing where the
battery came from. We explore the possibility of using a simple voltage hysteresis measurement to
determine the SoH with a certain precision. This could greatly simplify the assessment of used
batteries for possible second life applications.

Currently high-nickel NCMs (Ni > 80%), despite their advantageous capacity (> 200 mAh/g)
are not dominating the market due to their intrinsic stability issues. Coating the active material has
shown to improve stability, however, usually it is done by slow and costly methods (ALD) or toxic
substances like toluene or trimethyl aluminium are used. In the second part of this work we focus
on improving the stability of the state-of-art NCM cathode materials by developing a coating
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method which omits often used harmful chemicals and is possible to up-scale, thus prolonging the
lifetime of NCM batteries sustainably.

Practical significance

A simple method for the determination of the SoH of batteries from scrap yards could enable
assessment of their possible use in second-life applications, thus reducing the amount of dangerous
waste which needs to be recycled.

When considering the currently used cathode materials with the highest energy densities, most
of them contain cobalt or suffer from stability issues. Our wet-chemical coating method is
sustainable and can be transferred to industrial scale to enable low-Co, high energy density cathode
materials to enter the market.
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Theses to Defend

Voltage hysteresis increases as the state of health (SoH) of NCM811-lithium half-cells
decreases, allowing SoH assessment based on this correlation using a quick and simple
voltage hysteresis measurement.

Improvement in capacity retention from coating or doping NCM cathode materials with
different Ni content indirectly indicates the dominant (surface or bulk) aging
mechanisms in these materials — larger improvements from surface coating indicate
dominant surface aging mechanisms (formation of a cathode-electrolyte interphase,
dissolution of transition metals, surface phase transitions, and oxygen evolution), while
larger improvements from doping indicate dominant bulk aging mechanisms (cation
mixing, microcrack formation).

The chemical coating process, involving mixing the material to be coated in a solvent
and heating it at high temperatures, changes the surface structure and composition of
the material, which, if left unaccounted for, leads to ambiguous conclusions about how
the effect of the coating itself changes cycling stability.

A simple, sustainable, ethanol-based wet-chemical coating synthesis on NCM cathode
materials with different Ni compositions improves their long-term cycling stability in
Li-ion cells by hindering degradation of the cathode material surface.

12



1. THEORETICAL BACKGROUND

1.1 Li-ion batteries and materials

Li-ion batteries (LIBs), the most popular kind of rechargeable batteries, have been studied for
decades. Although lithium shows good performance and light weight, due to its high reactivity and
fire hazard, it was only first commercialized by Sony in 1991, when the risks were somewhat
neutralized by careful engineering. Coinciding with the wireless revolution, the emergence of
rechargeable batteries in the 90’s paved a way for more convenient and sustainable mobile phones.

A typical LIB consists of a cathode, anode, separator, electrolyte, current collectors, all
enveloped in a battery cell casing (fig. 1.1). LIB stores electrical energy in the form of chemical
potential. Lithium ion is the main charge carrier within the battery, whereas in the external circuit
it is the electron. When the battery is charged, Li* exits the cathode and travels through the ion-
conducting electrolyte to the anode side while an electron leaves the cathode to compensate for the
loss of a positive charge and reaches the anode via the external circuit, since the electrolyte is an
electronic insulator. In the anode Li* once again combines with the electron and intercalates into
the anode as Li. During the discharge process the reverse process occurs. The driving force of the
spontaneous discharge reaction is the difference in lithium chemical potential between the cathode
and anode (high potential, weaker bonding in the anode, low potential, stronger bonding in the
cathode). The electrolyte-soaked separator between the electrodes allows ion diffusion but prevents
contact between the electrodes to avoid short circuiting the battery cell.

«— € e —>
Charge | Discharge

Anode
Z

I T
Non-aqueous Separator
electrolyte

Fig. 1.1. Li ion battery composition and working principle[4].

13



The most important components of LIBs, which ensure that energy can be stored and obtained,
are the cathode and anode materials. The operating voltage and capacity of a battery cell is mainly
limited by the cathode properties, whereas the anode hosts lithium in a charged cell. The cathode
and anode materials mainly used in LIBs are discussed in further sections.

Cathode materials

Cathode materials for rechargeable LIBs have been extensively studied for more than 30 years,
yet the demand for ever higher capacities, longer lifetimes and more power is never-ending, driving
the research of battery scientists. One of the first cathode materials proposed for LIBs was layered
TiS,, which was reported by Stanley Wittingham in 1976[5]. However, with its relatively low
voltage vs. Li/Li" (~2.2 V), TiS cathode could not achieve high energy densities. Realizing that
oxides may stabilize the oxidized transition metals (TMs) better than the sulfides, allowing for
more lithium to be extracted, John B. Goodenough along with co-workers demonstrated lithium
extraction from LiCoO> that showed voltage vs Li/Li* of 4.0 V in 1980[6]. However, struggles
with arousing companies’ interest led to the commercialization of the first rechargeable battery
with a LiCoO; cathode and graphite anode only a decade later. Since then, oxide cathode materials
have been on the forefront of LIB cathode material research.

One way to classify LIB oxide cathode materials is by their crystal structure. The three main
types are olivine (LiIMPOs4, where M = Mn, Fe, Ti, etc.), layered (LiMO>, where M = Co, Ni, etc.),
and spinel (LiM204, where M = Mn, V, Ti, etc.) which differ in the dimensionality of Li diffusion
and pathways. In the spinel materials Li moves in three dimensions from one tetrahedral site to
another via an intermediate octahedral site, in a layered oxide Li diffusion occurs in 2 dimensions
(within the Li layer) from one octahedral site to another via an intermediate tetrahedral site[7],
whereas in an olivine material Li diffuses in one direction between octahedral sites[8]. Due to the
three-dimensional lithium diffusion pathways, spinel oxides offer good Li conductivity.
Furthermore, the material offers good electric conductivity and great stability upon lithium
extraction, meaning that spinel oxide cathodes offer high power and good reversibility of lithium
insertion-extraction. Olivine materials, on the other hand, exhibit inferior electrochemical
properties due to the lower conductivity, however, their intrinsic safety and lower cost makes them
an attractive alternative for energy storage[9]. Finally, layered oxides have the highest energy
density, and are discussed in detail below.

Layered oxides

LiCoO; (LCO) was the first layered oxide cathode material developed for rechargeable LIBs[6]
and still used in many LIBs nowadays. However, delithiation of LCO by more than 50 % can lead
to irreversible oxygen oxidation to Oz, cell bloating and structural collapse[7]. This limits the
practical capacity to approximately 140 mAh/g and has driven research into alternative
compositions that replace Co with other TMs, such as LiNiO2, LiMnO;, LiNixCoyMnj.xyO»,
LiNixCoyAlixyO2. Among these alternatives, LiNixCoyMnxyO2 (NCM) materials have gained
significant popularity.
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Like LiCoO2, NCMs exhibit an O3 layered structure, where "O3" refers to lithium occupying
octahedral sites and three layers of lithium, TMs, and oxygen forming a repeating unit[10]. These
materials belong to the R3m space group. The primary particles in these cathode materials are
composed of alternating layers of TMs and lithium, with atoms arranged in a hexagonal
configuration and enclosed by face-sharing oxygen octahedra (fig. 1.2). Lithium ions can easily

move along the 2D lithium plane as described before.
® "'Oo °°o° %00 0 ©
\\ \,> L8 )

fo nd £o o

8y Ou
% % ' !5 o D Ni/Mn/Co
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Fig. 1.2. Crystal structure of NCM cathode material[[11]".

NCMs are divided into low Ni-content NCMs (x<0.8) and high Ni content NCMs (x>0.8). The
significance of Ni comes from its charge compensation capabilities, thus increasing the practical
capacity attainable at lower voltages. For example, the capacity of NCM111 (numbers denote the
stoichiometric ratio of TMs in the material) in the voltage range 2.7 V - 4.3 V vs. Li/Li" is around
170 mAh/g, whereas NCMS811 cycled under the same conditions can reach a capacity of
200 mAbh/g. The theoretical capacity (obtained when all Li is extracted from the NCM lattice),
however, is the same for all NCMs — around 275 mAh/g. The lower voltage required to access the
same amount of capacity for higher Ni content NCMs may seem undesirable due to lowering the
energy density, however, the operating voltage of higher Ni content NCMs is actually higher than
that of lower Ni content NCMs[12], leading to practically higher energy densities. Additionally, to
obtain higher capacity from NCM111 the voltage needs to be increased to 4.7 V, which is outside
the electrochemical stability window of most liquid electrolytes. Thus, along with reducing the
amount of cobalt in the material, research and industry strive for higher nickel content NCMs to
achieve improved electrochemical performance.

* Author’s original publication.
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Anode materials

Although the gravimetric capacity of the battery is largely limited by the cathode, the
performance and availability of anode materials also plays a role in designing low-cost, efficient
LIBs. Generally, anodes are adjusted to the cathodes used in batteries — they usually have a slightly
higher area and capacity to allow full utilization of the cathode’s capabilities. Moreover, the anode
stability plays a key role in battery degradation as well. Thus, careful consideration goes into
designing anodes for LIBs to lower the weight of the battery without compromising the stability,
and most importantly — to not limit the utilization of battery cathode.

Materials for LIB anodes include carbon-based materials with graphite as the most popular,
silicon-based materials, alloy materials, and conversion-type TM compounds[13]. The two most
popular materials for LIB anodes are graphite and silicon — the former shows excellent stability but
a lower capacity and rate capability when compared to the latter. Silicon, with an impressive
theoretical capacity of 4200 mAh/g and good rate performance is an excellent contender for
applications where fast charging-discharging and high power output is necessary, however, the
limited cycle life due to vast expansion upon lithiation leading to microcracking and rapid SEI
growth on exposed surfaces currently prevents silicon to be utilized in long-term applications.
Despite the progress in stabilizing silicon-based anode materials[14], [15], [16], graphite is still the
most used anode material in commercial cells. Thus, it is also the material of choice for assembling
full cells in this work. Besides full cells to test full battery performance half cells are assembled to
deconvolute the results of both electrodes and study the cathode independently. The anode of
choice in half cells is lithium metal, providing unlimited lithium supply and fast charging.

Graphite

The safety, availability, and reliable performance of graphite makes it the most commonly used
anode material in commercial lithium-ion batteries[13]. The layered structure of graphite allows
lithium ion insertion without major structural change to the graphite anode. Additionally, graphite
ensures a decent capacity of 372 mAh/g in a fully lithiated state, which makes cathode materials,
usually displaying lower gravimetric capacity, comprise a significantly higher proportion of the
total weight of the battery cell.

During charging lithium in graphite anodes intercalates between the graphene sheets, increasing
the interlayer distance. During battery charging solvated Li" is transported through the electrolyte
to the anode where it intercalates into graphite particles by becoming de-solvated and migrating
through the solid-electrolyte interphase (SEI) which forms during the first few charge cycles. After
intercalating Li* diffuses within the graphite particle to allow further Li* intercalation until
maximum capacity is reached as the stoichiometry reaches LCs for a fully charged graphite
anode[17]. During discharging the reverse process occurs and Li* travels to the cathode.

Lithium

Lithium metal is considered to be the ideal anode material for LIBs with a virtually limitless
gravimetric capacity, high rate of discharge, and a low and stable redox potential (-3.05V vs.
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reference hydrogen electrode) enabling high energy densities. For these reasons it is also the
negative electrode of choice, acting as both the counter and reference electrode, when the
performance of other battery electrodes (cathodes, other anodes) is to be studied in half cells.
Although half cells are frequently utilized to study different LIB electrodes, it is important to keep
in mind that the ageing of the lithium electrode, just like any other counter electrode, has a
considerable contribution on the performance of the cell[18]. SEI growth and Li plating in the form
of dendrites on the surface of the anode leads to rise in internal resistance and loss of lithium
inventory, which may not be as crucial in cells with a lithium electrode. However, the growing
dendrites may breach the separator and connect the two electrodes leading to short circuit in the
battery cell.

Electrolyte and separator

The main role of the electrolyte in LIBs is Li* transport between the electrodes through the
separator. Thus, good ionic conductivity and lithium ion transference of the electrolyte is a key
factor in LIBs not to limit the rate capability of the cell[19]. Li" are transported between the
electrodes in a solvated form (solvent molecules and anions coordinate around the Li* once it exits
one electrode and leave the Li* when it enters the other electrode)[20], [21]. Thus, an additional
consideration in enabling good rate performance in LIBs is the rate of solvation/de-solvation of
lithium ions at the electrode interfaces[22].

There are many types of electrolytes that can be used in LIBs, ranging from aqueous
electrolytes to solid-state electrolytes, however, in this study a standard organic electrolyte was
used consisting of LiPFg salt dissolved in mixed carbonate solvents, since the focus of the study is
on cathode materials rather than electrolytes. In some cases, additives such as fluoroethylene
carbonate (FEC) or vinylene carbonate (VC) are added to the electrolyte[23] to form a stable, low-
resistance SEI[24], prevent Li plating[23], or hinder electrolyte degradation[25].

The main role of the separator in the battery cell is to prevent contact between the anode and
the cathode to avoid direct electron transport between the electrodes, thus, short-circuiting the
battery. While the separator must be an electronic insulator, it must be porous to allow electrolyte
percolation and ion transport between the electrodes. Although the separator itself is
electrochemically inactive, it plays an important role in battery safety. Thus, separator research is
focusing largely on reducing the size and weight of the separators without compromising battery
safety[26].

1.2 Li-ion battery ageing

LIB ageing stems mainly from the ageing of battery components — the individual cells. The
ageing within cells is related to the degradation of its components, mainly the anode, cathode and
electrolyte. The degradation mechanisms are based on several interconnected physical and
chemical phenomena which are yet to be explained and evaluated fully due to their complexity.
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The degradation within battery cells can be classified under two main outcomes — loss of lithium
inventory (LLI, from electrolyte and electrodes) and loss of active material (LAM, from

electrodes). Both are evident from the eventual loss of capacity during battery cycling. The main
degradation mechanisms within the cell which lead to LLI and LAM are
1) cathode related (NCM):

growth of a passivating cathodic solid-electrolyte interphase (CEI);
microcracking;

surface phase transitions from layered to spinel and rock salt;
oxygen evolution (associated with surface phase transitions);

TM dissolution and migration to the anode side;

cation mixing;

binder decomposition;

loss of contact between the cathode and current collector.

2) anode related (graphite):

continuous SEI growth;

structural changes, microcracking, and exfoliation;

li dendrite growth;

binder decomposition;

loss of contact between the anode and current collector.

3) electrolyte related (carbonate):

electrolyte decomposition and consumption at the anode, participation in SEI
growth;
electrolyte reaction with the evolved oxygen at the cathode, participation in CEI
growth.

Loss of lithium inventory (LLI)

Loss of lithium inventory (LLI) is one of the major ageing modes of LIBs. It occurs when

lithium inside the battery can no longer participate in the charge-discharge reactions and becomes
“dead lithium” within the cell. The causes of LLI are
e decomposition of electrolyte — LiPFs can react with water present in the cell from
adsorbing to electrodes or other cell components, or HF formed in the cell during
operation. Electrolyte decomposition products also continuously participate in forming
the SEI layer during battery cycling[27];

e growth of SEI and CEI — lithium in the form of electrolyte decomposition products or
inorganic species (LiF, LioCO3) participates in the growth of the passivating layers on
top of both electrodes[28], [29];

e lithium plating — lithium plating on the negative electrode occurs mainly when charging
at low temperatures or high currents[30], [31], [32]. Low temperatures slow down
lithium diffusion in the anode causing Li to accumulate on the surface. Similarly, high
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currents cause lithium ions to arrive at the anode surface faster than they can intercalate
and diffuse in the anode, again causing an accumulation of lithium ions on the surface.

Due to LLI the amount of lithium available for electrochemical reactions is lowered, thus
decreasing the capacity of the cell.

Loss of active material (LAM)

Loss of active material (LAM) can occur from both the positive and the negative electrode[33].
It usually involves degradation of the active material and binder, loss of contact between the
electrode and current collector and loss of contact within the electrode.

e Loss of cathode active material occurs when, due to different degradation mechanisms,
discussed in detail in the subsequent chapters, part of it becomes electrochemically
inactive. The degradation mechanisms include microcracking, surface phase transitions,
oxygen loss, and TM dissolution.

e Loss of anode active material is analogous to LAM of the cathode, and it occurs due to
particle cracking, graphite delamination (in graphite electrodes), lithium plating. For
more in-depth explanation of anode-related ageing, please refer to the following
articles[32], [34], [35], since the focus of this work is the cathode material.

