
D
el

ft
U

ni
ve

rs
it

y
of

Te
ch

no
lo

gy

Investigating the
Chemical Nature of
Cathode Coatings
under Electrochemical
Cycling
Kartik Ashokkumar



Investigating the Chemical
Nature of Cathode Coatings

under Electrochemical Cycling
by

Kartik Ashokkumar
to obtain the degree of Master of Science in Sustainable Energy Technology

at the Delft University of Technology,
to be defended publicly on Thursday August 31, 2023.

Student number: 5504015
Project duration: November, 2022 - August, 2023
Thesis committee: Prof. dr. ir. Marnix Wagemaker, TU Delft, SEE, Supervisor

Dr. Swapna Ganapathy, TU Delft, SEE, Supervisor
Prof. dr. ir. Ekkes Brück, TU Delft, FAME
Ir. Hanan Al-Kutubi, TU Delft, SEE, Daily Supervisor

Cover Photo: Used batteries ready for recycling by John Cameron

An electronic version of this thesis is available at https://repository.tudelft.nl/.

https://repository.tudelft.nl/




Acknowledgements

This MSc thesis in front of you is the outcome of a memorable two-year journey at TU Delft. A period of
extremely valuable professional and human experience in a highly international setting, during which
periods of frustration and uncertainty were consistently overshadowed by moments of excitement and
fulfilment. I owe a great deal of gratitude to the numerous people who inspired and helped me during
my MSc study at TU Delft.

Hanan comes to mind first because without her, this thesis would not have been possible. She
has invested a great deal of time and effort into my thesis from the inception to the culmination, and
has been an exemplary supervisor. I will never forget her encouragement, guidance, and engaging
conversations during our weekly meetings. I truly value the time I spent working with Hanan and will
certainly miss that moving forward.

I want to express my sincere thanks to Marnix for supervising my thesis and serving as an inspira-
tion. From you, I learnt a lot about batteries but also the rigorous scientific approach and the dedicating
spirit for work. One of the things that sparked my interest in this field was how highly I enjoyed your
lectures in Energy Storage in Batteries course. I am also incredibly thankful to Swapna for introduc-
ing me to Hanan and for her unwavering support throughout my highs and lows during the thesis period.

I owe a heartfelt debt of gratitude to Frans, who has always served as the point of contact for any
questions regarding experimental work. Along with his enthusiasm, his words of encouragement al-
ways inspired me to raise the calibre of my work. It is because of his constant help that a great deal of
the experimental work in this thesis was successful. My time in the lab and our amusing talks will be
missed. I would especially like to thank Esther, Robert, Michel, Bart and Astrid for helping me with the
experiments and for always clearing up any doubts I had.

I would also want to thank the SEE research group for all the informative weekly meetings, during
which I gained a lot of knowledge about battery research. I would also like to express my gratitude
to the PhD and post-doc members of the group for enlightening me with new perspectives during our
lunch discussions. Additionally, I would like to convey my sincere gratitude to Powall B.V. and PTG
Eindhoven B.V. for working with me and Hanan on this project. I want to thank Prof. Dr. ir. Ekkes
Brück for evaluating my thesis and being a part of the graduating committee.

And almost-last, but definitely not the least, I want to express my gratitude to my family for their
unconditional love and support, which has always motivated me to work harder. Finally, my sincere
gratitude to all the friends I’ve made over the past two years for the innumerable wonderful experiences
we’ve experienced together. A special thanks to Maitreyee, Shriram, Surya, Raghav, Dhruv, Imran, Sri-
jit, Avi, and Anirvin for always being there for me and for helping me become a better person. I treasure
our friendships and look forward to many more unforgettable experiences with you all.

Kartik Ashokkumar
Delft, The Netherlands

August, 2023

i





Abstract

The advancements in the field of e-mobility today far outpace all prior projections, and the rate of
progress is quick. Due to their high power density and energy density, Lithium-Ion Batteries (LIBs) have
grown to be an increasingly appealing alternative for use in electric vehicles. However, over extended
use, these batteries frequently experience problems with capacity loss. Additionally, the battery’s cur-
rent collectors are challenging to scrape off from the cathode, which results in erroneous measurement
results under spectroscopic observation. Furthermore, current collectors have a propensity to corrode
with repeated use, which reduces the battery’s power output.

In this study, the cathodes are manufactured without a current collector, i.e. a Free-Standing (FS)
cathode, to prevent the issues brought on by the current collector. To assess how well these cathodes
function in comparison to cathodes with an aluminium current collector, they are cycled both for long
term and at different charging rates. In this investigation, the cathode materials examined include NMC
532, NMC 811, and LCO. The cycling behaviour of the FS cathodes was found to be quite comparable
to that of the cathodes on current collectors. Using Electrochemical Impedance Spectroscopy (EIS),
X-Ray Diffraction (XRD), and X-Ray Photon Spectroscopy (XPS), their cycling behaviour was further
assessed in order to ascertain the chemical changes that occurred while cycling. The findings showed
that an unstable cathode-electrolyte interface layer caused the cathodes to develop cracks on their
surface during long-term cycling. Consequently, the electrolyte started to decompose, depositing im-
purities on the cathode surfaces. This behaviour produced a high impedance and prevented charge
transfer over the cathode surface, leading to quick capacity fading and a subpar electrochemical per-
formance.

To address the issue of capacity loss, the cathodes under investigation are coated with Al2O3 using
Atomic Layer Deposition (ALD). Every commercial battery, in recent times, utilizes a cathode with a
coating. However, there has been very little investigation into the chemical nature of the coating, es-
pecially during battery operation. This thesis investigates the chemistry of the coated cathodes during
electrochemical cycling, highlighting their benefits and drawbacks. The ALD coated cathodes were
found to demonstrate an improved cycling performance, with lower charge transfer resistances. Inves-
tigation of these cathodes after cycling revealed that the electrolyte decomposition had been greatly
decreased, resulting in a virtually impurity-free surface. Additionally, it was discovered that the thicker
the ALD coated layer is, the lower its cycle performance is likely to be, due to the increased charge
transfer resistance caused by the thick layer. As a result, it is suggested to keep the coating as thin as
possible to gain superior performances.

The chemical differences between the coated and uncoated cathodes in this work were exam-
ined through EIS, Scanning Electron Microscopy coupled with Energy Dispersive X-Ray Spectroscopy
(SEM-EDS), XRD, XPS and Nuclear Magnetic Resonance Spectroscopy (NMR). In order to examine
the chemistry of the coating layer more effectively, it is recommended to carry out NMR measurements
at high magnetic fields. It is also recommended to carry out cathode investigations at high voltages to
determine their behaviour. Overall, this thesis effectively illustrated the benefits of coating the cathodes
with Al2O3. Additionally, it offered a fascinating route for FS electrode-specific research.