Ageing determination

The various degradation phenomena, although mostly known, are not yet fully investigated and
understood. However, they clearly lead to battery capacity fading, or deterioration of the state-of-
health (SoH) during cycling. The SoH at a given point in battery lifetime is determined by
expressing the capacity of the battery at any cycle as percentage of the initial capacity of the battery.
SoH is a useful parameter which shows how close to the end of life (EoL) a given battery is. The
cycle when SoH reaches 80 % is generally accepted to be the EoL of a battery. However, such
batteries can still give sufficient energy for second life applications such as stationary energy
storage. The issue arises when a given battery’s initial state is not known (e.g. a battery from an
EV from a scrapyard) and only the capacity of the given cycle can be determined by charging and
discharging the battery. In such cases a quick method to determine the SoH of a battery, which
doesn’t depend on the battery’s history, would be preferential.

Prediction of the SoH can roughly be sorted in three distinct methods: data-driven approach,
model-driven approach, and a combination of both. The data-driven approach implements artificial
intelligence and machine learning from several data samples to build a predictive model[36], [37].
Although possessing relatively accurate predictive powers, this approach requires a large amount
of data, is computationally very heavy and complex, and is thus very expensive and inconvenient
for everyday applications. The model-driven approach utilizes parameters based on theory and
empirical results to build a model based on the current knowledge on battery ageing[37], [38]. This
approach similarly to the data-driven one can be computationally very complex, since the
parameters which influence battery ageing are manifold, can evolve during battery ageing, and can
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be interdependent. Combining both data-driven and model-based approaches may bring the
predictive models closer to real-life situations when compared to simple model-based methods[39],
however, it still does not allow the model to be transferred between different battery chemistries or
reduce the computational complexity and processing time[40]. Thus, great effort has been
dedicated to finding simple and fast methods for SoH estimation of LIBs.

State of health as a function of voltage hysteresis

As aforementioned, degradation of LIBs is a complex phenomenon which involves several
interdependent ageing mechanisms. However, although ageing mechanisms are various and
different, many of them are reflected in the voltage hysteresis of the charge-discharge curve[41],
[42] (fig. 1.3). Voltage hysteresis is the sum of the overpotentials of the charge and discharge curve
at any given cycle. Overpotential is the difference between the open circuit voltage (OCV) and the
operating voltage of the cell. Usually during charge the operating voltage is higher than the OCV
(more energy is needed for charging the cell than is stored in it) whereas during discharge it is
lower (less energy is obtained from the cell than is stored in it). Overpotential represents total
energy dissipation during charging and discharging of the cell[43], [44]. Hence, as a battery cell
ages and internal resistance grows, more energy is required to overcome it, and the overvoltage
and voltage hysteresis grows.
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Fig. 1.3. Voltage hysteresis of a typical charge-discharge curve of a LIB containing an
NCMS11 cathode.

The total overpotential is the sum of several smaller overpotentials originating from different
resistances within the battery. These include charge transfer resistance due to activation energy of
the charge transfer reactions at the electrode surfaces, lithium ion diffusion resistance in the
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electrolyte and in the bulk of the electrode materials, contact resistance between the different
materials of the electrodes and current collectors, and ohmic resistance from electronic
conductivity of the current collector and electrode active materials and ionic conductivity of the
electrolyte[45].

Specific current j as a function of the voltage difference between the electrode and bulk
electrolyte 1 (overpotential) is expressed by the Butler-Volmer (BV) equation:

i =oesp (557 n) = exe (= 550) D

where j, — exchange current density, A/m?;

a, — anodic charge transfer coefficient, dimensionless;

a. — cathodic charge transfer coefficient, dimensionless;

F — Faraday constant, C/mol;

R —universal gas constant, J/(K-mol);

z —number of electrons transferred in an electrochemical reaction;
T — temperature, K

1 — overpotential.

The exchange current density is analogous to the rate constant used to describe the kinetics of
chemical reactions, the anodic and cathodic charge transfer coefficients are kinetic parameters
usually ranging from 0.2 to 2 and describe how much one direction of the electrochemical reaction
is favored over the other based on the applied potential, and for LIBs z = 1. The first and second
terms in the parentheses of equation (1.1) describe the rate of the anodic and cathodic reaction,
respectively, and the difference in these rates gives the net rate of reaction at an electrode.

The way that the anodic and cathodic reactions overtake one another at positive and negative
potential respectively can be clearly seen in the graphical depiction of the BV equation (fig. 1.4).
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Fig. 1.4. Graphical depiction of the Butler-Volmer equation[46].

When a LIB is charged the cathode is delithiated, meaning that lithium is extracted from the
lower energy, stronger bonding state in the cathode and inserted into the anode where it is bonded
more weakly and has a higher energy. The Li" that exits the cathode has “lost an electron” (although
the electron is lost by a TM in an oxide cathode for charge compensation purposes) in the process
of oxidation and the anodic current or reaction (red line in fig. 1.4) dominates the overall current.
The opposite is true for the discharge or lithiation process (blue line in fig. 1.4).

In this work we attempt to utilize the relationship between the SoH and voltage hysteresis to
establish a straightforward method for the determination of the SoH of a given battery based on a
simple voltage hysteresis measurement — a task which usually requires storing large amounts of
data and high computational power. Here, we test the ability to determine the SoH from voltage
hysteresis by fitting simple functions to the obtained data and calculating the error with which one
could read the SoH value from the data plot if an unknown battery of the same composition was
compared against it. Additionally, the SoH determination from one C rate measurement is explored
as an alternative method.

1.3 Degradation mechanisms of NCM cathodes

The following sub-sections are based on the author’s publication “A review of the degradation
mechanisms of NCM cathodes and corresponding mitigation strategies "[11]".

NCM cathodes contain 3 TMs — Ni, Co and Mn. While LiMnO; cannot be synthesized in the
desired O3 layered structure and LiNiO2 encounters structural and chemical stability issues,
combining Ni, Co, and Mn enhances energy density and structural stability. Ni is the main redox

* Author’s original publication.
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active TM, Mn acts as a structural stabilizer, and Co improves both structural stability and electrical
conductivity[7]. Economic considerations, geopolitical factors, and the scarcity of Co, combined
with the growing demand for higher energy density, have shifted the composition of NCM towards
Ni-rich materials. Consequently, NCM materials have evolved from NCM111, with the specific
composition first reported in 2001 by T. Ohzuku et al.[47], to NCM532, NCM622, NCM811, and
beyond (where the numbers indicate the ratio between Ni, Co, and Mn). Unfortunately, although
energy density increases with higher Ni content, high-Ni NCMs also experience a more rapid
capacity decline during cycling (fig. 1.5). This challenge has spurred efforts to better understand
and extend the cycle life of Ni-rich NCMs while taking advantage of their high energy density.
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Fig. 1.5. discharge capacity, capacity retention, and thermal stability of NCMs with different
Ni composition[48].

The degradation mechanisms associated with the NCM cathode are illustrated in fig. 1.6 and
primarily arise from two sources: the synthesis and handling of the cathode material and the
operation of the battery (lithiation-delithiation of the cathode) once the cathode is integrated into
the cell. Both aspects are examined in detail in subsequent sections. During synthesis it is crucial
to control lithium content to prevent under-lithiation of the active material which can lead to subpar
performance. However, when excess lithium is used in active material synthesis, it can remain on
the particle surface and participate in the formation of residual lithium compounds (RLCs). RLCs
can also grow during improper handling and storage of the NCM material, exposing it to air. RLCs
lead to lithium inventory loss in the assembled cell and participate in undesirable reactions with
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the electrolyte. Besides handling and storage, NCM undergoes the most critical and complex
degradation during cycling.
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Fig. 1.6. NCM cathode degradation mechanisms[11]".

Key degradation mechanisms for any NCM cathode material during cycling include CEI
formation, surface reconstruction, oxygen release, TM dissolution, and microcracking, creating
new reactive surfaces. These degradation mechanisms are deeply interconnected and can be a
trigger for further degradation outside of the cathode. The wide range of decomposition
mechanisms (with some causing secondary degradation effects) and the variety of NCM
compositions contribute to the challenges in fully understanding the relative contribution and
significance of each degradation mechanism in quantifiable terms.

Degradation during synthesis and storage

Various synthesis techniques have been developed for NCM, including sol-gel, hydrothermal,
solid-state, and pulse combustion methods[49]. Among these, co-precipitation is the most
commonly used approach[50]. This process involves the co-precipitation of TM salts, typically
sulfates, in precise stoichiometric ratios. These salts are chelated by ammonia and then reacted with
hydroxide ions in an aqueous solution, forming an NCM precursor. After drying, the TM hydroxide
precursor is blended with a lithium source (such as LIOH-H>O or Li>COs) and subjected to high-
temperature sintering (approximately 900 °C) to produce the final LiNixCoyMn,O> compound.
However, at elevated temperatures, lithium evaporation occurs due to its high vapor pressure,
leading to nickel migration to lithium sites and increasing cation mixing[51], [52]. To mitigate

* Author’s original publication.
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these effects and maintain optimal performance, an excess of lithium is typically introduced during
NCM synthesis. This excess is particularly important for Ni-rich NCM compositions, as nickel
readily occupies lithium sites, exacerbating lithium sublimation. Since the same number of lithium
atoms can be incorporated into NCM111 and NCM811 structures, but more lithium is added during
NCMS811 synthesis, a larger amount of residual lithium accumulates on the particle surface. Studies
have also identified a correlation between nickel content in NCM and RLCs on the material’s
surface[48], [51], [53].

Ni-rich NCM materials exhibit heightened sensitivity to moisture (H20) and carbon dioxide
(CO») due to their increasing alkalinity with higher nickel content[54], [55]. Exposure to ambient
humidity or wet processing can result in Li*/H* exchange[56], [57], contributing to the formation
of RLCs as the lithium which is extracted from the structure reacts with O», CO, and H>O, forming
Li,0O, Li,COs3, and LiOH.

RLCs on the NCM surface can participate in several detrimental side reactions within a battery
cell, reducing efficiency and stability:

1. Electrochemical decomposition of Li>COs; via a peroxodicarbonate intermediate,
generating singlet oxygen: 2Li,CO3; — 4Li" + 4e” + 2CO2 + 'O, (> 3.8 V)[58].
LiOH reaction with PVDF binder: LiOH + (CH2-CF2), — (CH=CF), + LiF + H>O.
LiOH reaction with LiPFg in the electrolyte: LiOH + LiPF¢ — 3LiF + PF30 + H>O.
LixO reaction with H>O generated by electrolyte degradation: LiO + H2O — 2LiOH.
RLCs reacting with hydrofluoric acid (HF), which is produced during electrolyte
decomposition:

a) Li2COs +2HF — CO; + H2O + 2LiF;

b) LiOH + HF — LiF + H0;

¢) Li;O + HF — LiF + Hy0.

wok v

The presence of HF, which forms due to the decomposition of LiPFs in the electrolyte, further
exacerbates battery degradation through reactions such as:
6. LiPF¢+ H,O — LiF + PF;0 + 2HF.
7. PF;0 + H,0 — HF + HPO,F>.
8. LiPF¢+H" — Li" + PFs + HF.

HF generated from these reactions can attack RLCs on the cathode surface (reaction 5) and
react with TM oxides in the active material, forming slightly more soluble TMF; salts. These salts
can dissolve in the electrolyte, diffuse to the anode, and degrade the SEI or remain on the cathode,
contributing to the CEI formation[53], [59]. Additionally, HF can corrode the copper current
collector[60], whereas on an aluminium current collector, it reacts with the native Al2O3 layer,
forming AlF3, which provides protection against further Al corrosion[60], [61]. Conversely, in
strongly alkaline (pH > 11) aqueous environments (such as water-based NCM, NCA, or LFP
slurries), Al2O3 dissolves to AI(OH)4, leading to aluminium foil degradation and potential loss of
electrical contact[61].
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By generating H,0, reactive singlet oxygen ('02), and various gaseous byproducts (CO2, CO,
02), RLCs contribute to electrolyte degradation, further side reactions, active material breakdown,
and CEI formation. These effects lead to increased internal resistance and cell swelling, potentially
causing thermal runaway and compromising battery safety. Experimental studies have shown that
CO; is the primary gas released from the NCM cathode, with CO and O detected in smaller
amounts[62]. For further details on gas evolution experiments in liquid- and solid-electrolyte-based
batteries, readers may refer to the comprehensive review cited in reference[62].

Degradation during battery operation

The rate and nature of degradation affecting NCM cathodes during lithiation and delithiation is
influenced by various factors, including the cycling voltage range, operating temperature, and the
relative proportions of TMs in the active material, with nickel content playing a particularly critical
role[63]. The most pronounced chemical and structural transformations occur at high levels of
delithiation (elevated voltages) and as the nickel concentration in the cathode material increases.

As the voltage rises during charging, different degradation mechanisms become significant
depending on the cathode's state of charge (SoC) or degree of delithiation. Here, SoC is defined
such that 100 % SoC corresponds to complete lithium extraction from the cathode, while 0 % SoC
represents the fully lithiated state (LiNixMnyCo0,0,)[63]. In the range from 0 % to approximately
56 % SoC, NCM materials exhibit structural stability, and charge compensation occurs via
reversible redox reactions, resulting in minimal degradation or capacity loss. Beyond 56 % SoC,
irreversible charge compensation reactions have been observed for all NCM compositions.
However, experimental studies analysing lattice parameter variations, oxygen evolution, and
capacity retention indicate that major irreversible degradation effects do not become significant
until around 70-80 % SoC[2], [64], [65], [66]. Once the 80 % SoC threshold is exceeded, the
degradation process accelerates, manifesting as abrupt lattice parameter changes, oxygen release,
and surface reconstruction. These effects contribute to a sharp decline in capacity retention across
all NCM compositions, particularly when charging beyond their respective 80 % SoC voltage
limits — 4.7 V for NCM111, 4.6-4.7 V for NCM622, and 4.3 V for NCM811[2], [64], [65], [66],
[67], [68]. The voltage corresponding to 80 % SoC varies with nickel content, with NCM811
reaching this state at lower voltages when compared to NCM111. Although higher voltages are
desirable for increased energy density, 4.7 V exceeds the electrochemical stability window of most
conventional liquid electrolytes. Consequently, the progressive shift towards higher nickel content
in NCM materials has been motivated, in part, by the ability to achieve the same capacity at lower
voltages, thereby mitigating electrolyte degradation[64], [67].

The degradation mechanisms affecting NCM cathodes can be categorized into several key
processes[2], [63]:

e lattice expansion and contraction during cycling, leading to volumetric changes and
microcracking;
e phase transitions and associated oxygen release;
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e TM dissolution, which leads to LAM and LLI;
e the growth of a passivating CEI, which increases impedance while contributing to LLI
and LAM.

The degradation induced by repeated battery use has a more detrimental impact on cathode
material stability than the effects associated with RLCs. While RLCs contribute to electrolyte and
binder decomposition, their influence is most pronounced in the initial few cycles, after which they
either disintegrate, become incorporated into the CEIL, or undergo side reactions (reactions 1—
5)[63]. In contrast, degradation arising from cycling persists throughout battery operation and
significantly compromises the structural integrity of the cathode.

All degradation pathways within NCM cathodes are interconnected. For instance, oxygen
evolution and surface reconstruction accelerate electrolyte breakdown, which in turn facilitates TM
dissolution and promotes CEI growth. These interrelated mechanisms contribute to increased
impedance, irreversible capacity loss, safety hazards, and a reduction in overall cycle life[63], [64],
[65].

Evolution of lattice parameters and microcrack formation

NCM cathodes are typically composed of secondary particles, which consist of agglomerated,
randomly oriented primary layered particles (fig. 1.7a)[69]. Microcracks that develop within the
cathode material can be classified as either intragranular or intergranular. Intragranular cracks form
within individual grains, often at the interface between the layered phase in the bulk of the primary
particles and the spinel or rock salt phases near the surface. These cracks arise due to volume
expansion and contraction in the layered phase, while the rigid rock salt surface phases undergo
minimal volume change. Whereas intergranular cracks, which form between primary particles, are
considered more detrimental to battery performance[69].

During delithiation, the crystal lattice of the NCM primary particles undergoes anisotropic
expansion and contraction along the a and ¢ directions, with the magnitude of these changes being
somewhat dependent on nickel content and voltage (fig. 1.7b-d)[70]. In NCM811, a substantial
collapse of the ¢ lattice parameter occurs at voltages exceeding 4.0 V (fig. 1.7b). At 4.3 V, the ¢
parameter becomes smaller than in the fully discharged state and continues to contract if charged
further. In comparison, NCM111 exhibits only minimal shrinkage of the ¢ parameter within this
voltage range (fig. 1.7b)[70].
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Fig. 1.7. a) Intragranular and intergranular cracks in NCM particle, b) NCM111 and NCM811
voltage, lithiation state, and lattice parameter evolution during charging and discharging[70], c)
lattice parameter and microstrain evolution with SoC in NCM622[71], d) lattice parameter
evolution with SoC in NCM cathodes with different Ni content[2].

However, when the variation of the ¢ lattice parameter is analysed in relation to the SoC rather
than voltage, all NCM compositions follow a similar trend (fig. 1.7d)[2]. For example, at 4.3 V,
NCMB811 has already reached 80 % SoC, whereas NCM111 is delithiated to only 60 % SoC. When
charged to 80 % SoC, which corresponds to 4.7 V — significantly beyond the electrochemical
stability window of most liquid electrolytes — NCM111 experiences a comparable c¢ lattice
collapse[2]. This suggests that the perceived structural instability of high-Ni NCMs arises from the
lower voltage at which they reach critical SoC levels (80 % SoC at 4.3 V for NCM811 vs. 80 %
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SoC at 4.7 V for NCM111). Consequently, comparing different NCM compositions solely within
the same voltage range may not provide a fully accurate assessment of their degradation
susceptibility, given the substantial differences in their lithiation states.

The abrupt shifts in lattice parameters introduce mechanical stress at the interfaces between
randomly oriented primary particles, ultimately leading to their separation and the disintegration
of secondary particles. While this results in an increased surface area that temporarily reduces
impedance and enhances the rate capability of the cathode, it also accelerates undesirable side
reactions with the electrolyte, promotes surface phase transitions, and facilitates CEI formation.

To mitigate intergranular microcracking, researchers have explored the use of single-crystalline
NCM, which consists of individual crystallites rather than aggregates of primary particles[72].
Although single-crystalline NCMs exhibit inferior rate capability and reversible capacity compared
to their polycrystalline counterparts due to a lower fraction of active surfaces their structural
integrity is generally better preserved. This is advantageous because the drawbacks associated with
secondary particle cracking, such as rapid capacity degradation and safety concerns, outweigh the
temporary performance benefits it provides. As a result, finding solutions to mitigate
microcracking in polycrystalline NCMs remains a key focus for the development of safer, cost-
effective, and more durable cathode materials with optimized rate capability, reversible capacity,
and cycle stability.

Another strategy to address this issue involves minimizing changes in volume or lattice
parameters. However, achieving this is challenging and typically relies on the development of
materials with either zero volume change (where the overall unit cell volume remains relatively
constant despite lattice parameter variations) or zero strain (where lattice parameter changes are
extremely limited)[73]. Zero volume change has been reported for NCM layered cathode materials
by R. Zhang et al.[74], while zero strain behaviour — often observed alongside zero volume change
— has so far been primarily identified in spinel or rock salt materials. These materials are typically
engineered through doping, wherein select atoms (often TMs) are substituted with other metallic
species to enhance structural stability[73], [74].

Structural degradation and oxygen evolution

During battery operation, the stoichiometric balance of NCM materials becomes disrupted as
lithium ions are extracted, leading to instability in the layered structure. Beyond a certain level of
delithiation, irreversible charge compensation reactions and structural transformations take place.
These irreversible changes are accompanied by a progressive surface phase transition from a
layered structure to spinel and subsequently to rock salt, along with oxygen evolution from the
cathode material. While oxygen redox in NCM is generally considered reversible[75], significant
oxygen release has been detected at high states of charge (above 80 % SoC) using online
electrochemical mass spectrometry (OEMS)[64], [76]. Furthermore, operando emission
spectroscopy has identified that the evolved oxygen exists in the form of highly reactive singlet
oxygen ('02)[77], which either undergoes quenching to form triplet oxygen or reacts with the
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electrolyte, leading to further gas generation, primarily as CO and CO2[64], [76], [77]. In addition
to accelerating electrolyte oxidation, oxygen evolution also leaves behind an oxygen-depleted host
structure, which destabilizes the material and drives the phase transformation from the layered
(MOy) phase to lower-oxygen-content phases such as spinel (M304) and rock salt (MO). The
presence of these oxygen-deficient phases in cycled NCM has been confirmed via high-resolution
transmission electron microscopy (HR-TEM)[78].

To better understand the simultaneous surface reconstruction and oxygen evolution in NCM
materials, it is necessary to examine the underlying charge compensation mechanisms responsible
for 'O, formation. Although some uncertainty remains regarding the redox activity of TMs in
NCMs, nickel is widely recognized as the primary redox-active element. It has also been
established that oxygen contributes to charge compensation by participating in electron-sharing
interactions with TMs through hybridized TM-O orbitals[63], [65], [79], [80], [81]. A study
conducted by Kleiner et al. in 2021[63] utilized near-edge X-ray absorption fine structure
spectroscopy (NEXAFS) combined with charge transfer multiplet (CTM) calculations to
demonstrate that charge transfer in NCMs primarily involves the oxidation of Ni?* to Ni**. This
oxidation is accompanied by an increase in the covalent character of the Ni-O bond, allowing
oxygen to play an indirect role in charge compensation. The study concluded that only Ni and O
exhibit redox activity across all NCM compositions, while the oxidation of Ni to Ni*" was ruled
out due to discrepancies between NEXAFS results and CTM calculations. Additionally, the
involvement of Co in charge compensation was found to be negligible.

Conversely, another investigation into charge compensation mechanisms in NCM811 reported
no observable redox activity for Co and Mn up to 75 % SoC but suggested that Ni oxidation
continues up to Ni*', as indicated by hard X-ray absorption spectroscopy (hXAS)[65]. In contrast,
several computational and experimental XAS studies on NCMI111 have demonstrated Co
involvement in charge compensation beyond 66 % SoC[82], [83], [84]. However, yet another study
contradicted this, claiming that Co redox processes are absent in NCM111 up to 5 V, with Ni
oxidation occurring up to Ni*" at the surface and Ni*" in the bulk[79]. These discrepancies likely
stem from challenges in interpreting X-ray absorption spectroscopy data, as edge shifts can result
from both oxidation state variations and alterations in the electronic and structural environment of
the ligand field[79]. Therefore, further research is required to clarify whether Co contributes to
charge compensation and whether Ni truly oxidizes to Ni*" in NCMs. A clearer understanding of
these mechanisms is crucial for elucidating oxygen evolution and other structural degradation
processes in these materials. Nonetheless, it is widely accepted that oxygen evolution is driven by
its redox activity and electron-sharing interactions with TMs via hybridized TM-O orbitals,
ultimately enabling electron loss from oxygen. As a result, oxygen evolution is initiated at high
SoC levels (around 80 %)[64], [77].

In the 2021 study by Kleiner et al.[63], it was also reported that the Ni—O bond in Ni>* species
is predominantly ionic, whereas the Ni—O bond in Ni*" species exhibits strong covalency,
facilitating electron sharing between Ni and O. Furthermore, their findings indicated that in
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NCMI111, 622, and 811 compositions, all Ni** is converted to Ni** beyond a capacity of 155 mAh/g
(corresponding to 56 % SoC), after which irreversible degradation processes begin. Beyond this
threshold, a slight increase in the fraction of Ni*" was observed. Thus, if Ni*" formation does not
occur and Co does not partake in charge compensation, then up to 80 % SoC, charge compensation
is ensured by electron-sharing interactions between nickel and oxygen without fully oxidizing
oxygen, as major oxygen evolution is not detected within this range[64], [77]. However, beyond
80 % SoC, irreversible oxidation of oxygen occurs, leading to the formation and release of 'O,
which subsequently drives phase transitions from layered to spinel and rock salt structures due to
the loss of oxygen content[77]:
MO: (layered) — M304 (spinel) — MO (rock salt)

Oxygen redox reactions occur both in bulk and on the surface of NCM particles; however, due
to kinetic constraints, higher SoC levels are reached more readily at the surface. Consequently,
oxygen involvement in charge compensation is more pronounced and irreversible at the cathode
surface[85], [86]. This leads to greater oxygen loss from the active material and more extensive
phase transformations near the particle surface[64], [87]. During the initial charge-discharge
cycles, a growing oxygen-depleted surface layer forms, reducing the amount of oxygen released in
subsequent cycles as the diffusion path for oxygen transport lengthens. This phenomenon has been
experimentally confirmed by R. Jung et al.[64], who cycled NCM111 and NCM622 up to 4.8 V
and NCMS8I11 up to 4.4V over four cycles, measuring gas evolution via OEMS. Their results
showed that gas release was most significant in the first cycle and declined in subsequent cycles,
supporting the hypothesis that oxygen diffusion from the bulk is restricted when the particle size
is sufficient and operating temperatures are moderate. Other studies[88], [89], [90], [91] further
corroborate this by demonstrating that phase transitions to spinel and rock salt phases in NCMs
predominantly occur in surface regions. While this self-passivating behaviour is beneficial in
limiting further oxygen evolution, the resulting spinel and rock salt surface layers impede lithium
diffusion, increasing cell impedance and contributing to LAM.

Although no direct correlation has been observed between Ni content and gas evolution during
charging up to 4.3 V, OEMS studies have reported significant O, and CO; release within the
voltage range of 4.3-4.7 V vs. Li/Li*, with a positive correlation between gas evolution and Ni
content[92].

In summary, high SoC delithiation leads to oxygen oxidation and subsequent release, primarily
from surface regions, which coincides with the structural transformation from a layered to a spinel
and rock salt phase. The reactive 'O, evolved in this process accelerates electrolyte degradation,
TM dissolution, and CEI growth[1]. Additionally, the interface between the bulk layered structure
and the surface rock salt/spinel region can accumulate stress due to differences in lattice parameter
changes, potentially leading to intragranular cracks that further deteriorate the rate capability and
cycling performance of NCM cathodes.

Cation mixing is considerably less pronounced in low-Ni NCMs (e.g., NCM111)[93], [94]
compared to high-Ni variants (e.g., NCM811)[95], [96]. This correlation arises due to the lower
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Co content in NCM811, which otherwise mitigates cation migration[97], as well as the greater
presence of Ni>*, which readily diffuses into the Li layer due to its similar ionic radius to Li".
Additionally, critical SoC is achieved at a lower voltage in high-Ni NCMs (e.g., 80 % SoC occurs
at~4.3 Vin NCM811 vs. ~4.6-4.7 V in NCM111 and NCM622)[64], [67].

Transition metal dissolution

All TMs present in NCM cathodes are susceptible to dissolution under elevated voltage and
temperature conditions[98]. Among these, Mn dissolution is reported to have the most detrimental
impact on LIB performance, particularly due to its adverse effects on the anode side[99], [100].
Mn?* can interact with carboxylate groups formed from electrolyte solvent degradation or react
with HF, which arises from the interaction between the electrolyte and residual water. This reaction
facilitates the migration of Mn?* toward the anode, where it deposits on the surface[53], [101].

For NCM111, TM dissolution becomes more pronounced at voltages exceeding 4.3 V, as the
delithiated state of NCM makes it more vulnerable to corrosion by electrolyte degradation
products[102], [103]. Moreover, the dissolution of TMs from NCM is further accelerated by the
presence of HF, with Mn?" being the most abundant dissolved species within the electrolyte[99].
The extent of TM dissolution is also influenced by the choice of electrolyte salt, as different salts
exhibit varying resistance to ambient moisture, which affects HF formation and, consequently, the
extent of corrosion[99]. When HF reacts with Mn, MnF> forms which can either migrate toward
the anode or remain embedded within the CEI. Typically, the concentration of dissolved metals in
aged electrolytes is quantified using inductively coupled plasma optical emission spectroscopy
(ICP-OES)[98], [99], [102]. Additionally, TM dissolution from the cathode can be indirectly
detected by analysing the anode for trace TM deposits using techniques such as X-ray
photoelectron spectroscopy (XPS) and X-ray absorption spectroscopy (XAS)[104], [105], [106],
[107], [108].

In the highly lithiated state (low potentials), Mn dissolution follows a disproportionation
reaction mechanism[109]:

2Mn** — Mn*" + Mn**

In NCMs, Mn is predominantly found in the Mn*" oxidation state, which is electrochemically
stable and largely inert[110]. However, Mn>" can still be present due to lattice defects and oxygen
vacancies[111]. Notably, oxygen vacancies appear more frequently in Ni-rich compositions like
NCMS811 compared to NCM111, particularly at lower potentials, suggesting that Mn dissolution
may be more significant in Ni-rich NCM materials.

Once Mn?* ions migrate to the SEI on the anode side, they can become incorporated into the
SEI, obstructing lithium-ion transport pathways[112]. Additionally, Mn deposited on graphite
anodes undergoes electrochemical reduction, followed by re-oxidation through reactions with the
electrolyte solvent[105], [113]. This redox cycling contributes to the continuous loss of active
lithium due to reactions with MnCO3 species present in the SEI[113]:

2Li" + MnCO; + 2¢” 2 Li,CO3 + Mn°
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Mn° + EC 2 MnCOs + C2Hs4

Growth of the cathode-electrolyte interphase

The formation of the CEI occurs as a result of various RLC reactions (see sub-chapter
“Degradation during synthesis and storage”), as well as the direct involvement of RLC species
themselves[114], [115]. Additionally, CEI development is influenced by chemical and
electrochemical oxidation of the electrolyte, the decomposition of LiPFs salt, and its subsequent
reactions with both the active material and RLC products[116].

The primary constituents of the CEIL, illustrated in fig. 1.8, include TM fluorides (TMF,), which
result from TM dissolution and subsequent reaction with HF and the oxidized active material. Other
major components are RLC species such as Li»CO3, LiO», and LiOH, along with various electrolyte
decomposition byproducts, including organometallic compounds, polycarbonates, and lithium
hexafluorophosphate oxidation derivatives[116]. Due to the numerous sources contributing to CEI
formation, many of which are more dependent on the electrolyte composition than the cathode, it
is challenging to define a universal mechanism governing its formation. Factors such as the rate of
TM dissolution, electrolyte degradation, the concentration of RLC species, their reactivity with
surrounding components, and additional side reactions (e.g., oxygen evolution) all play a role in
CEI development.

Active material

Li species

ROCO,Li + Polycarbonate

ROCO,R
M?* dissolve

4 Ni-rich particle
. , MF, &

NiO phase LiF +Li,POF,

R3m phase NiO phase  SEI layer
(€ Bulk)  (Surface)

Fig. 1.8. Cathode-electrolyte interphase constituents[114].

Since lithium-containing compounds constitute a significant portion of the CEI, its growth
directly contributes to LLI, negatively impacting battery capacity. Additionally, TM dissolution,
associated with LAM, further promotes CEI growth as TM-based compounds (such as oxides and
fluorides) integrate into the CEI structure[29]. The expansion of the CEI impedes lithium-ion
transport, reducing electrode rate capability; however, this process is self-limiting[117]. As the CEI
forms a uniform layer around the active material, it behaves similarly to a protective surface
coating. Like other passivation layers, it can further restrict electrolyte-driven degradation, thereby
mitigating LLI and LAM. Consequently, enhancing cycling stability requires the development of
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a robust CEI that minimizes lithium inventory loss. To achieve this, CEI-forming and CEI-
stabilizing additives, such as FEC and VC, are frequently introduced into the electrolyte. These
additives help regulate CEI formation and prevent excessive re-dissolution, significantly improving
capacity retention[118], [119]. However, it is important to note that while a stable CEI can prevent
direct reactions with the electrolyte it does not mitigate structural changes or other degradation
issues associated with LAM.

Degradation mechanism interplay

Identifying the most critical degradation mechanism in NCM cathodes would require a
comprehensive investigation in which individual phenomena, such as cation mixing, oxygen
evolution, lattice collapse, microcrack formation, TM dissolution, and CEI formation, are isolated
and their respective impacts on capacity, rate capability, and cycling stability are assessed.
However, conducting such a study is nearly impossible, as these degradation processes are highly
interconnected; the initiation of one mechanism often triggers or accelerates another, leading to a
cascade of degradation effects.