Keywords: Lithium-Ion Battery, Free-Standing cathode, Atomic Layer Deposition, Electrochemical
cycling, NMC 532, NMC 811, LCO, Electrochemical Impedance Spectroscopy, X-Ray Diffraction, and
X-Ray Photon Spectroscopy, Scanning Electron Microscope coupled with Energy Dispersive X-Ray
Spectroscopy, Nuclear Magnetic Resonance Spectroscopy, Cathode-electrolyte interface.
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1
Introduction

The development of next-generation technologies, specifically portable electronic devices and electric
automobiles has created a high demand for energy storage devices with long lifetime, high energy den-
sity and high safety. Lithium-Ion Batteries (LIBs) are one of the most promising battery technologies
which addresses all the factors mentioned above. In today’s world, LIBs are the go-to choice for pow-
ering most electronic devices ranging from cameras, mobile phones, medical equipments to electric
vehicles [1].

The global LIB market has seen a steady increase over the past decade from having a demand of
0.5 GWh in 2010 to over 520 GWh in 2020. This soar in the demand is expected to grow even further,
with the projected demand being around 9,300 GWh in 2030, which is more than 17 times the demand
in 2020 [2]. A pictorial representation of the increase in the LIB demand is shown in figure 1.1. This
high demand is predominantly to cater to mobility applications, specifically Electric Vehicles (EVs) [3].

Figure 1.1: Estimated global LIB demand from 2020 to 2030, in GWh [2].

By 2030, the annual revenue of the battery value chain is expected to touch 400 billion euros [4]. To
keep up with the enormous expansion of the EV industry, LIB makers must quickly ramp up cell produc-
tion, a quest that calls into question the cost and sustainability of present LIB manufacturing practises.
Cathodes (positive electrodes) are a critical component of a LIB cell which limit energy density and
dominate battery cost among the several components used in the cell. To make EVs more accessible
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to society, it is critical to enhance the performance of its cathodes [5, 6]. This work will touch upon the
performance enhancement of common LIB cathodes.

Chapter 2 of this thesis will explain the working of a LIB along with the current difficulties that a com-
mercial LIB faces. Chapter 3 will outline the research questions of this thesis, which will help identify
solutions to some of the current problems in a LIB. Chapters 4 and 5 will discuss the experimental data
obtained, while chapter 6 will provide an overall conclusion for the thesis, along with recommendations
for further research.



2
Lithium-Ion Battery: Theory and

Fundamentals

This chapter provides an overview of the components used in a LIB along with their function during
battery cycling. Furthermore, the chapter also describes the working of the LIB along with the active
challenges it faces. Finally, this chapter concludes with the current trends in solving the existing chal-
lenges which outlines the main scope of this thesis.

2.1. Components of a LIB
A LIB primarily comprises of a cathode, anode, electrolyte, separator and current collectors. A cathode
active material in a LIB is usually composed of a metal oxide. Some of the common cathode active
materials include LiNixMnyCo1−x−yO2 (NMC), LiCoO2 (LCO), LiFePO4 (LFP) and LiMnO4 (LMO). The
cathode active material is a powder, characterised by a primary and secondary particle size. Primary
particles are typically micro- or nano-sized and consist of single or several layers of transition metals
and lithium. Secondary particles are formed by the agglomeration of the small primary particles [7, 8].
Anodes are typically made of graphite which is used owing to its low cost and high reversible capacity
[9]. There has been ongoing research into investigating different anode materials as a replacement for
graphite, in order to improve the battery’s performance and capacity [10].

An electrolyte in a LIB consists of lithium salts in organic solvents. These lithium salts consists of
ions which allow the change transfer inside the battery. The lithium salts have high dielectric constants
which help in achieving a higher salt dissociation. These lithium salts are dissolved by an organic sol-
vent, which helps facilitate the movement of lithium ions. Lithium salts generally include LiPF6 and
LiBF4, while the organic solvents include ethylene carbonate (EC), ethyl dimethyl carbonate (EMC),
dimethyl carbonate (DMC), propylene carbonate (PC) and diethyl carbonate (DEC). The electrolyte is
responsible for facilitating the reversible movement of lithium ions within the battery during charging
and discharging cycles. Furthermore, commercial electrolytes also contain various additives to opti-
mize specific properties such flammability or solid-electrolyte interface (SEI) generation [11, 12].

Separators are one of the most important components within a Li-ion battery, which directly influ-
ences the battery’s cycle life, performance and safety [13, 14]. It consists of a micro-porous layer which
is usually made of a polymeric membrane or a non-woven fabric mat. These are placed between the
cathode and anode, and prevent both electrodes from having physical contact with each other. A sep-
arator for a LIB is usually chosen depending on a few factors. These include high porosity to absorb
the liquid electrolyte, which provides high ionic conductivity for the cell during its operation, high elec-
trochemical stability towards the electrode materials and electrolyte, and high mechanical strength [14].

3
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Current collectors in LIBs are made of aluminium and copper foils for cathodes and anodes, re-
spectively. During the battery making process, the cathodes and anodes are coated onto the current
collectors, which are usually flat and about 12-15 µm thick. These current collectors bridge the com-
ponents within the battery and connect them to the external circuit, thereby delivering electrons from
external circuit to the active material and vice versa [15].

2.1.1. Assembling a coin cell

All the components mentioned above are arranged in a sequential order to make a LIB coin cell. An
image of the arrangement is shown in fig 2.1. The image is a pictorial representation of a half cell, which
consists of a cathode, and lithium metal as the anode instead of graphite. Since this work primarily
focuses on investigation of cathode behaviour, we use a half cell for performing tests. The purpose for
using half cells is that they are easy to make and enable to investigate the behaviour of the cathode.
Moreover, they provide an infinite source of lithium. Additionally, during continuous cycling, undesirable
side reactions between the electrolyte and lithium could lead to a loss of lithium ions. Due to the
presence of metallic lithium, a half cell can make up for the lost lithium ions while a full cell cannot
do so. However, these half cells encounter a problem of Li dendrite formation during electrochemical
cycling, which does not occur in a full cell [16, 17, 18, 19].

Figure 2.1: Assembly of different components within a coin cell (half cell) [20].