The primary instabilities in the NCM cathode, and thus the onset of degradation, stem from
disruptions in the LiNixMnyCo,02 stoichiometry, which occur when lithium is deintercalated from
the cathode and migrates toward the anode during charging. For instance, oxygen evolution begins
at approximately 80 % SoC due to excessive charge compensation by lattice oxygen following
lithium extraction. This oxygen release depletes the lattice of oxygen, inducing phase transitions
on the particle surfaces, which, in turn, exacerbate mechanical stress within the primary particles.
The resulting intragranular microcracks hinder lithium-ion diffusion, ultimately reducing capacity,
rate capability, and cycling stability. In this degradation sequence, lithium extraction beyond
80 % SoC acts as the initial trigger, yet it cannot be avoided if high capacity is to be achieved. The
direct consequence of lithium removal is charge compensation by Ni and oxygen. This effect can
be altered through various doping strategies which increase the effective charge of oxygen, helping
it remain within the lattice and thereby mitigating oxygen evolution[120], [121]. Thus, in this chain
of degradation effects, preserving lattice oxygen is crucial to reducing overall material instability.

Another example of degradation interplay is CEI formation, which arises from RLC species,
dissolved TMs, and electrolyte decomposition products. In this scenario, mitigation efforts focus
on removing RLC residues from the cathode surface post-synthesis, preventing TM dissolution,
and limiting both oxygen evolution and direct electrolyte interaction. These objectives are typically
achieved through post-synthesis washing of the cathode, doping strategies, or surface coatings on
the active material, as discussed under in later sections.

Ultimately, the most dominant degradation mechanism for a given cathode composition can be
determined experimentally using in situ and post-mortem material characterization techniques
combined with electrochemical measurements under specific cycling conditions. Alternatively, it
can be inferred based on its potential to initiate multiple other degradation processes, which of the
degradation mechanisms acts as the critical driver of material degradation.
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Degradation in NCMs based on Ni content

In NCM cathodes with varying nickel content, the primary degradation mechanism is largely
influenced by the extent of delithiation. As the nickel content increases, the critical SoC of 80 % is
reached at lower voltages. Degradation in NCM cathodes is typically assessed based on the
commonly applied upper voltage limit of 4.3 V vs. Li/Li+, which is selected considering the
electrochemical stability window of both the electrolyte and cathode materials. When an NCM
battery is charged up to 4.3V, the dominant degradation mechanisms transition from being
predominantly surface driven in NCM111 to bulk degradation playing a more significant role in
NCMB811, surpassing surface deterioration, as depicted in fig. 1.9.

Microcracks 4
penetrating
to the surface

Bulk degradation

Microcracks
remaining
in the bulk

>
Slow CEIl Surface degradation Fast'CEI growth
growth Rapid surface

reconstruction
Oxygen evolution
Fig. 1.9. Illustration of the main type of degradation occurring in the NCM 111, NCM622, and
NCM811 cathodes during battery operation[[11]".

A comparison of the cycling stability of NCM111 and NCM811 reveals that the overall
degradation of NCMS811 occurs at a much faster rate than that of NCM111. However, with an
increase in nickel content, a higher capacity can be achieved, which justifies the extensive efforts
dedicated to enhancing the stability of high-nickel NCMs.

* Author’s original publication.

35



1.4 Cathode degradation mitigation

The following sub-sections are based on the author’s publication “A review of the degradation
mechanisms of NCM cathodes and corresponding mitigation strategies "[11]".

Cathode degradation mitigation strategies

Various mitigation strategies have been proposed to address the degradation mechanisms in
NCM cathodes. Among the most effective approaches are surface coating of cathode particles,
elemental doping, and control over particle microstructure during synthesis. In addition to
extending the cycle life of cathode materials, the degree of improvement achieved through these
strategies can also provide insights into the dominant degradation mechanisms. For instance, since
doping enhances structural stability and suppresses phase transitions, while surface coatings
prevent surface degradation and limit reactions with the electrolyte, the extent to which these
modifications improve battery performance can indicate the severity of the respective degradation
processes.

The primary objective of modifying cathode materials is to enhance their stability during
electrode processing and battery cycling, ensuring that high-specific-energy materials such as
NCMBS811, NCM Ni83, and Li-rich NCM:s also exhibit satisfactory cycle life and service longevity.
This is particularly crucial because many Ni-rich NCM materials inherently suffer from poor
cyclability, often falling below 1000 cycles before reaching 80 % of their initial capacity, which
hinders their commercialization. The strategies for improving cathode stability address different
degradation aspects of the cathode particles, allowing targeted enhancements based on observed
failure mechanisms to maximize cycle life. In the scope of this work, we mainly focus on enhancing
the cathode stability by creating protective surface coatings on top of NCM active materials.

Surface coating

Surface modification of cathode particles can be achieved either by coating the particles or
entire electrodes with a protective layer or by doping the surface region with foreign ions. Several
coating techniques have been successfully applied to NCM particles, including atomic layer
deposition (ALD)[122], [123], [124], chemical vapor deposition (CVD)[125], [126], magnetron
sputtering[127], and wet-chemical synthesis[128], [129], [130], [131], among others. While ALD,
sputtering, and CVD have been upscaled to some extent, wet-chemical synthesis remains the
simplest and most cost-effective method for large-scale commercial applications. However,
coatings produced by ALD and CVD generally exhibit better uniformity, whereas magnetron-
sputtered and wet-chemically coated materials often suffer from non-uniform coverage.

The primary objective of surface coating is to create a chemically and thermodynamically
stable layer on the cathode particles while minimizing any increase in internal resistance. This
protective layer prevents undesirable side reactions with the electrolyte and surrounding

* Author’s original publication.
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environment, thereby inhibiting CEI formation. Additionally, surface coatings help mitigate
degradation processes such as oxygen evolution, TM dissolution, and phase transitions, ultimately
preserving the integrity of the cathode material.

Various cathode coating materials have been extensively studied, including electronically
conductive carbon coatings[132], metal oxides such as Al,O3[122], [131], [133], [134], ZnO[135],
[136], ZrO:[131], [134], TiO2[134], [137], MgO[123], [138], and rare-earth oxides[139], [140].
Additionally, lithium-containing ionically conductive coatings, including LisPO4[128], LiF[141],
Li3VO4[142], lithium borate glasses (Li2O-2B203)[143], glassy phosphates[144], and organic
polymer coatings[145], [146], have been explored. Many inorganic coatings can be applied in both
amorphous and crystalline forms. The main coating applied in this study is Al;O3 coating by wet-
chemical method.

Wet chemical surface coating
This sub-section is based on the author’s publication “Wet-Chemical Synthesis of a Protective
Coating on NCM111 Cathode: The Quantified Effects of Washing, Sintering and Coating "[147]".

Wet chemical coating is a preferred synthesis method due to its relative simplicity and time and
cost efficiency, typically involving the dispersion of the active material in a solvent, the addition
of a coating precursor, and a final sintering step to achieve the desired product[131], [148], [149].

Interestingly, sintering under conditions like those used for protective coatings has been shown
to enhance electrochemical performance by promoting surface reconstruction and removing
RLCs[3]. If the active material has been exposed to ambient conditions during delivery or
processing, improvements in cycle life resulting from re-sintering and RLC removal might be
mistakenly attributed to the protective coating. In fact, many wet chemical coating studies compare
only pristine and coated materials, often attributing all observed stability and capacity
enhancements solely to the coating itself[131], [149], [150]. The extent to which washing and
sintering influence the active material during this type of processing remains uncertain[151], [152].

Establishing a proper reference

There is an abundance of coating studies that explore different wet-chemical coatings on NCM
materials, most of which show promising results with improved cycling stability and capacity[131],
[153]. However, many of these studies use untreated commercial NCM materials as reference, and
attribute all of the capacity and stability improvements to the coating effects[140], [150], [154],
[155], when some improvement might be due to the coating procedure itself (washing and sintering
the material).

To accurately assess the role of the inert protective coating, this study not only compares the
electrochemical performance of coated and uncoated NCM but also systematically examines the
individual and combined effects of washing and sintering on capacity retention. In addition to
evaluating electrochemical behaviour, surface chemistry analysis and carbon quantification are

* Author’s original publication.
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conducted to identify compositional changes in the active material. This comprehensive approach
ensures that improvements in cycle life are properly attributed to washing, sintering, and coating
steps, rather than being misinterpreted as solely coating-induced.

Degradation mitigation in NCM cathodes

The following sub-sections are based on the author’s publication “A review of the degradation
mechanisms of NCM cathodes and corresponding mitigation strategies "[11]".

An analysis of the available research literature reveals a vast collection of electrochemical data
obtained under a wide range of experimental conditions. However, the significant variability in
parameters, such as particle size and morphology, electrode composition, electrolyte type, voltage
range and corresponding SoC, temperature, and applied specific current, makes direct comparisons
between individual studies challenging. This variability complicates the ability to draw definitive
conclusions unless a comprehensive, systematically controlled study is conducted.

Despite these limitations, when examined collectively, certain trends emerge that allow for
broader analysis without requiring a direct focus on the specific conditions of individual studies.
While data remains somewhat scarce, notable tendencies in the effectiveness of doping versus
surface coating as a function of Ni content in NCM cathodes can be identified. Fig. 1.10 compiles
findings from 45 studies, quantifying the extent to which doping or surface coating has enhanced
the cycle life of pristine NCM111, NCM622, and NCM811. Given that many studies limit their
cycle life assessments to only 50 or 100 cycles, two graphs illustrate capacity retention at these
benchmarks (fig. 1.10). The improvement in capacity retention on the vertical axis is expressed in
percentage points (%6CR), calculated based on the additional capacity retained in the 50th or 100th
cycle of the treated material (CRireated Ncm) compared to the reference material in each study

(CRreference NCM)I
CR —CR
%CR treated NCM reference NCM (l 2)

CRreference NCM
where CRireated NcM — IMprovement in capacity retention of the treated material, %;

CRyeference NCM — IMmprovement in capacity retention of the reference material, %.

* Author’s original publication.
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Fig. 1.10. Capacity retention improvement (calculated as shown in equation (1.2)) after a)
50 cycles and b) 100 cycles of coated and doped NCM cathodes compared to the reference
untreated samples as reported in 45 literature sources (for reference data, see Appendix)[[11]".

Since the absolute cycle life of reference (pristine) materials varies significantly, relative
improvements are compared instead of absolute values. While the complexity of such a dataset
remains, a detailed data table is available in the Appendix for those interested in drawing their own
conclusions.

For NCM111, the trends are relatively clear — statistically, surface coating provides a more
significant enhancement in cycle life compared to doping. Because the SoC (or degree of
delithiation) remains relatively low within the same voltage range, and lattice parameter changes
are minimal, NCM111 exhibits little to no microcracking. As a result, doping strategies aimed at
mitigating lattice strain are less effective in extending cycle life. Instead, surface protection proves
more beneficial in reducing degradation, as degradation in NCM111 occurs more prominently at
the surface rather than within the bulk.

In the case of NCM622, the evolution of SoC with voltage closely resembles that of
NCM111[64]; however, the critical SoC at which lattice parameter variations become significant
is reached at a slightly lower voltage. Consequently, a combination of doping and surface coating
is the most effective strategy for improving the cycle life of NCM622.

For NCMS811, a higher SoC is reached at lower voltages, leading to more pronounced lattice
parameter changes. In this case, doping plays a crucial role in mitigating bulk degradation.
However, to achieve optimal cycle life improvements, surface coating should also be implemented
to counteract surface degradation and electrolyte decomposition. A detailed discussion of
mitigation strategies tailored to each NCM composition is provided in the following sections.

NCM111

The NCM111 cathode material exhibits structural stability at potentials up to 4.3 V vs. Li/Li"
due to its high Mn content, which stabilizes the structure, and the relatively low SoC reached during

* Author’s original publication.
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cycling. As a result, it experiences minimal to no microcracking, as previously discussed. Owing
to its inherent stability, NCM111 has been commercially utilized without requiring modifications
and demonstrates reasonable capacity retention[48]. However, its cycling stability and rate
capability could be further optimized by addressing RLCs left on the surface after synthesis,
suppressing surface phase transitions, and preventing CEI growth.

Since the primary degradation of NCM111 occurs at the surface, improvements in cycling
stability are best achieved through surface coating, which provides surface protection, rather than
doping, which primarily stabilizes the bulk lattice. This is supported by the compiled data in
fig. 1.10, which shows that across various voltage ranges and particle sizes, both at 50 and 100
cycles, surface coating consistently yields the highest improvement in capacity retention.

Surface coating is widely recognized as the most effective method for enhancing the surface
stability of NCM111 cathodes[133], [153], [156], [157], [158], [159]. For instance, Qiu et al.[133]
demonstrated that AlxOs-coated NCM111 exhibits significantly improved performance when
cycled up to 4.5 V. In their study, 5 % AlOs-coated NCM111 achieved a capacity retention of
97.5 % after 100 cycles, compared to only 58.8 % for the uncoated material, corresponding to a
capacity retention improvement (%6CR) of 65.8 % (point 1 in fig. 1.10b) or 32.3 % after 50 cycles
(point la in fig. 1.10a). Similar enhancements were reported by Chen et al.[156] (2%CR = 25.6 %,
point 2 in fig. 1.10b; %CR = 10.8 %, point 2a in fig. 1.10a) and Liu et al.[157] (%CR = 41.5 %,
point 3 in fig. 1.10b; %CR = 9.4 %, point 3a in fig. 1.10a), irrespective of the specific coating
material used.

In contrast, doping has shown comparatively lower improvements in cycle life for NCM111.
For example, C.X. Ding et al.[160] investigated the effects of Zr doping on NCM111 cycled up to
4.5V for 100 cycles and reported an increase in capacity retention from 79.2 % for the pristine
material to 92.7 % for the Zr-doped sample, corresponding to %CR = 17.1 % (point 4 in fig. 1.10b;
point 4a in fig. 1.10a for 50 cycles). However, the study did not discuss the possible migration of
Zr towards the surface during the high-temperature sintering step (950 °C, 15 h), which could result
in the formation of a protective Zr-containing coating[161]. This suggests that at least part of the
observed improvement could stem from surface protection effects rather than bulk doping alone.

When the compiled electrochemical data is analysed in terms of capacity retention
improvement after 50 cycles, the same trend persists — doped samples consistently exhibit lower
improvements than coated ones, further underlining the superiority of surface coating in enhancing
the cycle life of NCM111.

Overall, the electrochemical results collected for both 50 and 100 cycles confirm that surface
coating is the most effective strategy for mitigating degradation in NCM111 cathodes.

NCM622

NCM622 undergoes more significant lattice parameter changes during cycling compared to
NCMI111 (fig. 1.7¢), which has been shown to contribute to microcracking when cycled up to
4.2 V[162]. Consequently, structural stabilization through doping is more advantageous for
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NCM622 than for NCM111[48]. However, when compared to NCMS811, NCM622 exhibits less
pronounced lattice parameter changes and, therefore, experiences less severe microcracking[163].
Based on these factors, surface protection appears to be the most effective approach for mitigating
degradation in NCM622. Nonetheless, incorporating doping could help counteract microcracking
and bulk degradation effects in this material.

A review of the research on coated and doped NCM622 reveals a recurring limitation: as with
NCMI111, many studies do not analyse the migration of coating materials into the bulk or consider
the diffusion of doped species toward the surface to form a protective layer. Despite this,
electrochemical data indicate that surface coating still provides greater improvements in cycling
stability compared to doping. However, the benefits of doping in NCM622 are not negligible — it
has been shown to enhance the capacity retention of pristine NCM622 to levels comparable to
some of the less effective coated samples.

Thus, the optimal strategy for improving the cycle life of NCM622 appears to be a combination
of surface protection and bulk stabilization, with a primary emphasis on surface coating. A
potentially promising approach could involve selecting a coating material that diffuses into the
particle, thereby simultaneously stabilizing the structure through doping.

NCMS811

A viable approach to enhancing the structural stability of NCMS811 cathode material is to
mitigate the contraction of the ¢ lattice parameter, which has been shown to be a significant factor
affecting its degradation. Numerous studies have demonstrated that doping can effectively enhance
battery lifespan by addressing this issue[120], [164], [165], [166], [167], [168]. However, given
that surface degradation is more pronounced in NCM811 compared to NCM622 and NCM111,
surface coating should also be considered as a complementary strategy to minimize degradation.