Fig 2.1 depicts a schematic of half cell assembly. The cathode side is the coin cell base (also known
as can), while the anode side is the coin cell lid (also known as cap). Both the cathode and anode are
active components within the cell. In this work, the separators employed are glass fiber (Whatman
GF/A, 0.26 mm thickness, 1.6 µm pore size, 15 mm diameter) and Celgard® (2400-0804E-A, 25 µm
thickness, 41 % porosity, 19 mm diameter). Because of its porous nature and great thermal stability,
the glass fiber separator is used to increase the electrochemical performance of the cell. The Celgard is
used owing to its excellent chemical stability, thickness, and mechanical strength [21, 22]. The Celgard
is placed over the cathode, followed by the glass fiber separator. The electrolyte is pipetted onto the
glass fiber separator. The electrolyte used in this work is LP30 (E-Lyte), which consists of 1M LiPF6
in EC/DMC = 1:1 vol%. The lithium foil is placed over this, followed by the spacer and spring, which
provide compression and alignment of the electrodes within the cell [23]. The cell is then pressed using
an electric crimper machine (MSK-160D, MTI Corp., USA) and used for testing.
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2.2. Working of a LIB
A LIB generates electrical energy by converting chemical energy stored in the electrodes via redox
reactions. The electrochemical reactions taking place within a full LIB cell are shown in equations 2.1
to 2.3. For this, we assume graphite as anode and LiCoO2 as the cathode. In the cathode, during
discharge, reduction takes place where the cobalt ions combine with lithium ions to form lithium cobalt
oxide (LiCoO2). The half reaction is as follows:

Li+ + CoO2 + e−
discharge
⇌

charge
LiCoO2 (2.1)

In the anode, oxidation takes place during discharge, where lithium is oxidised from Li to Li+ through
the following half-reaction:

LiC6

discharge
⇌

charge
C6 + Li+ + e− (2.2)

The two reactions add up to produce the overall reaction within a LIB as shown below.

LiC6 + CoO2

discharge
⇌

charge
C6 + LiCoO2 (2.3)

The charging and discharging mechanism of a modern commercial LIB is primarily based on inter-
calation and deintercalation of lithium ions, which occurs between the cathodes and anodes separated
by an electrolyte. Intercalation refers to the infusion of Li ions into the host matrix without changing the
crystal structure of the matrix [24].

During charging, oxidation occurs at the cathode which results in loss of negatively charged elec-
trons. In order to maintain the charge balance, the positively charged Li ions move to the anode from
cathode through the electrolyte and intercalate with graphite present in the anode. This process stores
energy as a result. During discharging, oxidation occurs in the anode, where the Li ions are deinter-
calated from the anode and move back to the cathode, which releases the energy stored [25]. The
amount of lithium stored in the electrodes determines the battery’s energy density per weight unit. For
a LIB, large amounts of Li can be stored which, as a result, provides the battery with high energy density.

In a standard LIB, an electrode-electrolyte interface (EEI) layer gets formed when the redox poten-
tial of the electrodes lies outside the electrochemical window of the electrolyte. The interface occurring
on the anode side is stated as a SEI, while on the cathode side, it is referred as a cathode-electrolyte
interface (CEI). The EEI is made up of CEI and SEI, both of which have thicknesses ranging from a few
nanometers to micrometers [26]. Since this research focuses on investigating cathodes using a half
cell, the study will emphasise more on the evolution and stability of the CEI.

The complicated chemical surface reactions between the cathode and electrolyte ultimately lead
to the formation and evolution of surface CEI layers on cathodes. This initially occurs when cathode
materials come into close contact with electrolyte [27]. Furthermore, the development of CEI is also
thought to be linked to the dynamic evolution of SEI on the anode side. The anode SEI fragments
move to the cathode via the electrolyte and contribute to the creation of the CEI [28, 29]. A stable CEI
layer reduces electrolyte oxidation, cathode surface reconstruction, and transition metal dissolution,
boosting the cathode’s cycling stability [30]. A LIB would benefit from having a stable SEI and CEI
layer, because it stabilizes the battery by stopping further interfacial reactions from occurring. On the
other hand, an unstable CEI can lead to unwanted side reactions at the contact surfaces. These side
reactions use up the electrolyte and deteriorate the electrodes, leading to battery failure [28].

2.3. LIB Cathode Materials
As discussed in the previous section, the performance enhancement of a LIB depends on the devel-
opment of the cathode materials present within the cell. In this section, three common LIB cathode



2.3. LIB Cathode Materials 6

materials will be investigated. This thesis will focus specifically on the performance and the chemical
nature of these cathode materials over cycling. A comparison of common LIB cathode materials along
with their characteristics is shown in fig 2.2.

Figure 2.2: Comparison of popular LIB cathode materials [31].

2.3.1. Lithium Cobalt Oxide (LCO)

LiCoO2 (LCO) is a form of layered transition metal oxide cathode which is most commonly used as a
cathode material in rechargeable LIBs and consumer electronic products [32]. LCO is characterised by
its distorted rock structure (α-NaFeO2), in which Li and Co form a structure with hexagonal symmetry
by occupying alternate layers in the octahedral sites of the cubic closed packed (ccp) of oxygen stacks.
LCO is represented by its space group R(-)3m i.e. trigonal structure consisting of planes through which
lithiation and delithiation occurs [33]. The crystal structure of layered LCO is shown in fig 2.3b.

The popularity of LCO as a cathode material for a majority of LIB applications is mainly associated
with its long runtime, low self-discharge and high discharge voltage. However, despite its popularity,
LCO has limitations which are being addressed to improve its stability and performance. LCO is a
very expensive cathode with a low thermal stability. The high cost of the cathode is mainly due to the
presence of Co, which is less available and hence more expensive to procure. Additionally, the mining
of cobalt is very unethical [34]. The low thermal stability of LCO sometimes causes the cell to burst
due to exothermic release of oxygen, if the cathode is heated beyond a certain point, causing runaway
reactions. This usually occurs at temperatures over 200°C [35].

Furthermore, while charging the cell, it it has been found that the the cobalt dissolves in the elec-
trolyte during delithiation, which as a result causes less lithium intercalation during discharging. It was
also found that after complete delithiation, the CoO2 layer formed, separates from the electrode surface.
The above two mechanisms cause significant reduction in capacity of the cathode during cycling [33,
35].
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2.3.2. Lithium Nickel Manganese Cobalt Oxide (NMC)

LiNixMnyCo1−x−yO2 (NMC) is a high energy cathode material which has become popular in the last
30 years. These cathode materials are often spherical in shape [7] and have a high specific capacity.
They have a layered, hexagonal α-NaFeO2 structure belonging to the R-3m space group. A schematic
representation of its structure is shown in fig 2.3a. The NMCs are also available at a lower cost because
the Co content is reduced when compared to Co-rich cathodes like LiCoO2. The NMC cathodes con-
tain three transition metals: Ni, Mn and Co which provide high specific capacities, improved structural
integrity and layered structures, respectively [36].

Figure 2.3: Structure of a) NMC and b) LCO, space group R-3m. Adapted from [37, 38].

Additionally, NMC cathodes show an enhanced thermal stability and also cycle at a higher opera-
tional voltage than many other commercial cathodes. Over the years, NMC cathodes with increased
nickel content, also called Ni-rich NMCs have been investigated and pursued. This is due to the fact
that Ni has the ability to cycle between Ni2+/Ni3+ without any significant variation in its voltage during
charging and discharging [39]. Hence, in this work, two specific Ni-rich NMCs will be investigated, NMC
532 (LiNi0.5Mn0.3Co0.2O2) and NMC 811 (LiNi0.8Mn0.1Co0.1O2).