Based on the compiled research data presented in fig. 1.10, both bulk and surface degradation
contribute significantly to the overall deterioration of NCM811 cathodes. When examined
individually, doping and coating appear to provide comparable improvements in cycle life.
Consequently, statistical analysis suggests that an optimal mitigation strategy should integrate both
bulk stabilization through doping and surface protection via coating.

A direct comparison of the effects of doping and coating on capacity retention in NCM811 was
conducted using the studies by Hu et al.[150] and Jiang et al.[120], corresponding to points 5 and
6 in fig. 1.10b (and points 5a and 6a in fig. 1.10a). In these studies, NCM811 cathode materials
were either coated with Al,03 or doped with Ti*" and cycled within a voltage range of 2.8-4.3 V at
a specific current of 1 C (200 mA/g) for 200 cycles at room temperature. The capacity retention
after 200 cycles was nearly identical for both modifications — 95.4 % for the Al2Os-coated cathode
and 95.0 % for the Ti-doped cathode. At 100 cycles the capacity retention improvement (%6CR)
was 7.8 % and 10.8 %, respectively, while after 50 cycles the values were 2.1 % and 3.0 %.
Assuming no diffusion of the coating material or dopant, both modifications are equally important
for mitigating degradation in NCM811.
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Similar findings were reported by Huang et al.[169], who demonstrated that MoOs-coated
NCMSI11 retained 94.8 % capacity after 100 cycles at 1 C to 4.3 V (%CR = 14.8 %), and Li
et al.[167], who observed that Mg-doped NCMS811 achieved 91.9 % capacity retention under the
same conditions (%6CR = 13.6 %), corresponding to points 7 and 8 in fig. 1.10b. Analysing the
overall trend in fig. 1.10a-b, the average improvement in capacity retention compared to pristine
NCMB811 appears to be comparable for both coating and doping strategies. However, it is important
to note that in some cases, commercially sourced "pristine” NCM811 materials may already be pre-
doped or pre-coated by the manufacturer. If the initial material composition is not thoroughly
analysed, this could lead to misleading conclusions regarding the effectiveness of additional
modifications.

Doping has been shown to reduce the ¢ lattice parameter change in NCM materials. For
instance, Al doping decreases the ¢ lattice contraction during charging from 3.2 % to 2.7 % but
does not completely eliminate the lattice collapse observed at approximately 80 % SoC[170]. To
fully address this issue, more advanced doping strategies or microstructural modifications are
necessary to eliminate microcracking. A case in point is the material
LiNio.gMno.13Ti0.02Mg0.02Nbo.01M00.0202, developed by Zhang et al.[74], which demonstrates how
efforts to minimize volume and lattice parameter changes may lead to compositions that deviate
from the conventional NCM811 stoichiometry.

From fig. 1.10 it can be inferred that for Ni-rich NCMs the optimal strategy for mitigating
degradation is a combination of coating and doping. Furthermore, structural control of the particles
could bring additional improvements, however, a more extensive study would need to be
conducted.

Degradation mitigation on cell level

In a battery cell, cathode degradation does not occur in isolation but instead influences the
entire cell environment, just as changes in the anode or electrolyte can impact cathode stability (as
briefly discussed previously). Consequently, reduced cathode degradation is often linked to
improvements or modifications made to the anode or electrolyte.

One common approach to enhancing battery stability is the introduction of functional additives
into the electrolyte. These additives help stabilize the formation of the CEI or SEI and can also
remove reactive species such as HF and H>O from the electrolyte[171]. For instance, Pham et
al.[172] demonstrated that incorporating 1 % VC into a non-flammable LiPF¢/PC/FEMC/DFDEC
electrolyte effectively stabilizes the CEI on NCM811, while also reducing crack formation, TM
dissolution, and structural degradation, even when charging up to 4.5 V. As a result, the cycling
stability improved with capacity retention increasing from 76 % to 82 % after 50 cycles. Similarly,
Lee et al.[173] reported that adding FEC and 1,1,2,2-tetrafluoroethyl-2,2,3,3-tetrafluoropropyl
ether (TTE) to the electrolyte not only stabilizes the CEI but also strengthens the SEI by forming a
protective LiF coating. Furthermore, their study revealed that if the SEI on a lithium anode is
damaged during cycling TTE can repair it by migrating to exposed lithium surfaces due to its
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lithiophilic fluorine sites. As a result, the overall cycling stability of the cell was significantly
enhanced.

On the anode side, degradation mitigation strategies primarily focus on suppressing lithium
dendrite growth, stabilizing the SEI, and developing structurally stable lithium hosts[174], [175],
[176]. SEI stabilization is often achieved through electrolyte additives, and their effects extend
beyond the anode alone[174]. In such cases, reducing anode degradation can indirectly benefit the
cathode by maintaining lithium inventory (avoiding LLI), ensuring that more lithium remains
available for cell operation. While these improvements may not directly prevent cathode
degradation, they contribute to overall cell capacity retention and improved cycling stability.

1.5 Summary of NCM cathode degradation and mitigation

The following section is based on the author’s publication “A review of the degradation

mechanisms of NCM cathodes and corresponding mitigation strategies "[11]".

NCM materials are derived from layered oxide cathode materials and have progressively
evolved toward higher nickel content. This shift has been driven by the need to enhance energy
density and address some of the sustainability concerns associated with these materials. However,
as the nickel content increases, various stability-related challenges emerge. These include reduced
stability in ambient conditions, particle microcracking, undesirable phase transitions, oxygen
evolution, CEI growth, TM dissolution, and degradation of the SEI. A comprehensive review of
the literature indicates (fig. 1.10) that the dominant aging mechanisms vary depending on the Ni
content, implying that the most effective mitigation strategies for NCM degradation should be
tailored according to Ni stoichiometry.

An analysis of the effects of coating and doping on NCM degradation mitigation across
different Ni compositions reveals distinct trends, summarized in table 1.1. With increasing Ni
content and a corresponding reduction in the voltage at which a critical SoC is reached, the
importance of stabilizing the crystal lattice and mitigating volume changes through doping
becomes more pronounced. In NCM111, where degradation is primarily surface-related, coating
proves significantly more effective in enhancing performance compared to doping. In NCM622,
the emergence of microcracks as a key degradation factor necessitates doping to stabilize the
cathode structure, making it comparatively more effective in degradation mitigation. For NCM811,
where structural instabilities become more severe, doping and coating are equally important in
ensuring long-term stability. When Ni content exceeds 80 %, both doping (to counteract the more
significant lattice parameter changes occurring at lower lithium content) and coating (to prevent
rapid surface degradation) should be strongly considered due to the accelerated degradation rate
and the increased complexity of degradation pathways[177].

* Author’s original publication.
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Table 1.1

Summary of degradation mechanisms for various NCM materials and corresponding mitigation

strategies[11]"
Composition Degradation Mitigation
Cation mixing, surface . .
. On average, coating strategy is
NCM111 reconstruction, oxygen release, RLCs, . .
. superior to doping
CEI formation
Cation mixing, surface Coating provides more
reconstruction, oxygen release, significant improvement;
NCM622 vEen £ P
RLCs, CEI formation, doping strategies also notably
microcracking improve performance
Cation mixing, surface Coating and doping strategies
NCMS11 reconstruction, oxygen release, provide comparable
RLCs, CEI formation, significant improvement to capacity
microcracking retention

As the push for higher voltage and higher capacity battery cells continues, the methodologies
used to analyse, classify, and address the stability challenges of cathode materials could be
applicable to various other cathode chemistries. These include Li-rich NCM, high-voltage spinel,
and even cathodes for Li—S batteries. Given the crucial role of layered oxide materials in next-
generation battery technologies, particularly in post-lithium systems such as sodium-ion batteries,
understanding the degradation mechanisms of layered TM oxides and implementing effective
mitigation strategies could have significant implications beyond lithium-ion battery chemistry.

Surface doping is one of the main strategies of NCM cathode degradation mitigation,
irrespective of the Ni content, thus, in this work we develop a sustainable, simple wet-chemical
coating procedure to coat NCM111 and NCM811 cathode materials with Al2O3/LiAlO: coating.
Often wet-chemical coating procedures use toxic and dangerous chemicals such as toluene as
solvent and trimethylaluminium as precursor, therefore we aim to replace these harmful
components by using ethanol as solvent and aluminium isopropoxide as precursor.

Additionally, a large drawback in many wet-chemical coating studies is the lack of a proper
reference, thus, here we highlight the misinterpretations that can arise when evaluating the
effectiveness of coatings for cycle life improvement and show the effect that the coating procedure
itself (washing and sintering) can have on the stability of the material, even when no coating is
synthesized.

44



2. EXPERIMENTAL

2.1 Materials

Cathode materials NCM111, NCM811

The NCM cathode active materials (CAMs) have a general formula LiNixMnyCo,0O>
(x +y+z=1). The exact compositions used in this work were NCM111 and NCM811, where the
numbers denote the stoichiometric ratio of the TMs in the materials (e.g. NCM111 means that the
TM ratio is 1:1:1 and the molecular formula is LiNi;3Mn13C01302). NCM111 and NCMS811 was
commercially sourced from MTI Corp.

Materials for coating syntheses

The aluminum source material for LiAlO2/Al203 synthesis was aluminum isopropoxide
Al(OCsHy7)3 or AIP. The AIP was obtained from Sigma Aldrich (= 98 %). The solvent for AIP was
absolute ethanol (99.8 %). Purified water for hydrolysis of AIP was obtained from an in-house
Direct-Q R & Direct-Q UV-R water purification system (ultrapure, type 1 water, > 18 MQ/Cm).

Materials for cathode preparation

A cathode slurry usually consists of 3 main components: active material, conductive additive,
and binder. In this study the active materials used were either NCM111 (coated, uncoated, or
reference) or NCMS811, conductive additive was carbon black (4/fa Aesar, 99.9+ %), and the binder
was polyvinylidene fluoride (PVDF, powder, Sigma Aldrich, > 99.5 %). The electrode slurry was
mixed in N-methyl-2-pyrrolidone (NMP) solvent (Sigma Aldrich, anhydrous, 99.5 %). Al foil
(Sigma Aldrich, 0.015 mm thickness) was used as the current collector.

Materials for battery assembly

For the anode a metallic Li foil (4/fa Aesar, 1.5 mm thickness, > 99.9 %) was used, separators
were Whatman GF/B, and electrolyte used was LiPFg solution in EC/DEC (1:1 volume ratio) with
or without 5% fluoroethylene carbonate (FEC) additive, based on the application — the coin cells
with NCM111 contained electrolyte without FEC additive, whereas the coin cells with NCM811
electrodes contained electrolyte with FEC additive. The coin cell casings used were CR2032
stainless steel grade 316L and were obtained from Xiamen Tob New Energy Technology Co., Ltd.

2.2 Methods

Coating synthesis

Al>O;s coating
The coatings were synthesized on the surface of the CAMs by a wet chemical method. For
LiAlO2/ALOs coating a certain amount of AIP was dissolved in ethanol within 20-30 minutes under
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light heating (up to 50°C) after which the heating was removed and NCM powder added to the
mixture. The weight of AIP was chosen so that the resulting AloO3 coating would account for
roughly 3 wt% of the coated NCM, and the volume of ethanol was chosen accordingly (e.g. to coat
3 gof CAM 0.3716 g of AIP were dissolved in 20 mL of ethanol). After 30 minutes of stirring and
dispersing the CAM, a stoichiometric amount of H,O was added to the mixture in the form of an
ethanol-H>O (95:5 volume ratio) solution. Thereafter, the solution was stirred for 2 more hours to
allow coordination of the -OH groups of the formed Al(OH); to the oxygen groups on the surface
of NCM. The mixture was subsequently centrifugated at 2000 rpm and 6000 rpm for 7 minutes
each using a Hermle Z 306 tabletop centrifuge and washed with ethanol twice before transferring
to a crucible to dry overnight at 80°C. The next day the dried powder was sintered at 500°C for 4
h in air using Nabertherm L 9/13 high temperature furnace, after which it was potted and stored in
a glove box in Ar atmosphere with H>O and O; levels <0.5 ppm.

Reference samples

Since coating synthesis involves several steps which could also affect the material properties,
a proper reference sample was synthesized by following all the steps of the coating procedure, but
without the addition of AIP and H>O (NCM was stirred for 2.5 h in ethanol, centrifugated and
washed twice, dried at 80°C overnight, and sintered at 500°C for 4 hours in air).

Furthermore, two more samples were prepared to assess the effect of washing and sintering
separately on the properties of the CAM. The sample assessing washing was prepared by stirring
the CAM for 2.5 h in ethanol, centrifugating and washing it twice with ethanol, then drying under
vacuum at 80°C overnight. The sample for the assessment of the effects of sintering was prepared
by sintering the CAM at 500°C for 4 h in air.

Electrode preparation

Magnetic stirring and ultrasonication

For the coated samples and respective reference samples magnetic stirring and subsequent
ultrasonication was used to create electrode slurries. In a 50 mL beaker 5 wt.% PVDF solution in
NMP, CAM (coated, uncoated NCM111, or reference samples), and carbon black were weighed
in a proportion CAM : carbon : PVDF = 75:15:10. The slurry was mixed by magnetic stirring for
2 h at 400 rpm, then treated in an ultrasound bath (Elmasonic S 120 (H), 37 kHz) for 30 min, and
stirred again for 30 min.

Ball milling

For the experiments on LIB ageing determination electrode slurries were prepared by ball
milling. The electrode components were weighed into a ball mill stainless steel container in a
proportion CAM : carbon : PVDF = 75 : 15 : 10, with PVDF in the form of a 5 % (by weight)
solution in NMP. The CAM used in these experiments was NCM811. The slurries were ball milled
(Retsch MM200) with a frequency of 15 Hz for 60 min.
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Electrode coating and drying

The prepared slurries were coated onto an Al foil by a typical tape casting method. Al foil was
attached to a glass plate (10 cm x 10 cm), then a pool of electrode slurry was deposited on one end
of the glass plate in the middle. Using a Dr. Blade coating instrument (+ 5 um) the electrode slurry
was evened out (starting at 500 pm down to 100 pm in increments of 100 um) by dragging the
instrument over the pool of slurry and the whole Al-covered glass plate until a broad line of
electrode slurry with a wet thickness of 100 um was obtained. The prepared electrode sheets were
then properly marked and put into a vacuum oven (Shanghai Yuanhuai Industrial Co.,Ltd., DZF-
6020) to dry at 80°C under vacuum overnight.

Electrode punching and weighing

Electrodes with a diameter of 10 mm were punched out from the dried electrode sheets using a
manual electrode disc cutter (TOB New Energy TOB-CP60). The obtained electrode discs were
subsequently weighed on an analytical-grade laboratory scale (Kern, ABT 120-5DNM,
+ 0.001 mg). To calculate the weight of the active material in one electrode an Al foil disc of the
same dimensions was cut out and its weight was subtracted from the weight of the whole electrode.
Afterwards, 75 % of the remaining weight was calculated as the CAM mass.

Cell assembly

Coin cells

All electrochemical tests for the coating experiments (with NCM111) and LIB ageing
experiments (with NCM811) were carried out in coin cells. The coin cells were assembled in an
Ar-filled glove box (M. Braun Inertgas-Systeme GmbH, EASYlab workstation) with H2O and O»
levels < 0.5 ppm. A spring was inserted into the battery casing, then Li foil was thoroughly scraped
to clean off any reacted lithium from both sides. Negative electrode (11.1 mm in diameter) was
then punched from the cleaned lithium foil and pressed to a spacer, which was then stacked on top
of the spring. Then, a Whatman glass fiber separator was punched (15.8 mm in diameter) and
positioned on the Li electrode, after which 200 pL of electrolyte was added onto the separator using
a micropipette. Once the electrolyte had thoroughly soaked the separator, the prepared cathode was
positioned onto the separator using clean Teflon-coated plastic tweezers. The coin cell was closed
with a lid and pressed together using a hydraulic coin cell press (TOB Machine, TOB-MR-120). All
components of the coin cell stack were centered to avoid any short circuits or displacement of
lithium foil against the cathode. The assembled coin cells were marked appropriately for further
electrochemical testing.

Structural Characterization

X-ray diffraction (XRD)

Powder XRD measurements were carried out using Rigaku Miniflex 600 (Cu Ka, ) for all
samples within the coating study to determine the structural parameters of the coated and uncoated
active materials. The samples were prepared by compacting the active material powder into a glass
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cuvette. The diffraction patterns were recorded in the 20 range from 10 ° to 90 °, with a scanning
rate of 2 °/min, accuracy of £0.02 °.

X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) measurements were carried out to characterize the
surface chemistry of coated and uncoated materials, specifically to detect the level of impurities on
the surface of NCM and to observe the presence of Al,O3 on the surface of the coated material.
The XPS measurements were conducted using a ThermoFisher ESCALAB Xi+ system equipped
with a monochromatic Al Ka X-ray source. Calibration of the binding energy scale was done by
analyzing sputter-cleaned reference samples of Au, Ag, and Cu, ensuring the Au 4f7/2, Ag 3d5/2,
and Cu 2p3/2 peaks aligned at 83.96 eV, 368.21 eV, and 932.62 eV, respectively. The spectra were
captured with an X-ray beam size of 650 x 100 pm, using a pass energy of 20 eV and a 0.1 eV step
size. A charge neutralizer was applied. During sample preparation the active material powders were
compacted into tablets (5 mm in diameter, 1-2 mm thick) and kept in an Ar-filled glovebox prior
to the measurement. To prevent surface contamination, the samples were transferred to XPS in an
argon-filled transfer vessel assembled in a glove-box, thus avoiding any exposure to air. Before
recording spectra, sample surfaces were gently etched in-situ with Ar+ ions.

Scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS)

Surface morphology of the active materials was examined using scanning electron microscopy
(SEM) on a Thermo Fisher Scientific Helios 5 UX instrument, operated at an accelerating voltage
of 10kV. Elemental distribution was assessed through energy-dispersive X-ray spectroscopy
(EDS) on the synthesized powders, with an accelerating voltage of 20 kV applied specifically for
the EDS measurements. Post-processing of the SEM images was done using /mageJ software.
Additionally, primary and secondary particle size distribution was analyzed using /mageJ software.

Transmission electron microscopy (TEM)

A transmission electron microscope (TEM, Fei Tecnai operating at 200 kV in STEM mode),
equipped with an EDAX EDS detector, was utilized to verify the presence of an Al-containing
coating and to estimate its thickness. For STEM analysis, a lamella was prepared from the coated
NCMI111 powder by positioning a particle on a silicon wafer. To protect the surface, a thick layer
of platinum was deposited on top using focused ion beam (FIB). The lamella was further prepared
using a standard method, where an ion beam with a 30 kV acceleration voltage thinned the sample
to approximately 100 nm, followed by final polishing with 5 kV ions to minimize the thickness of
amorphized surface layers. EDS measurements were carried out on the surface of the secondary
particle to ascertain the presence of Al. In addition, a line EDS analysis was carried out to
approximately establish the thickness of the Al-containing coating.
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Inductively coupled plasma mass spectrometry (ICP-MS)

An Agilent Technologies 8900 ICP-QQQ mass spectrometer was employed to measure
aluminum content in the coated sample. Impurity levels were quantified using a five-point
calibration graph method by diluting a certified multi-element standard solution.

Isotope ratio mass spectrometry (IRMS)

To analyze carbon traces, predominantly present as surface impurities, isotope ratio mass
spectrometry (IRMS, Nu Horizon) was utilized in conjunction with an Elemental Analyzer
(EuroVector Euro EA3000). For carbon quantification, a five-point calibration curve was
established using a laboratory reference material containing 2 % C in MnO..

Electrochemical characterization

All rate capability and cyclability measurements were carried out in half cells (containing
metallic lithium anode) using a Neware BTS-4000 series battery tester at a controlled 25.0 = 0.1 °C
temperature (Neware MHW-25-S constant temperature chamber).

Rate capability and cyclability for SoH estimation studies
For electrochemically testing the NCM811 active material during the SoH estimation studies,
17 cells were cycled in 2 different modes (2 series of cells) to observe if the cycling mode will
influence the evolution of voltage hysteresis in relation to SoH.
1. The following steps were repeated on loop until SoH dropped to at least 80 %:
e rate capability — 5 charge-discharge cycles at specific currents ranging from 0.1 C up
to 10C(0.1C,0.2C,0.5C,1C,2C,5C, 10 C);
e cycling — 100 charge-discharge cycles at a specific current of 1 C.
2. The following steps were carried out:
e initial rate capability — 5 charge-discharge cycles at specific currents ranging from
0.1Cupto10C(0.1C,02C,05C,1C,2C,5C,10C);
e cycling — charge-discharge cycling at a specific current of 1 C until SoH drops to at
least 80%;
o final rate capability — 5 charge-discharge cycles at specific currents ranging from 0.1 C
upto10C(0.1C,0.2C,0.5C,1C,2C,5C,10C).

1 C (200 mA/g for NCM811) corresponds to the specific current required to charge or discharge
the battery cell in one hour. The value depends on the theoretical specific capacity (200 mAh/g).

The cells were cycled using constant current, constant voltage (CCCV) charging and constant
current (CC) discharging mode in the range from 2.7 V to 4.3 V vs. Li/Li*. The cut-off current for
the constant voltage step was 10 % of the CC charging current.

Rate capability and cyclability for coating studies
For the coating studies on NCM111 active material rate capability testing was carried out in
separate cells from cycling stability measurements.
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e Rate capability — 5 charge-discharge cycles at specific currents ranging from 0.1 C up
t020C (0.1C,0.2C,0.5C,1C,2C,5C,10C,20C).
e Cycling stability — 500 charge-discharge cycles at a specific current of 1 C.

1 C for NCM111 corresponds to 170 mA/g. The cells were cycled using CC charging and
discharging in the voltage range 2.7 - 4.3 V vs. Li/Li".
For the coating studies on NCM811 material, the testing was done differently from coating
studies on NCM111.
e Cycling stability — 3 formation cycles at a specific current of 0.1 C followed by 500
charge-discharge cycles at a specific current of 1 C.

The cells were cycled using CCCV charging and CC discharging modes in the range from 2.5 V
to 4.3 V vs. Li/Li". The cut-off current for the constant voltage step was 10 % of the CC charging
current.

Data processing

Charge-discharge measurements
During the charging and discharging of the cells, the battery tester records the set current, time
and voltage at certain time increments. The current and time are then used to calculate the capacity
of the cell during charging and discharging by the formula:
Qo =1Ixt (2.1)
where I — current, mA;
t —time, h

Since the mass of the electrode is known, the mass of the active material can be calculated by
the following equation:
mam = (Mg — M) * 7 (2.2)
where me; — mass of the whole electrode, g;
mc. —mass of the current collector, g;
r —ratio of the active material in the electrode, between 0 and 1, dimensionless.

In the scope of this work r from equation (2.2) corresponds to 0.75 (other parts are composed
of binder and conductive additive).

Using Q, and my )y we can calculate the specific capacity or gravimetric capacity which is the
capacity normalized by the active material mass:

Q= Qo 2.3)

mam
The specific capacity was the main parameter used to characterize and compare the different

cathode materials. The specific capacity and voltage are also used to construct the charge-discharge
curves from battery cycling. An example of a typical charge-discharge curve can be seen in fig. 1.3.
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The plateau-like (least slope) region of the charge-discharge curve signifies the operating
voltage of the cell.
Another important measure of the performance of the battery cell is the Coulombic efficiency:

CE==9§E£*100%> 2.4)
ch

where Qgisch — discharge capacity, Ah;
Qcn — charge capacity, Ah.

The Coulombic describes the loss of charge in each charge-discharge cycle, directly related to
the loss of lithium.

State of health (SoH) and state of charge (SoC)
The state of health (SoH) is calculated at any point during the cell’s lifetime using the following
formula:

wﬂz% 2.5)
where Q, — capacity at any given cycle, Ah;
Q; — initial capacity, Ah.

Where Q, is the specific capacity (or capacity) at any given charge-discharge cycle and Q is
the initial specific capacity (or capacity) of the cell after the formation cycles. Usually the end of a
cell’s lifetime is considered when SoH has reached 80 %.

The state of charge (SoC) is calculated from the specific capacity (or capacity) in each cycle
from the charge-discharge curve, with 0 % SoC corresponding to a completely discharged cell
(fully lithiated cathode) and 100 % SoC corresponding to a completely charged cell (delithiated
cathode).

wc:% (2.6)
where Q, — capacity (or specific capacity) at any given point during charging or discharging the

cell, Ah;
Q,, — full capacity (or specific capacity) of the cycle from which Q, is obtained, Ah.

Determination of voltage hysteresis at certain SoC is described in more detail in the result
section regarding SoH estimation studies.
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3. RESULTS AND DISCUSSION

3.1 State of Health estimation from voltage hysteresis

This chapter is based on the author’s publication “State of health as a function of voltage
hysteresis in Li-ion battery half-cells "[178]"

A part of this work is focused on the degradation of LIBs and the need for a simpler, quicker
way to determine the SoH of any given battery cell. Our method for determining the SoH of a
battery cell relies on the growth of internal resistance of the battery as it ages. The growth of internal
resistances manifests as an increase in overpotentials during charging and discharging, and thus -
an increase in voltage hysteresis.

Since LIB materials vary (as discussed in the theoretical background), the primary aging
mechanisms and degradation modes can differ depending on factors such as the chemistry and
structure of the active materials, their stability at different potentials, and their interactions with
various electrolytes. However, a common trend across all materials is the progressive increase in
voltage hysteresis during ageing. Although the rate of this increase varies among different
materials, it may still correspond to similar SoH values. Therefore, evaluating multiple material
combinations is essential to determine whether a universal SoH model can be developed.

In this study, we specifically investigate the relationship between SoH and voltage hysteresis
in an NCM811-Li cell, analysing its behaviour down to 53 % SoH.

Voltage hysteresis determination and significance

Voltage hysteresis is the sum of overpotentials when charging and discharging a battery cell.
As the battery ages during charge-discharge cycling, its internal resistances increase, which is
indirectly depicted in the rise of voltage hysteresis. Additionally, voltage hysteresis increases with
specific current, as stated by the Butler-Volmer equation (equation (1.1)), hence, the SoH evolution
with ageing is different at each specific current. Here, we characterize the SoH dependency on
voltage hysteresis at specific currents up to 5 C.

The employed measurement and data acquisition procedure (also described in the Experimental
section) is depicted in fig. 3.1. Charge-discharge cycling at 1 C rate was combined with rate
capability measurements every 100 cycles (fig. 3.1a). SoH was calculated based on the 1 C curve
as most of the cycling was done at 1 C, thus ageing the cell at a rate corresponding to this charging
rate. The 80 % SoH value corresponding to the EoL was reached already after 100 cycles, however,
for more elaborate analysis the cells were cycled further until about 53 % SoH.

The voltage hysteresis value at 50 % SoC at each C rate was obtained as shown in fig. 3.1b.
50 % SoC was calculated based on the obtained capacity in each cycle. Fig. 3.1c shows the trend
of the voltage hysteresis evolution over various C rates and SoHs, and clearly depicts the growth

* Author’s original publication

52



of voltage hysteresis with increasing C rate in a manner similar to Butler-Volmer curve. These
curves at certain SoHs are the main sources of information used for further analysis of the
relationship between SoH and voltage hysteresis and developing ways to determine SoH based on
the value of the voltage hysteresis.
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Fig. 3.1. Illustration of voltage hysteresis determination from charge-discharge curves (a-b)
and voltage hysteresis growth with increasing applied specific current and decreasing
SoH (c)[178]".

SoH determination from voltage hysteresis

The positive correlation between voltage hysteresis and battery ageing is consistent among all
17 cells measured (fig. 3.2a), independently of the measuring regime used (see the 2 regimes
described in the Experimental section), indicating that conducting rate capability measurements in
between cycling does not influence the ageing behavior — ageing during rate capability
measurements continues at a rate comparable to the ageing at 1 C rate. From the voltage hysteresis
growth tendency in fig. 3.2a we can observe that at the same SoH the voltage hysteresis is larger
for cells cycled at higher rates than those cycled at lower rates. This growth in hysteresis has a
purely kinetic origin from the higher charge-discharge rate and not because the battery ageing is
more advanced. As the rate capability measurements (from which the voltage hysteresis vs. SoH
data was obtained) are carried out only every 100 cycles, there is a lack of data points between
100 % and 80 % SoH which was already reached after 100 cycles. However, the remaining
measurements beyond 80 % SoH allow us to find functions that best describe this relationship
(fig. 3.2 and table 3.1).

* Author’s original publication.
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Fig. 3.2. Voltage hysteresis increase with SoH at different C rates (a), SoH as a function of

voltage hysteresis at 0.2 C rate fitted by various basic functions (b), error distribution of the
different fit functions for the whole SoH range (c) and for SoH > 70 % (d)[178]".

The increase in voltage hysteresis with diminishing SoH in fig. 3.2a can be flipped to allow
reading the SoH from voltage hysteresis (fig. 3.2b, data obtained from 0.2 C rate measurements).
This relationship (SoH = f(AV)) is what could enable us to create a way to determine the SoH of
NCM-Li cells at any given point in battery life with a certain error, if a function describing this
relationship can be determined. Here (fig. 3.2b), the data is fit by several basic functions for which
the parameter errors and coefficients of determination R? are calculated (table 3.1) to evaluate the
best fit. Already visually inspecting the fits some functions are more deviated from the data points
than others, namely logarithm and power functions, substantiated by R? values of 0.992 and 0.988,
respectively. Hence, these functions are discarded as possible fits.

Linear, exponential, square, and exponential decay approximations provide the best fit for the
full range of SoH, achieving R? values above 0.996 and maintaining the highest error count below
5 % (fig. 3.2c). However, the parameter errors for the square and exponential decay functions are
too large (up to 102 %, table 3.1), making them unsuitable for SoH determination. When evaluating
the remaining linear and exponential functions at SoH levels above 70 %, only the exponential
function exhibits errors exceeding 5 %, with a single instance reaching 10 % (fig. 3.2d).
Consequently, linear and, to some extent, exponential functions serve as the most precise
approximations for SoH determination from voltage hysteresis. The linear function fits well above
70 % SoH, whereas the exponential function more accurately represents the accelerated battery
ageing below this threshold. Additionally, if the AV value is derived from a single charge—
discharge measurement of an NCMS811 half-cell and compared with the linear function down to
70 % SoH, SoH determination from this AV value could achieve 5 % accuracy.

* Author’s original publication.
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Table 3.1.

Basic approximation function coefficients with relative errors indicated in the parentheses, and
coefficients of determination R? for half-cells containing NCM811 electrodes[178]

*

Coefficient ‘
Function R”2
al al a2 ‘
ExpDecay -0.459 +/- 1.544 +/- 1.182 +/-
a0+al*exp(- 0.469 0.458 0.345 0.997230
x/a2) (102 %) (30 %) (29 %)
1.081 +/- -1.240 +/- 0.372 +/-
Square
a0+al*xta2 x 2 0.0158 0.115 0.154 0.997202
(1 %) 9 %) (41 %)
1.104 +/- -1.403 +/-
Exponent
—a0*exp(al*x) 0.014 0.050 - 0.997052
Y (1%) 4 %)
Linear 1.054 +/- -0.973 +/-
0.012 0.031 - 0.996761
a0+al*x
(1 %) (3 %)
Loearithm 0.389 +/- -0.232 +/-
i
g 0.022 0.012 - 0.992461
y=a0+ al*In(x)
(6 %) (5 %)
Power 0.464 +/- -0.287 +/-
A
0.021 0.020 - 0.988315
y=a0*x"al
(5 %) (7 %)

In a battery cell with 2 electrodes, the BV equation (equation (1.1)) can be used to describe
each electrode operation individually. Although lithium as a counter electrode has often been
regarded as the perfect anode and used in half cells to study other LIB electrodes without
considering the contributions from the Li metal electrode, it has been shown that it does contribute
to the overpotential rise in full cells[179]. Nevertheless, by only considering the cathode
contribution to the total overpotential in a battery cell and by assuming the anodic charge transfer
coefficient a, to be 0 during the charge and the cathodic charge transfer coefficient a. to be 0 during
the discharge of the cell (neglecting the counterpart of the net reaction at the cathode), we have
been able to fit the correlation between the specific current and voltage hysteresis with a BV-like

* Author’s original publication.
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equation (equation (3.1)) at different states of health (SoH), discussed further in our
publication[178]".
y =a(e?* —-1) 3.1
where a, b — fitted parameters, dimensionless
x — voltage hysteresis, V.