These Ni-rich NMCs, however have downsides as well. They experience capacity fading and tend
to have voltage drop during electrochemical cycling that affects their application commercially [40].
Presence of high Ni content leads to predominance of Ni4+, which causes side reactions with the elec-
trolyte, thereby hindering the thermal stability of the cathode. Moreover, high Ni content also results in
Li/Ni cation mixing, which forms an inactive rock salt phase on the surface. The higher Ni content also
causes stress on the material during cycling, causing micro cracks on the surface of the cathode [41].

There has been ongoing research to improve the performances of the NMC and LCO cathodes.
Multiple surface modifications have been attempted, with some of them returning positive results. This
work will be one in addition to the above which will focus on performance improvement through surface
modification. This will be further discussed in the next section.
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2.4. Active Challenges in LIB Cycling
In the previous chapter, the advantages of LIBs were discussed which attract extensive attention for
their widespread use. However, despite their advantages, LIBs suffer from a number of challenges,
some of which are currently being addressed through various research. Some of their limitations in-
clude slow Li transport and unfavourable interactions with electrolyte which reduces their performance
efficiency. The LIBs have a tendency to overheat which raises concerns regarding their safety. Ad-
ditionally, many of the cathode and anode materials typically used in a LIB suffer from low electrical
conductivity [35]. Furthermore, the interfacial reactions occurring between the cathode and electrolyte
jeopardises the performance of LIBs, causing negative phenomena like increased resistance along
with the consumption of active lithium and electrolyte components [42].

As the demand for LIBs has increased over the past few years owing to increase in the production
of electric vehicles, consumer electronics and grid scale power, there has been the need to produce
batteries that produce high specific capacities and high voltage outputs. Here is where the commercial
cathode materials used in the LIB face a challenge. Commercial cathode materials including LCO and
NMCs have frequently demonstrated capacity deterioration [43], particularly after repeated long term
cycling. This is a result of transition metal dissolution, decomposition of the electrolyte and structural
changes within the cathode when cycled to high potentials [44]. A diagram illustrating the active chal-
lenges in a LIB is shown below.

Figure 2.4: Challenges faced in a LIB during electrochemical cycling [45].

2.4.1. Challenges in a LIB due to the Presence of Current Collector

In general, most of the LIB research deals with modifications in electrode and electrolytes, but there
has not been much research into the current collectors. Despite providing stability to LIB under cycling
conditions, it has been observed that currently used current collectors corrode over long term cycling.
As a result of corrosion, the active material in the cathode loses adhesion with the current collector,
resulting in the loss of active material [46, 47]. This process reduces the overall power produced by
the cell.

It has been proven that the aluminium current collector experiences corrosion during cycling. This
is because the current collector has a native alumina layer, which, during cycling, participates in redox
reactions with the electrolyte, potentially leading to corrosion [48]. This produces corrosion products,
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which precipitate on the cathode surface, limiting the transfer of Li ions and contributing to capacity
losses in a battery. Moreover, this could also lead to short circuiting of the battery with rapid increase
in the cell temperature, causing safety issues during the long term operation of the battery [47].

Reducing the weight of the electrodes might be a crucial and effective method for enhancing the
energy density of LIBs. The electrode mass which is largely made up of the non-electrochemically ac-
tive current collector and binder, greatly lowers the battery’s overall energy density [49]. These current
collectors also lack flexibility and are brittle when bent [50]. This makes its use in flexible electronic
devices dubious.

Additionally, while testing the electrodes with different spectroscopic techniques such as X-Ray Pho-
ton Spectroscopy (XPS) and Nuclear Magnetic Resonance Spectroscopy (NMR), the presence of the
current collector makes it challenging to properly scrape the cathode off. The scraping process was
time consuming and often times it led to small pieces of the current collector being scraped off together
with the cathode material, causing hindrance while observing the spectra in such techniques. An alter-
native was needed to ease this approach, but at the same time not losing the primary characteristic of
a LIB cathode under cycling.

This research specifically focuses on two specific limitations described above, regarding the low
cycling stability of LCO and NMC cathodes, and the hindrance of current collector for spectroscopic
measurements. A solution is sought for the limitation, which will be described in the next section.

2.5. Current Trends in LIB Chemistry

2.5.1. Atomic Layer Deposition (ALD) of LIB Cathodes

In the past few years, numerous surface modification techniques have been actively investigated in or-
der to improve the cycle stability of LIB cathodes. This involves altering the CEI by placing an ultrathin
film as an artificial CEI (ACEI). Two such prevalent techniques used lately include surface coating and
surface modification through doping [51, 52, 53].

There have been many investigations into the artificial CEI layer through coating various films such
as metal oxides (Al2O3, ZnO, MgO, Li2MnO3, Li2ZrO3) metal fluorides (AlF3), metal phosphates, metal
carbonates and carbon [54, 55, 56, 57, 58, 59]. Each of the above coatings had different levels of suc-
cess in terms of achieving cycling stability. Specifically, surface coating with Al2O3 through ALD has
attracted significant attention as a protective surface coating for cathodes in LIBs, owing to its low-cost
and abundance. Moreover, the Al2O3 coating has uniformly proven to increase the cycling lifetime and
helped in eliminating interface instabilities [54, 60, 61, 62, 63].

ALD is a promising technique that produces a conformal ultrathin film with angstrom-level thickness
on a substrate, by alternating the exposure of reactant and precursor within a reactor. Its self-limiting
feature enables precise, uniform film growth and composition control at the atomic level [64]. Moreover,
the presence of Al2O3 prevents electrolyte oxidation and shows a high stabilizing effect on the structure
of the electrodes, even at high cutoff voltages [65, 66]. In this work, the LCO and NMC cathodes are
coated with Al2O3 using ALD. Despite various research into ALD Al2O3-coated cathodes, its chemical
nature upon cycling has not been researched extensively. The goal of this work is to investigate the
coating before and during battery operation to get an insight into its chemistry during the process. A
detailed description of the ALD coating process is mentioned in chapter 5, along with the results for the
ALD coated cathodes after cycling.

2.5.2. Free-Standing (FS) Cathodes

In the previous section, it was discussed that the presence of metal current collector causes a restraint
when attempting to investigate the cathode chemistry. As an alternative, in this work, the cathodes are



2.5. Current Trends in LIB Chemistry 10

made and tested without the presence of any current collector i.e. a free-standing (FS) cathode. The
FS electrodes are thin electrodes which serve as a replacement to the commercially used electrodes on
current collectors. Research into these electrodes has focused on modifying the surface and structural
design of the electrode to provide good flexibility. These electrodes have also proven to show good
electrochemical performance, similar to cathodes with current collectors [67, 50, 49, 68]. Since the
FS cathodes do not have an aluminium current collector, they can be directly used for spectroscopic
measurements without the need for scraping. This, therefore gives an accurate chemical composition
of the cathode elements without any hindrance.