While introducing these simplifications holds no electrochemical meaning, it does provide a
good approximation of the three-way relationship between voltage hysteresis, specific current and
SoH and an additional method of determining the SoH of a cell based on the observed voltage
hysteresis at different specific currents (fig. 3.3). Additionally, we were able to use the same
equation to fit the specific current vs. voltage hysteresis at different SoHs for LFP half cells[178]",
thus suggesting that it can be used for multiple cathode chemistries.
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Fig. 3.3. Specific current as a function of voltage hysteresis approximated by a BV-derived
equation (a), the respective a and b equation parameter dependency on the SoH of the NCM&11
half cell (b). A visualization of SoH determination from the voltage hysteresis measurements at

different specific currents (c), data obtained from 7 cells[178]".

Although the simplified BV-derived fit in fig. 3.3a does not describe the electrochemistry of
the cell, it very closely approximates (R? > 0.99) the relationship between specific current (or C
rate) and voltage hysteresis, which does stem from the principles of the BV equation. While
hysteresis at near-zero current is not always zero[180], [181], and charge—discharge reactions can
display asymmetry[ 182] with lithiation and delithiation processes being inhomogeneous across the
electrode[183], our method offers an initial, yet valuable insight.

The selected approximation function aligns well with the obtained data points and passes
through the origin (0,0), satisfying the theoretical requirements of the BV function (fig. 3.3a). The
fit parameters, a and b, of the BV-derived function (equation (3.1)) were estimated using simple
exponential and linear functions, respectively (fig. 3.3b). Despite some dispersion, these
parameters exhibit consistent trends as SoH declines — parameter a decreases exponentially, while

* Author’s original publication.
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b increases linearly. To ensure more comparable fit parameters, certain data points approaching the
maximum possible voltage hysteresis based on the measurement voltage range (1.6 V) were
excluded from the fit.

The fitted data from multiple half-cells, as shown in fig. 3.3a, can be combined to demonstrate
how voltage hysteresis evolves with increasing C-rate and decreasing SoH (fig. 3.3¢c). In this
representation, data from seven NCMS811-containing half-cells were merged into a 3D plot,
illustrating the general SoH regions associated with varying specific currents and corresponding
voltage hysteresis. This visualization could serve as a reference for SoH estimation using a single
rate capability measurement ranging from 0.1 to 5 C. By approximating the obtained C rate and
voltage hysteresis data with a BV-like function, it can then be compared against the SoH
visualization graph (fig. 3.3¢). The described approach, however, requires somewhat advanced data
analysis, thus, the direct SoH vs. voltage hysteresis comparison at a certain C rate (fig. 3.2) gives
a quicker, easier and more direct way of estimating the SoH.

Summary: SoH determination limitations and outlook

Following the need for easier and more direct ways to determine the SoH of a given battery,
we have demonstrated how the SoH can be estimated either from the voltage hystereses of one rate
capability measurement and fitting a BV-derived equation (equation (3.1)) to the data or from the
voltage hysteresis measurement of one charge-discharge cycle and reading the SoH value from a
fitted graph. Admittedly, the proposed method is based on very specific parameters (cathode, anode
chemistry, measurement setup), however, it could serve as a guide or a building block for a
detection system which is able to determine the SoH of a given battery based on one charge-
discharge measurement with a certain error, thus, allowing the batteries from scrap yards and
recycling stations to be utilized further in second life applications, avoiding premature recycling.

The relationship between SoH and voltage hysteresis for NCM811 half cells at 0.2 C can best
be fit by a linear approximation for SoH values above 70 %, however, below 70 %, the relationship
is more accurately described by an exponential function. Combining these two fits at the
appropriate SoH ranges, we have described the SoH and voltage hysteresis relationship down to
around 20 % SoH. Below 20 % SoH one could argue that recycling the materials is justified.

We have also shown that the relationship between the C rate and voltage hysteresis can be
rather accurately fit by a simplified BV-derived equation (equation (3.1)). This opens the
possibility of exploring the SoH and voltage hysteresis relationship at different C rates, thus,
providing another way to estimate the SoH of an unknown battery, using the voltage hysteresis
measurements at different C rates, rather than one definite C rate (which is usually not known for
batteries of unknown loading). Hence, if the voltage hysteresis data at different C rates is fit by the
BV-derived function, it can be compared against the constructed graph and the SoH value can be
found.

As mentioned before, the main limitations of the proposed methods include the demonstrated
fits only being applicable to the chosen set of parameters (cathode, anode, electrolyte chemistry,
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other measurement parameters, which influence voltage hysteresis, such as temperature). This
means that a common method or device for SoH estimation of any unknown battery would require
this kind of fitting to be done for each separate set of parameters. However, these findings present
an intriguing avenue for future research.

Additionally, while we conduct full range charge—discharge cycling, it is important to note that
a complete cycle may not always accurately reflect real-life applications or even be necessary.
Instead, SoH estimation could rely on data from battery operation or targeted charging and
discharging experiments within a narrower SoC range (e.g., 40-60 % SoC). As expected, our results
exhibit significant dispersion for half-cells assembled in laboratory coin-cell cases[184]. However,
the ability to determine SoH with approximately 5 % accuracy, even in lab-built cells, suggests that
mass-produced battery cells could demonstrate an even stronger correlation between voltage
hysteresis and SoH.

Finally, it is important to highlight that this study focuses solely on half-cells with NCM811
cathodes, where LAM is the primary aging mechanism. However, the degradation process in full
LIB cells is more complex.

3.2 NCM ageing mitigation by wet-chemical coating synthesis

The following chapter is based on the author’s publication “Wet-Chemical Synthesis of a
Protective Coating on NCM111 Cathode: The Quantified Effects of Washing, Sintering and
Coating "[147]".

While aging in LIBs consists of multiple phenomena, often a key player in performance
degradation is the cathode. Additionally, many of the cathode aging processes promote anode and
electrolyte degradation, and vice versa. Thus, protecting the cathode from degradation will enhance
the overall stability of the battery cell.

Based on the meta-analysis drawn from several coating studies on NCM materials with
different Ni content (see Theoretical background), forming a protective coating on the active
material to mitigate reactions with the electrolyte, transition metal dissolution, and oxygen
evolution is a necessary step for improving the capacity retention of any Ni content NCM.
However, for higher Ni content NCMs doping becomes an equally important if not more important
strategy to prevent ageing of the material due to extensive microcracking that occurs as the material
is delithiated beyond 80%, which occurs at lower voltages for the higher Ni content NCMs (4.3 V
vs. Li/Li") than for lower Ni content NCMs (4.6 V vs. Li/Li").

Although doping strategies are important in degradation mitigation, in this work we focus on
forming a protective coating on NCM material with 33 % and 80 % Ni content — NCM111 and
NCMSI1, respectively. More specifically, we develop a wet-chemical Al,O3 coating synthesis on
the surface of NCM materials. The coating synthesis is based on hydrogen bond formation between

* Author’s original publication
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the hydrolyzed aluminum precursor and oxygen groups on the NCM particle surface (fig. 3.4).
After the initial AI(OH)3 layer is formed, the material is sintered in air at 500 °C to form the final
AlL>O3 coating.
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Fig. 3.4. Wet chemical Al,O3 coating process.

Wet-chemical coating on NCM111 material

Washing and sintering are essential steps in all wet-chemical coating synthesis processes for
electrode materials. Typically, the coating precursor is mixed with the electrode active material in
a suspension, followed by drying and sintering. The coated material is then compared to the
uncoated material, with any improvements in electrochemical performance often attributed solely
to the coating. However, while proper coating of cathode active materials can enhance
electrochemical performance, significant improvements may also result from washing and
sintering alone, as highlighted in the introduction. This is particularly true if the source material
was improperly stored, leading to surface contamination, cation mixing, and a surface layered-to-
spinel phase transition. To isolate the specific effects of the coating itself, this study eliminates the
influence of washing and sintering by comparing the electrochemical performance of the coated
material with that of a reference sample that has undergone the washing and sintering steps of the
coating procedure.

Since washing, sintering, and coating alter the surface of the active material, the electrode
preparation method must be carefully adjusted not to damage the surface coating or break apart the
particles. Intensive mixing methods, such as wet ball milling or high shear processing, can fracture
secondary active material particles, thereby revealing uncoated surfaces from within the particle
bulk. This can obscure the stability improvements provided by surface coatings, as the newly
exposed, uncoated surfaces may degrade. Additionally, while these methods enhance electrode
homogeneity, ball milling has been shown to compromise particle integrity, negatively affecting
electrochemical performance[185]. To preserve particle structure while ensuring electrode
uniformity, we chose a gentler approach, using magnetic stirring followed by sonication at a
frequency low enough (37 kHz) to preserve the secondary particles. This method allows for a direct
comparison between pristine, coated, and reference materials — something that may not be feasible
with more aggressive, energy-intensive mixing techniques.
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Material characterization

Analyzing the XRD results (fig. 3.5) for pristine, reference, and coated NCM111, no new
phases are detected in the modified samples, suggesting that the coating is either thin or amorphous.
Similarly, no structural changes are observed in the samples that underwent only sintering or only
washing. The a lattice parameter remains stable at approximately 2.8618 A across all
modifications, while the ¢ lattice parameter (14.2373 A) exhibits a minimal increase of less than
0.001 A in reference and coated materials. These lattice parameters align well with previously
reported values[70], [186].
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Fig. 3.5. XRD analysis of pristine, reference, and coated NCM111 material[147]".

Rietveld refinement results and statistical errors are provided in fig. 3.6 and tables 3.2, 3.3. The
slight increase in the c/a ratio (table 3.2) has been associated with an enhanced layered structure,
which in turn improves Li* diffusivity in NCM cathode materials[187]. Furthermore, since AI**
ions have a smaller radius than Ni** and Li* ions, any substitution or doping would result in a
reduction of lattice parameters. The absence of such a decrease suggests that AI** doping does not
occur in the bulk of the coated samples or is so minimal and surface-concentrated that it remains
undetectable by XRD. This conclusion is further supported by several coating studies indicating
that even at temperatures up to 800°C, significant AI** diffusion into the particle does not occur
due to the prominent presence of Mn in the lattice[149], [188], [189], [190], which promotes Al
segregation and exclusion from the NCM lattice. However, with decreasing Mn concentrations
(NCM622 — NCMS811) Al diffusion into the bulk at high annealing temperatures (800 °C)
becomes more pronounced[188].

* Author’s original publication.
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Fig. 3.6. Rietveld refinement graphs for pristine (a), reference (b), and coated (c)
NCM111[1477".
Table 3.2

Lattice parameters of pristine, reference and coated NCM111 material obtained from Rietveld
refinement of XRD patterns[147]".

Sample

Pristine NCM111

Reference

Coated

a, A

2.86188 + 2.6E-05

2.86173 £ 2.50E-05

2.86149 + 3.60E-05

¢, A

14.23729 + 2.40E-04

14.23893 + 2.20E-04

14.23877 + 3.50E-04

¢/a ratio

4.9748

4.9756

4.9760

Ni in Li sites, %

2.04+0.21

2.23+0.19

2.19+£0.31

* Author’s original

publication
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Table 3.3

Rietveld refinement fit parameters of pristine, reference and coated NCM111 material[147]".

Sample | Pristine NCM111 Reference Coated
Rwp, % | 0.71 0.64 1.04
Rexp, % | 0.51 0.52 0.89
| 1.94 1.51 1.37
GoF | 1.39 1.23 1.17

XRD (003)/(104) peak intensity ratios are commonly used as a quick reference to assess the
degree of cation mixing in cathode materials, with values exceeding 1.2 generally indicating
minimal or no cation mixing. For the pristine, reference, and coated NCM111 samples, these ratios
are 1.50, 1.47, and 1.55, respectively, suggesting that cation mixing is not a significant concern in
this material. Complementing this, Rietveld refinement results (table 3.2) show cation mixing
levels around 2% across all samples, with all values matching within the margin of error. The
relatively low degree of cation disorder can be attributed to the presence of cobalt in the NCM
composition, which is known to stabilize the lattice and suppress cation mixing[95], [97]. However,
in NCM compositions with higher nickel content, the extent of cation mixing and its possible
reduction through washing, sintering, or coating may become more pronounced[191].

SEM images (fig. 3.7) reveal that neither washing, sintering, or combining both has a noticeable
impact on the particle size or surface morphology of the NCM111 active material. Additionally,
the average sizes of both primary and secondary particles remain unchanged across the pristine,
reference, and coated samples. The particle size distributions for all three sample types are shown
in fig. 3.8. The absence of any visible thick coating on the surface of the coated NCM111 particles
aligns with expectations, as the targeted coating thickness is in the nanometer range. This also
implies that any surface impurities present on the NCM111, potentially removed in the reference
sample, are not substantial enough to be detected at this resolution.

* Author’s original publication
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Fig. 3.7. SEM images of pristine (a,b), reference (c,d), and coated (e,f) NCM111

material[147]".
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Fig. 3.8. Primary (a) and secondary (b) particle size distribution of pristine, reference, and
coated NCM111[147]".

The presence of a nanometer-scale coating is confirmed through STEM-EDS analysis (fig. 3.9).
In the STEM bright field image (fig. 3.9a), the edge of a secondary particle is shown with a visible
Al-containing coating approximately 10 nm thick. The red line in fig. 3.9a indicates the path along
which the EDS line spectrum was collected spanning about 27 nm, with drift correction and
approximately one spectrum captured per nanometer. As illustrated in the EDS line profile

* Author’s original publication.
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(fig. 3.9b), a clear decrease in Ni, Mn, and Co X-ray counts coincides with a rise in Al counts,
demonstrating that the coating is localized on the particle’s surface. The increase in Al signal within
the 10-20 nm range of the profile further confirms the coating thickness. Additionally, fig. 3.9¢
presents the integrated line profile spectrum, where Al is distinctly visible, along with strong Ga
and Pt signals originating from the protective layer deposited for analysis.
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Fig. 3.9. TEM image showing the coated NCM111 sample (a); EDS line spectrum excerpt
corresponding to the red line marked in image a (b); and cumulative EDS spectrum obtained
along the red line in image a (c)[147]".

As Li cannot be detected by EDS, the TEM-EDS analysis only confirms the presence of Al on
the surface of the particle. However, based on Li diffusion at high temperatures into the Al>O3
layer[192], [193], it can be deduced that the coating on top of the particle is in fact LiAlO».

XPS analysis of the pristine, reference, washed, sintered, and coated samples (fig. 3.10)
highlights the changes in surface chemistry as the sample is modified. In the XPS overview all
samples exhibit the characteristic peaks of Ni, Co, and Mn associated with the NCM cathode
material, as seen in fig. 3.10a. Notably, only the coated sample displays a distinct band near

* Author’s original publication.
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73.2 eV, corresponding to Al203 or LiA1O,[192](fig. 3.10d), a feature absent in the reference and
other samples. The intensity of the Al 2p peak diminishes with progressive etching, indicating that
aluminum is predominantly concentrated on the surface, again confirming little to no Al diffusion
into the bulk of the material. A surface-localized coating with the composition LiAlO> is consistent
with expected chemical transformations during the sintering stage, where lithium from the NCM
material can diffuse into the Al>Os layer at elevated temperatures, forming LiAlO2[194], [195].
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Fig. 3.10. XPS characterization of the synthesized materials. Survey spectra (a), C 1s spectra
(b), and O 1s spectra (c) for pristine, reference, washed, sintered, and coated NCM111 samples.
Al 2p spectra (d) is depicted for only reference and coated materials and shows that the coated

NCMI111 displays a clearly distinguishable Al 2p peak[147]".

In the oxygen binding energy region of the XPS spectra (fig. 3.10c), two distinct peaks are
observed at approximately 529.5 eV and 531.5 eV across all samples. These peaks correspond to
lattice oxygen within the metal oxide framework of the NCM material and to surface impurities
such as hydroxide (OH") and carbonate (CO3?"), respectively[196], [197]. In the coated sample, the

* Author’s original publication.
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metal oxide peak also includes contributions from the Al,O3 coating, making it slightly more
prominent compared to the pristine and reference samples.