Moreover, nowadays, energy storage mechanisms like capacitors and batteries are needed for
thin-film based electronics, portable electronics, and flexible displays. Despite the introduction of many
flexible devices in the market, this technology still has many challenges which remain unaddressed. A
very flexible energy storage source that can tolerate repeated mechanical stress without affecting de-
vice performance is required, in order to create these flexible devices. Due to their high energy density,
high operating voltage, long-term cyclability, and lack of memory effects, LIBs are unquestionably a
consideration for powering these flexible devices. However, the electrodes present in the existing LIBs
are rigid and fragile, which make them unlikely for flexible applications [67].

The presence of current collectors like aluminium and copper foils, which act as a support layer for
the electrodes, are the primary cause of the stiffness. Aluminium and copper are additionally more brit-
tle when bent which might result in the loss of connections inside the electrode materials and the failure
of the device [50]. Therefore, using current collectors is not considered a good option for applications
involving flexible devices. This provides scope for the usage of FS electrodes in these applications.
The process of making a FS cathode along with its cycling results will be shown in chapter 4.



3
Research Questions and Thesis

Outline

As discussed in the previous chapter, it has been proven through various research that ALD coated elec-
trodes have shown significantly better cycling stability and less decomposition of the electrolyte under
cycling. Additionally, the alumina layer present in the aluminium current collector has been known to re-
act with the electrolyte during cycling, causing corrosion, which negatively impacts the battery’s cycling
performance. Scraping off the cathode from the aluminium current collector resulted in alumina being
scraped off as well, which caused a hindrance in the spectroscopic measurements. Hence, when inves-
tigating the Al2O3 layer deposited with ALD, we cannot exclude the interference of the current collector.

As a possible solution, the FS cathodes, which do not have a current collector, are made and tested
in this work. This work focuses on addressing the limitations presented in the previous chapter with
the usage of both FS and ALD coated cathodes. The thesis is performed by finding solutions to a set
of research questions which are mentioned in the following section.

3.1. Research Questions
The main research question that is investigated in the current work is:

”How does the chemical nature of the ALD-Al2O3 coating change when subjected to cycling and
does its presence lead to improved performance in LIBs?”

A number of sub research questions have been devised to help answer the main research question,
while concentrating on one aspect at a time. Four sub research questions have been formulated in
total. They are as follows:

• How are FS cathodes made and how does the cycling performance of a FS cathode compare
against a cathode with aluminium current collector?

• What are the changes in cycling behaviour of an ALD coated cathode compared to an uncoated
cathode?

• What are the elemental changes observed for the coated and uncoated cathodes when subjected
to electrochemical cycling?

• How does the aluminium environment change for an ALD coated cathode over cycling?

3.2. Thesis Outline
While the first two chapters of this report gave a broad outline on the working and existing limitations of
a LIB, the next chapter i.e. chapter 4 will provide an insight on the electrochemical cycling behaviour
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of FS cathodes. The results are compared with cathodes coated onto aluminium current collectors.
Additionally, chapter 4 will discuss the different characterization techniques used to understand the
cathode behaviour during cycling and their results will be presented.

Chapter 5 of this thesis focuses specifically on the ALD coated cathodes. The chapter will discuss in
detail the surface microstructure, cycling performance and characterization results of the ALD coated
cathodes. The characterization performed in this chapter and the previous include Electrochemical
Impedance Spectroscopy (EIS), Scanning Electron Microscopy coupled with Energy Dispersive X-Ray
Spectroscopy (SEM-EDS), X-Ray Diffraction (XRD), XPS and NMR.

Chapter 6 of this thesis summarizes all the results and provides an overall conclusion for the work.
The conclusion answers the research question stated above. Additionally, inputs for further research
are provided.



4
Free-Standing Cathodes: Structure

and Performance

4.1. Introduction
In the age of flexible electronics, consumer demand has fueled research into compact, thin, lightweight
and bendable LIBs to fulfill the diverse design and power requirements of modern flexible electronic
products. The cathode, which is a crucial component of LIBs, is made up of a current collector coated
with a mixture of an active material, an electrical conductor and a binder. Because of the weak connec-
tion between the current collector and the other materials during frequent bending, this type of cathode
is not appropriate for flexible or bendable LIBs [69].

The current collectors are also subject to corrosion if cycled for an extended period of time [48].
Moreover, the existence of current collectors, as explained in chapter 2, impacts the spectroscopic
measurements of the cathode, which produces inaccurate results of its chemical nature. As a result,
to minimise these shortcomings, alternative approaches for producing flexible LIB electrodes must be
explored. In this work, a FS cathode is employed as a replacement for cathodes on current collectors
in a LIB half cell. These FS electrodes are thinner than conventional LIB cathodes, due to the absence
of a current collector, and have shown favourable flexibility and cycling performances [67, 70].

In this work, a facile method is applied to make FS cathodes, which will be described in the next
section. Furthermore, the microstructure and cycling performances of NMC and LCO FS cathodes are
compared to cathodes on an aluminium current collector. These FS cathodes will then be utilised for
spectroscopic tests to investigate the elemental changes after cycling.

4.2. Materials and Methods
This section describes the materials and methods used for making and testing a FS cathode. Addi-
tionally, it also describes theory behind the characterization techniques used to analyse the cathodes
during cycling.

4.2.1. Materials

In this work, three different cathodes are used: NMC 532, NMC 811 and LCO. The cathode powders
are obtained from Gelon LIB Group Co., Ltd. These powders are made into cathodes, without the
presence of a current collector i.e. FS cathodes. A detailed description of their preparation is given
below. Additionally, the same cathodes are also made on aluminium current collectors to compare their

13
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performance with FS cathodes.

Preparation of a FS cathode

The preparation of a FS cathode requires the presence of a slurry containing the cathode material and
a coating surface, from which the cathode is extracted. The making of the cathode slurry resembles
the slurry used for the preparation of a conventional cathode on a current collector. The slurry-making
procedure is outlined below.

The cathode slurry is made up of a powder mixture dispersed in an organic solvent. The powder
mixture consists of 90 wt% of active material i.e. the cathode powder, 4.5 wt% of Super C45 i.e. carbon
black (TIMCAL), 0.5 wt% of carbon nano-fiber (Aldrich, >98%) and 5 wt% of PVDF binder (Solef 5130).
These powders are thoroughly mixed together for 30 minutes with an agate mortal and pestle. This
mixture is dried overnight using a vacuum drier at 80◦C. To make the slurry, N-Methyl-2-pyrrolidone
(NMP) (Thermo Scientific, 99.5 %) is added in a volume ratio of 1:1 with the active material. The slurry
is is then homogenized by stirring it for 90 minutes, using an overhead stirrer with a stirring speed of
1200 rpm. This process improves the consistency of the slurry, which is then coated and vacuum dried
to produce the cathode [71, 72, 73].

Research done on FS electrodes so far, have interpreted different methods to make the FS elec-
trode. Some include solution based etching process [68], coating onto an anodisc membrane filter
[74] and coating on a glass substrate [75]. The difference in making a FS cathode to a conventional
cathode on a current collector, lies in the coating process. For a conventional cathode on aluminium
current collector, in this work, the cathode slurry is coated over a 15 µm aluminium foil using a 150 µm
Zehntner ZUA 2000 doctor blade. However, for making a FS cathode, the slurry can be coated onto
any flexible non-conductive polymer, paper, or plastic substrate with a conductive layer, which permits
easy extraction of the cathode from the substrate [76]. In this research, release liners are used as
coating substrates to coat the cathodes. A release liner is a thin sheet with a silicone layer that stops
a sticky surface from adhering prematurely [77].

The coated foil is then allowed to dry at high temperatures in a drying oven for 15 minutes, before
placing it in a vacuum oven overnight at 80◦C, to remove moisture and residual solvent. After drying,
the cathode is carefully extracted from the foil substrate to produce a FS cathode. This is then pressed
with 400 MPa pressure, using a hydraulic press (Carver, 973214A). The cathodes are subsequently
punched from the slurry as circular disks with diameter of 11.1 mm. An image of a pressed FS cathode
punched into a circular disk is shown in fig 4.1 .

Figure 4.1: A FS cathode used in LIB half cells.

These cathodes are then sealed within pouch bags and stored within the glove box under argon
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conditions. These FS cathodes weigh between 9 mg to 12 mg and has a thickness ranging from 45
µm to 50 µm. In comparison, a cathode on an aluminium current collector weighs between 14 mg to
17 mg and has a thickness between 60 µm to 65 µm.

4.2.2. Methods

Procedure for cycling a LIB

To test the different cathodes, a coin cell, specifically a half cell consisting of lithium as anode material
is used, in this study. The characterization of LIB electrodes in lithium half-cells is highly beneficial
for studying the materials’ intrinsic electrochemical behaviours [78]. We choose a half cell for testing
because this work is especially geared at investigating cathode behaviour.

The half cells made with the NMC and LCO cathodes are then tested for electrochemical cycling at
room temperature. Specifically, these cells are subjected to two tests: rate test and a long term cycling
test. The purpose of performing a rate test is to test if the materials can hold different cycling rates
during its function, while the long term cycling evaluates the materials’ electrochemical stability over
continuous charge and discharge [79]. The rate test is done with the Maccor battery tester while the
long term tests were done in both Maccor and LANHE battery testing systems.

For the rate test, the cells go through five different cycling rates of 0.1 C, 0.5 C, 1 C, 2 C and 5 C, for
five cycles each, and then are cycled back to 0.1 C for three cycles to test their capacity retention. For
the long term test, the cells are cycled at 0.1 C for the initial two formation cycles, followed by 150 cycles
at 1 C rate, and then cycled back to 0.1 C rate for the final two cycles. In order to prepare the cells for
long-term cycling, a two-stage charging procedure is used: first, constant current (CC) is applied until
the maximum charging voltage is attained, and then constant voltage (CV) is applied until the charge
current reaches a low, defined value or until the predetermined, maximum charging time is reached [80].

Before testing, the cells go through a five-hour rest period. Moreover, the cells undergo a 10-minute
rest period, following each cycle of charge and discharge. Allowing the cells to rest after discharging
and charging would be necessary for the relaxation of concentration gradients caused by current flow
[81]. All the FS cathodes and cathodes with aluminium current collector go through both rate test and
long term cycling tests to evaluate their cycling behaviours. For the FS cathodes, the long term cycling
was limited to a total of 75 cycles at 1 C rate apart from the formation cycles, due to channel constraints.
For each cathode, three cells were made and cycled, in order to get an error estimate of their capacities
during cycling.

For these tests, it is important to know the theoretical capacity of the cathodes and the cut-off volt-
age during testing. The voltage cut-off for the NMC 532 and LCO cathodes was 2.0-4.2 V while for
NMC 811 it was selected as 2.0-4.3 V. The Upper Cutoff Potential (UCP) is particularly important for
transition metal oxide cathodes, since the capacity fade is exacerbated at high UCPs. Considering this,
we choose an UCP of 4.2 V for NMC 532 and LCO, while 4.3 V is chosen for NMC 811 [82]. For their
potential range, the theoretical capacities of NMC 532, NMC 811 and LCO used are 166 mAh/g, 190
mAh/g and 140 mAh/g, respectively [83, 84].

Together with cycling, the differential capacitance analysis i.e. dQ/dV, is performed on all the cy-
cled coin cells to study the degradation in the cathode capacity over long term cycling. The dQ/dV
curve is obtained from the charge-discharge curve in LANHE, which calculates the capacity for every
incremental change of voltage [85]. This method evaluates the rate of change of charge with voltage
across each cycle, where its peaks represent the phase transitions in the cathode material as a result
of intercalation and deintercalation. Studying the change in peak height and positions can help identify
the different degradation mechanisms occurring in the cathode [86, 87].
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Testing the Impedance of the LIB using EIS

EIS is a potent method for analysing electrochemical system behaviours. It is a non-destructive ap-
proach that can be used as a diagnostic or prognostic tool for quality control, estimating State of
Charge (SOC), and monitoring internal temperature during a battery’s lifespan. The components con-
tained within commercial LIBs, including cathode, anode, current collector, electrolyte, generate vari-
ous sources of impedance, such as resistive, capacitive, and inductive contributions, both electrical and
electrochemical in nature. EIS probes these resistances, capacitances and inductances, producing a
spectrum which has a distinct feature for each elementary process that make up the overall electro-
chemical mechanism in the cell [88, 89].

In this study, the EIS measurements are performed on the coin cells using a Metrohm Autolab de-
vice (PGSTAT302N with an FRA32M module) at room temperature. The potentiostatic measurements
are performed at an Open Circuit Potential (OCP) at frequencies ranging from 0.1 Hz to 100 kHz. The
measurements are done with 15 frequency points per decade and with a Vrms value of 0.005 V. The
results from the measurements are shown in Nyquist plots, which chart the real vs imaginary part of
impedance. The analysis is done using RelaxIS software [90].

Additionally, to determine the validity and quality of the spectra obtained after EIS, a Kramers-Kronig
Test (KKT) is performed. The impedance of an electrochemical system is given by:

Z(ω) = Z ′(ω) + iZ ′′(ω) (4.1)
Where Z’ and Z’’ represent the real and imaginary parts of the impedance, respectively. Z’ and Z’’

can also be called as resistance and reactance, respectively. This is taken as a basis to derive Kramers
Kronig relation which results in the following [91]:
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where ϕ(ω) and Rp are the phase angle and the polarization resistance, respectively. The polariza-
tion resistance represents the limitation of charge transport at the electrode/electrolyte interface [92].
By applying the above equations to the measured impedance spectrum, the validity of the spectrum
can be calculated. The calculation of KKT is done using RelaxIS software.

Imaging the Cathode Microstructure using SEM-EDS

A Scanning Electron Microscope captures the surface phenomena of the cathode materials using a
high-electron beam and analyses the outgoing electrons. The image that SEM produces can be help-
ful to understand the surface morphology of crystals, before and after cycling [93].