Carbonate impurities present on the surface of active material particles can negatively impact
battery performance by contributing to CEI formation and accelerating electrolyte degradation.
Therefore, analyzing the carbon content in different samples can provide useful insights into the
ageing mechanisms. The carbon XPS spectra (fig. 3.10b) exhibits two distinct peaks: one at
284.8 eV corresponding to adventitious carbon (hydrocarbons adsorbed from air exposure) and
another at 289.4 eV associated with surface carbonates. Among all the samples, the pristine
NCM111 shows the highest intensity for the adventitious carbon peak, indicating a greater presence
of surface-adsorbed hydrocarbons. Upon modification through washing, sintering, or both, this
adventitious carbon signal significantly decreases, while the carbonate peak becomes more
pronounced in comparison. Notably, the coated sample displays the weakest carbonate signal,
likely due to surface coverage by AloO3/LiAlO, which limits exposure. Conversely, the washed
sample shows the most intense carbonate peak, even exceeding that of the adventitious carbon.
This may be attributed to the ethanol washing step conducted in ambient air — since ethanol is
hygroscopic, it could absorb moisture and atmospheric CO», promoting carbonate formation on the
material’s surface. Whereas the sintering step in all other modified samples removes the carbonates
from the surface by burning them off. Overall, a marked reduction in carbon content is observed
in the sintered, reference, and coated samples.

The isotope ratio mass spectrometry (IRMS) results (fig. 3.11), used to quantify the carbon
content in each sample, are consistent with the trends observed in the XPS data. According to IRMS
measurements, the pristine and washed samples contain the highest levels of carbon. In contrast,
sintering leads to a substantial reduction in carbon content, cutting it by roughly half. Three parallel
IRMS analysis measurements were conducted on each sample, and the error bars shown in fig. 3.11
reflect the standard deviation across these three measurements.
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Fig. 3.11. Carbon content analysis of all samples determined by isotope ratio mass
spectrometry[147]".

To precisely determine the aluminum concentration in the samples, ICP-MS analysis was
conducted (fig. 3.12). Results indicate an Al content of 0.2 wt.% or 0.8 mol.%, suggesting that
roughly 10 % of the aluminum introduced via AIP is successfully converted into Al2O3 or LiAlO2
during synthesis. Additionally, a minor deficiency in Mn was consistently observed across all NCM
samples. Based on the measured quantities of Li, Ni, Co, and Mn, the resulting stoichiometry is
calculated as Lii.07(Nio.36C00.35Mn0.29)0.9302.

* Author’s original publication.
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Fig. 3.12. Amount of Li, Ni, Co, Mn and Al in all samples as determined by ICP-MS
analysis[147]".

Electrochemical characterization

The charge—discharge voltage profiles of all samples at 0.1 C appear similar (fig. 3.13b), yet
the rate performance data (fig. 3.13a) reveal subtle but meaningful variations in lithium-ion
kinetics. Among the modifications, washing NCM 111 results in a noticeable reduction in discharge
capacity across the full C-rate range, with the most significant losses at higher rates (5 C, 10 C, and
20 C), indicating impaired electrode kinetics compared to the pristine sample. In contrast, sintering
alone shows a minimal impact on rate capability at any C rate. Interestingly, when washing and
sintering are combined (as in the reference sample), a slight synergistic improvement in capacity
is observed at lower C rates (fig. 3.13a-b), although the overall rate capability remains inferior to
that of the unmodified NCM111. The reduced lithium transport kinetics seen in the washed sample
are also evident in the reference material. Considering the inherent variability associated with coin
cell testing[184], the discharge capacities of the pristine, sintered, and coated samples may lie
within experimental error margins across the entire C-rate spectrum. Notably, several other
studies[129], [198], [199] have reported enhanced or preserved rate performance when applying
LiAlO2/Alx0; coatings, despite Al2Os being an electrical insulator. These improvements in kinetics
have been largely attributed to reductions in internal resistance as observed in impedance
spectroscopy.

* Author’s original publication.
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Fig. 3.13. Rate capability measurement (a), charge-discharge curves (b), cycling stability
curves (c), and illustration of the capacity retention (d) of washed, pristine, sintered, reference,

and coated material[147]

The normalized capacity fade curve (fig. 3.13c) reveals that pristine NCM111 retains only 80 %
of its initial capacity within the first 300 cycles, and this drops further to approximately 65 % after
500 cycles. Such behavior is consistent with the known tendency of NCM materials to degrade
rapidly during cycling. In the case of NCM111, this degradation is primarily surface-related, with
capacity loss largely attributed to the formation of the CEI and other surface-level degradation
processes, often intensified by surface contamination. This contrasts with higher-nickel NCM
compositions like NCM811, where internal (bulk) degradation can become just as significant, if
not more so, than surface deterioration[48], [163].

The impact of washing and sintering treatments on the long-term cycling performance of
NCMI111 was evaluated through capacity retention measurements over 500 charge-discharge
cycles. When the NCM111 powder was washed with anhydrous ethanol and subsequently dried
under vacuum at 80 °C overnight, a notable decline in performance was observed — capacity
retention dropped to approximately 61 % after 500 cycles. Although ethanol washing has been

* Author’s original publication.

69



reported to remove lithium residues such as LiOH from the surface[200], it does not effectively
eliminate all surface contaminants. Transition metal carbonates in particular can remain on the
surface and may even increase due to the material’s exposure to ambient air during the washing
process[56].

IRMS results indicated that the overall carbon content remained unchanged after washing,
while XPS analysis (fig. 3.10b) suggested a possible increase in carbonate species. Since
carbonates contribute to the formation of the CEI and promote electrolyte degradation, their
presence accelerates capacity fading. Interestingly, ICP-MS analysis revealed no significant
lithium loss in any of the samples, and the initial Coulombic efficiencies were comparable across
all samples: 80.6 %, 83.2 %, 81.7 %, 83.0 %, and 82.7 % for the pristine, washed, sintered,
reference, and coated samples, respectively. These findings align with prior studies, which report
that ethanol washing removes negligible lithium[200], while sintering can reincorporate surface
lithium back into the structure[3].

In contrast, sintering the NCM111 powder at 500 °C in air for four hours considerably
improved capacity retention, with the sample maintaining about 76 % of its initial capacity after
500 cycles. This enhancement is likely due to the removal of surface impurities, as suggested by
the reduced carbon content detected by IRMS. Moreover, high-temperature sintering may facilitate
the transformation of any surface rock salt phases back into the layered structure, contributing
further to the observed improvement[3].

When both treatments (washing and sintering) were combined in the reference sample, capacity
retention increased slightly to 79 % after 500 cycles. The capacity fade trend of the reference
sample closely mirrored that of the sintered-only sample, implying that sintering was the dominant
factor improving performance. The marginal improvement in capacity retention observed in the
reference sample might be explained by a slightly reduced carbon content, although experimental
variability in coin cell assembly could also play a role.

After establishing an appropriate reference baseline, the performance of the coated NCM111
sample was evaluated. The coated material demonstrates a significant improvement in cycling
stability, achieving 88 % state of health (SoH) after 500 full charge-discharge cycles. This clearly
indicates that the protective coating offers additional benefits that cannot be replicated by washing
and sintering alone. Compared to both the pristine and reference samples, the coated sample
displays a slightly larger c/a lattice parameter ratio, suggesting an enhanced two-dimensional
layered structure that may support improved lithium-ion mobility.

Material analysis further supports these electrochemical performance improvements. IRMS
data reveal a lower carbon content in the coated sample than in the pristine NCM111, although a
slightly higher level is detected compared to the reference. This may be due to the coating trapping
carbon impurities on the particle surface during sintering, preventing their removal. However, since
these impurities are encapsulated beneath the coating, they are not directly exposed to the
electrolyte and thus do not contribute to electrolyte degradation. Moreover, the Al,O3/LiAlO2
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coating can function as a scavenger for hydrofluoric acid (HF), adding another layer of protection
and contributing to enhanced long-term electrochemical performance.

When comparing the pristine and coated materials, the capacity retention rises from 65 % to
88 % SoH after 500 cycles. While this might initially be attributed solely to the inert coating layer,
our findings highlight the importance of properly distinguishing the effects of each modification
step. If not carefully examined, improvements arising from washing, drying, or sintering may be
mistakenly credited to the coating. Our study demonstrates that sintering alone can raise the SoH
from 65 % to 79 % after 500 cycles. The full coating process, however, delivers the most
substantial benefit, with the Al>O3/LiAlO,-coated samples achieving the highest capacity retention,
emphasizing the importance of protective coatings in enhancing battery performance.

Summary: Wet-chemical coating on NCM111 material

This study presents a sustainable and non-toxic wet-chemical approach for applying an Al,Os-
based coating to NCM111 cathode material. The developed method goes beyond replicating the
effects of re-sintering, offering a measurable enhancement in electrochemical performance.
Specifically, the Al2O3/LiAlOz-coated NCM111 exhibits a significant increase in cycle life,
retaining 88 % of its initial capacity after 500 charge-discharge cycles. This performance surpasses
both the reference sample (79 % retention) and the untreated pristine material (66 % retention),
highlighting the efficacy of the coating.

A detailed investigation into each modification step was carried out to understand their
individual and combined effects on electrochemical behaviour. The analysis revealed that washing
NCM111 with anhydrous ethanol leads to performance degradation, primarily due to the formation
of additional carbonate impurities on the surface. However, subsequent sintering effectively
counteracts these negative effects, restoring and even improving the capacity retention relative to
the pristine sample. This emphasizes the critical importance of selecting a proper reference sample
when assessing the benefits of surface coatings.

When benchmarked against the re-sintered material, the coated NCM111 clearly outperforms
in terms of cycling stability. This enhancement is attributed to several factors, including
preservation of the layered crystal structure, a reduction in carbonaceous surface impurities, and
the presence of a protective Al2O3/LiAlOz layer. The coating not only acts as a barrier to electrolyte
decomposition but also scavenges harmful HF species generated during battery operation, thereby
mitigating surface degradation.

Taken together, the findings of this work offer a promising pathway for extending the cycle life
of NCM cathode materials. The wet-chemical coating technique introduced here is especially
relevant for future application in high-Ni NCM compositions, where surface instability is more
pronounced. Combined with strategies such as elemental doping and microstructural optimization,
this approach could significantly improve the durability and commercial viability of next-
generation lithium-ion batteries.
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Wet-chemical coating on NCM811

As the proposed coating method proved to bring about improvements to the cycle life of
NCM111 material, some initial coating tests were carried out on state-of-art NCM material
(Ni>80 % —NCMS811) as well. Based on our previous findings about establishing a proper
reference, NCM811 material was re-sintered. To check if the coating would increase the stability
and prolong the cycle life of NCM811 material, long term electrochemical charge-discharge testing
was carried out. As the coating method was not changed, in-depth structural, morphological, and
chemical analysis was not performed. Additionally, cycling stability is the main indicator of the
effectiveness of the coating.

Based on the previously performed meta-analysis, to most effectively protect NCM81 1 material
from degradation both coating and doping strategies should be utilized, however, in this work we
focus on coating synthesis for degradation mitigation.

The AlO3/LiAlO> coating on NCM811 was deposited following the same wet-chemical
synthesis procedure as for the NCM111 material. The cycling stability tests in fig. 3.14 reveal that
although initial capacity remains unchanged (fig. 3.14a) some improvement can be achieved by
coating the active material, increasing the SoH after 500 cycles from 44 % in the re-sintered
material to 54 % in the coated material (fig. 3.14b). Although the improvement is minimal, it
highlights that even though microcracking becomes a dominant degradation mechanism in NCM
materials with Ni content over 80 %, surface protection is still useful. Additionally, the wet
chemical coating method developed on NCM 111, indeed proves to be effective, although to a lesser
extent, on the NCMS811 material ageing.
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Fig. 3.14. Cycle performance of sintered and coated NCM&811 material. Discharge capacity
(a) and SoH (b) as a function of cycle number.

In some cases, coating synthesis can lead to surface or even bulk doping of the coated material.
It was shown that for NCM111 Al diffusion into the bulk of the material during synthesis is

72



hindered by Mn presence in the material. In the case of NCMS811 there is considerably less Mn in
the lattice, and it was observed that Al diffusion is facilitated by the Ni-rich, Mn-poor
environment[ 188], hence, some doping during sintering at high enough temperatures (800 °C) is
possible in NCMs with low Mn content. In this case sintering is done at 500 °C, which may not be
high enough to lead to Al doping, however, further in-depth XRD analysis of the lattice should be
carried out to check if the lattice parameters are changed in accordance with Al doping.

Summary and outlook

Inert coatings on NCM materials are being developed both in research and industry. In fact,
often commercial NCM materials with Ni content over 80 % are sold already coated, hence, in
coating studies it is important to carry out ICP-MS or other analysis to check whether the initial
material, if commercially sourced, is pure and uncoated, to get a proper reference. Besides
pre-existing coating, the initial material may have degraded during storage and exposure to ambient
air, thus, the wet chemical coating procedure may enhance the material performance because of
the heat treatment carried out, and not because of the coating itself. This highlights another
important aspect of establishing a proper reference. Only then can we certainly say that the effect
on the cycle life is solely from the coating.

We developed an Al,O3 coating based on a sustainable, ethanol-based, wet-chemical coating
procedure, which could be upscaled much easier than coatings deposited by ALD, CVD, PVD, or
other techniques. Our coating demonstrated improvements to the cycle life for both NCM111 and
NCMS811 materials, suggesting that it could also be transferred to even higher Ni content NCMs or
even other layered cathode chemistries beyond Li ion batteries.
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4. CONCLUSIONS

Ageing in NCMs occurs both on the surface and bulk level, however, bulk degradation becomes
more prominent as SoC over 80 % is reached. As for higher Ni content (> 80 %) NCMs 80 %
SoC is reached at lower voltages (4.3 V) than for lower Ni content NCMs (~4.6 V),
microcracking becomes a dominant degradation pathway for these NCMs.

Based on our meta-analysis, while benefits from surface protection outweigh the benefits of
doping in NCM111, in NCM622 doping becomes increasingly more important in degradation
mitigation, reaching equal level of importance with surface protection in NCM811. Hence, to
most effectively prevent degradation in high Ni content NCMs both surface protection and
doping strategies must be employed. This effect is consistent with the dominant ageing
mechanisms, when charging to the same voltage (e.g. 4.3 V).

The voltage hysteresis of the battery cell increases as the battery cell ages as well as with
increasing specific current. The SoH of the NCM&811 battery half-cell can be determined from
the voltage hysteresis of the charge-dicharge curve:

a) Directly from the SoH = f(AV) relationship which approximates with a linear function
above 70 % SoH (R?>=10.9968) and by an exponential function below 70 % SoH
(R?=0.9971).

b) From one C rate measurement (0.1 C — 2 C), fitting the obtained data points by a BV-like
function (equation (3.1)) and comparing the obtained curve against the graph in fig. 3.3c.

It is important to establish a proper reference in coating studies which considers the effects of

the wet-chemical coating procedure (not the coating) on the material. Washing NCM with

ethanol degrades performance due to carbonate impurity formation, but subsequent sintering
mitigates these effects. Hence, accurate performance assessment of coatings requires careful
selection of reference samples, especially when re-sintering is involved.

a) Capacity retention of pristine (as-obtained) NCM 111 material after 500 cycles at 1 C rate
was 65 % whereas the material which underwent the coating procedure (without Al
precursor) shows a capacity retention of 79 %.

b) After washing the sample in ethanol (the first part of the coating procedure) capacity
retention decreases to 61 %, whereas after only sintering the material at 500 °C in air the
capacity retention increases to 76 % after 500 cycles at 1 C rate. This indicates that of the
2 steps involved in the coating procedure sintering brings about the most improvement to
cycle life.

The developed wet-chemically produced Al,O3/LiAlO; coating brings improvements to the
cycle life of NCM111 material. Capacity retention after 500 cycles at 1 C rate for the coated
sample is 88 %, which is a notable improvement to the capacity retention of both the pristine
(65 %) and reference (79 %) samples.
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6) The same wet-chemical coating method can be used to improve the cycle life of NCM811
material. The capacity retention after 500 cycles at 1 C rate improved from 44 % in the re-
sintered (reference) material to 54 % in the coated material.

7) Based on the conducted meta-analysis, in addition to the applied coating, further improvements
to capacity retention in NCMS811 material could be achieved by elemental doping.
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N/A - information not found in reference

SC - small, single crystal agglomerated primary particles, not forming secondary particles
RT - room temperature

xx - own calculations from given capacity fade curves
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