Certain important parameters to obtain a high resolution image are probe current, acceleration volt-
age and working distance. In this work, a Secondary Electron Detector (SED) is used, which helps
produce a topographic SEM image with high surface detail [94]. The SEM (JEOL JSM-IT100) is oper-
ated with an acceleration voltage of 5 kV and a working distance between 11 mm to 13 mm to obtain a
clear image.

The elemental compositions within the sample are detected using EDS. The SEM instrument is
equipped with EDS to allow for the quantitative elemental analysis for the cathodes. EDS can identify
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elements with atomic numbers higher than boron, and these elements can be identified at concentra-
tions of at least 0.1%. Material evaluation and identification, contaminant identification, spot detection
analysis of regions up to 10 cm in diameter, quality control screening, and other applications are all
possible with EDS [95]. The EDS data is obtained by mapping over a specific area within the sample.

In this work, we first analyse the morphology of the different cathode powders using SEM. This is
followed by examining the change in fragmentation and surface crack evolution of cathodes during long
term cycling.

Studying the Crystallographic Structure of Cathodes using XRD

A tried-and-truemethod for examining structural changes in oxide cathodematerials is XRD. The distinc-
tiveness of XRD when applied to LIBs lies in the ability to monitor (in real-time, in operando condition)
the structural transformations, changes in lattice parameters, and phase composition during electro-
chemical charge/discharge experiments [96, 97, 98].

The XRD apparatus works on the principle of constructive interference of monochromatic X-rays
and the crystalline sample measured. The diffraction of an X-ray by a crystal is given by Bragg’s law,
which is given by the formula:

nλ = 2d sinθ (4.3)
where n is the order of diffraction, λ is the wavelength, d is the interplanar spacing and θ is the

Bragg angle. A schematic of the working of XRD setup is shown in fig 4.2. When the conditions are in
accordance with Bragg’s law, the interaction of the incident rays with the sample results in constructive
interference [99].

Figure 4.2: Mechanism of X-Ray Diffraction [100].

In this work, the XRD measurements are performed using either an open sample holder or an air-
tight sample holder. For some measurements, a monochromator is used instead of an anti-scatter
slit. The monochromator helps to remove unnecessary emission lines, like the Kα2 line in the copper
emission spectrum, which is relatively close to Kα1 and produces double peaks, thereby substantially
simplifying the appearance of a powder diffraction pattern [101]. Additionally, the monochromator re-
duces fluorescence caused due to the presence of cobalt in Cu Kα radiation [102]. The XRD patterns
are obtained with a PANalytical X’Pert Pro system with Cu Kα radiation (at 45 kV and 40 mA). The
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diffraction data were collected with a Bragg-Bentano diffractometer in the 2θ range between 10◦ to 90◦.
The peaks are analysed using Match software [103], while the refinement was done using Rietveld
refinement using GSAS-II software [104]. The lattice parameters are obtained through least square
refinements in GSAS-II.

Cathode Surface Analysis using XPS

XPS is non-destructive, surface sensitive technique which studies the composition of surface contam-
inants and provides an overview of the evolution of cathode surfaces, before and after cycling [105].
This technique uses an X-ray beam on the surface of the sample which releases photoelectrons. The
ability to identify the elements present in a material is made possible by the binding energies of the
ejected photoelectrons, which can be computed from the observed kinetic energy of the electron [106].

The X-ray beam has a penetration depth of 10 µm [107], which allows for the detection of photo-
electrons only upto 10 µm within a cathode surface. Electrons deeper than 10 µm do not contribute to
the signal. A schematic of XPS penetration along with its respective peaks is shown in fig 4.3.

Figure 4.3: XPS penetration depth and its resulting peaks [106].

According to the above illustration, electron 1 generates a strong signal with a distinct peak, whereas
electron 2 generates a strong background signal due to its energy loss. Electron 3 is not detected since
it falls outside the apparatus’s range of penetration.

In this work, XPS experiments are carried out at room temperature and at high vacuum using a K-
Alpha Thermo Scientific X-ray photon spectrometer. Before testing the cycled cathode samples using
XPS, they are washed with DMC (Sigma-Aldrich, >99 %) to remove any excess electrolyte present on
the surface of the cathode which could interfere with the measurements [108]. For the measurements,
Al Kα radiation (1486 eV) from a monochromatised X-ray source is used. The data processing was
done using Casa XPS software [109]. For the data processing, the binding energies of the samples are
corrected by setting the C 1s adventitious carbon peak at 284.8 eV [110]. The peaks were positioned
using a non-linear Shirley background and fitted using a weighted least squares method containing
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both Gaussian and Lorentzian line shapes. The obtained data was initially smoothed using a Savitsky-
Golay quadratic method, which uses linear least squares to smooth the data. The peak fitting was done
according to the binding energy of the different peaks with a nominal standard deviation, by comparing
it with references [111, 112, 113].

It is to be noted that due to themeasurement time constraints, the amount of scans per sample had to
be limited. This affected the scans of transition metal elements, which resulted in less observable peaks
than the other elements. Hence, these could not be fitted and are added in A.5. Additionally, the lesser
number of scans also affected the Li 1s scan for selected samples. Nonetheless, the high background
was smoothed and then fitted. It is important to note that the fits only represent an approximate of
the composition of each element or compound. XPS is a surface analysis technique and does not
accurately identify changes in the bulk of the sample [114]. The XPS measurements on NMC 532 and
NMC 811 powder samples, all the NMC and LCO cathode samples uncycled and after 1 cycle, were
performed by PTG Eindhoven B.V.

4.3. Results and Discussion

4.3.1. SEM Analysis of Cathode Powders

The NMC and LCO powder samples are scanned and analysed using SEM to establish a baseline for
their crystal structure and morphology. The images from SEM are shown in fig 4.4.

Figure 4.4: SEM image of a) NMC 532, b) NMC 811 and c) LCO powders taken at 2000x magnification
with 5 kV acceleration voltage.
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From the images, it can be observed that the NMC 532 is characterized by a spherical morphol-
ogy with hard agglomerates, which are well defined and visible [115]. These spherical structures have
diameters ranging from 8 to 13 µm. On the other hand, the NMC 811 has a polycrystalline structure
[116], with spherical or spherical like crystals, 1 to 2 µm in size. These crystals are very small in size, in
comparison to the other two cathode materials shown above. As a result of their small size, its structure
was not clearly visible under high magnifications in the SEM micrograph.

The LCO powder consists of hard agglomerate crystals with a very well defined grain boundary.
These crystals have diameters ranging from 10 to 18 µm. They are characterized by their large crystal
sizes in comparison to the NMCs used in this work.

4.3.2. Cycling Performance

The NMC 532, NMC 811 and LCO cathodes are cycled for both rate test and long term cycling. The FS
cathodes are tested along with cathodes on aluminium current collector. Post cycling, these cathodes
are tested through various spectroscopic techniques, which are described in the following sections.
The results for the cathodes after cycling are shown in fig 4.5. In this work, the FS cathodes are named
as ’FS’ while the cathodes on aluminium current collector are named as ’Al’.

Figure 4.5: a) Rate test and b) long term cycling performed on NMC 532, NMC 811 and LCO cathodes.

From the figure above, it can be observed that all the FS cathodes display reasonably similar ca-
pacities to that of cathodes on aluminium current collectors, in both rate test and long term cycling. All
the cathodes experience a reversible loss in capacity during their first cycle, which is a result of poor
ion transfer kinetics [117]. NMC 811 cycles at a higher discharge capacity than the other cathodes
due to its higher Ni content [118]. At a higher cycling rate i.e. 2C, it can be observed that there is a
significant drop in capacity for NMCs. The capacity drops from 112.3 mAh/g to 85.8 mAh/g and 150.5
mAh/g to 126 mAh/g for NMC 532 FS and NMC 811 FS, respectively. This degradation in the electro-
chemical performance is primarily due to slow lithium diffusion, which results in excess of Li+ ions at the
surface of the cathode particles, thereby causing overpotential, impacting their performance [119, 120].

Furthermore, at 5C rate, the NMCs tend to have a slightly higher capacity than LCO. The capacity
for NMC 811 FS and LCO FS at 5C rates are 45.6 mAh/g and 1.5 mAh/g, respectively. The higher
capacity of NMCs with respect to LCO could be due to the smaller particle size of the NMCs, which
paves way for faster Li diffusion than LCOs with bigger particle sizes. This theory is in accordance to
the formula given below.
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t =
L2

D
(4.4)

where D is the diffusion constant, L is the diffusion length and t is the time constant for ionic diffu-
sion. For smaller particles, the diffusion length, L is smaller, thereby producing a reduced time constant
which enables faster lithium diffusion [121].

In the long term cycling, it can be observed that the capacity initially remains stable but starts to
degrade rapidly after prolonged cycling. According to literature, cathode degradation problems like par-
ticle cracking and surface degradation are less obvious during early cycling but become more obvious
overall in later cycle life [83]. It is believed that repeated lattice expansion and contraction during long
term cycling causes inter- and intra-granular cracking, which is a form of particle deterioration, leading
to capacity decay [122, 123].

Additionally, we could observe that the capacity constantly decreases over cycling, specifically for
NMC 532, where it reaches almost zero after 120 cycles. Multiple causes, especially the degradation
of active material and an unstable CEI layer that restricts lithium transport across the interface, are
blamed for the capacity reduction [124, 36]. In LCO, the drop in capacity after initially remaining sta-
ble, could be due to the formation of a resistive surface layer after delithiation, owing to LCO surface
degradation, which in turn reduces the diffusivity of lithium ions [125]. Moreover, it can be seen that the
discharge capacity of the NMC 811 FS sample in long-term cycling abruptly decreases after 42 cycles.
This might be a result of NMC 811’s lower particle size, which might disintegrate with prolonged cycling,
since it lacks a protective current collector surface to hold it together. Furthermore, smaller particle size
offers a larger specific surface area for unfavourable reactions to occur, leading to capacity fading [126].

Pressing a FS cathode improves its stability and homogeneity when cycling, while unpressed cath-
odes often lose their structural integrity through continuous cycling. To test this, long term cycling test
at 1C was performed on unpressed and pressed NMC 532 FS cathodes. From the results (see fig A.1),
it can be observed that the pressed cathode showed improved cycling stability while the unpressed
cathode began to lose its capacity rapidly after 35 cycles, owing to the the loss of structural integrity.

4.3.3. Differential Capacitance of Cycled Cathodes

To further examine the capacity degradation observed during long term cycling, dQ/dV analysis was
performed on the cycled cathodes. The results from the analysis are shown in fig 4.6. Differential
capacitance analysis was performed across five different cycles for cathodes on aluminum current col-
lector and four different cycles for FS cathodes. The differential capacitance for the cathodes were
analysed after the 2nd cycle instead of the first, owing to the capacity loss that occurs in the first cycle
as observed in the cycling results. The subsequent 4th, 15th, 75th and 150th cycle gave a good repre-
sentation of the cathodes’ cycling stability during the long term cycling.

The dQ/dV curve is characterized by two peaks: on the positive y-axis which corresponds to oxida-
tion peaks during charging (delithiation), while the peak on the negative y-axis corresponds to reduction
peaks during discharging (lithiation). This provides information about the stability of the CEI layer dur-
ing cycling. The increase in charge transfer resistance in the cathode, which causes capacity fading,
is the cause for peak separations during continuous charge and discharge; alternative explanations
include the formation of cracks on the cathode surface [127].

The graphs show that for all the NMC and LCO cathodes, the peak shift increases as the number
of cycles increase. This demonstrates the rise in charge transfer resistance, which can be linked to
the capacity fading, as observed in the cycling behaviour. For NMC 811, specifically, we observe the
presence of an additional peak at the higher voltage region. Presence of a peak at higher voltages
indicates phase transformation. In our case, it represents phase transformation from H2 to H3, which
denotes the structural instability of LiNiO2 formed, that results in rapid capacity fading [128].
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Figure 4.6: dQ/dV curves of NMC 532 *a) FS, b) Al, NMC 811 c) FS, d) Al, LCO e) FS and f) Al cathodes
after 2nd, 15th, 75th and 150th cycles**.
* 2nd cycle is at 0.1C rate, while 4th, 15th, 75th and 150th cycles are at 1C rates.
** FS cathodes are tested until 75 cycles, while Al cathodes are tested until 150 cycles.
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4.3.4. EIS Results for LCO and NMC Cathodes

In the previous subsection, there was a shift in the oxidation and reduction peaks observed as a result
of cycling, which was attributed to an increase in charge transfer resistance. To verify this, EIS is per-
formed on the LCO and NMC cathodes after the 1st and 75th cycle.

Fig 4.7 shows the Nyquist plot for the half cells during cycling. The plot after 1 cycle consists of
three regions. At higher frequency region, the intercept of the semicircle with the x-axis is attributed
to the electrolyte resistance, along with the resistance of the cell and wires (Rs). This is followed by a
semicircle in mid frequency region which corresponds to the charge transfer resistance (Rct). The slop-
ing line at low frequency region represents the lithium ion diffusion (Wo). After 75 cycles, the Nyquist
plot shows the presence of an additional semicircle, which is due to the formation of CEI layer. The
resistance of this CEI layer is represented as Ra in the circuit. The Nyquist plots after 1 cycle and 75
cycles are fitted using equivalent circuit models shown in fig 4.8.

Figure 4.7: EIS spectra of FS and Al *a) NMC 532, b) NMC 811 and c) LCO cathodes after 1st and
75th cycle.
* 1st cycle is at 0.1C rate, while the 75th cycle is at 1C rate.
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Figure 4.8: Equivalent circuit model for the impedance spectra after a) 1st cycle, b) 75th cycle.

From the spectra, it can be observed that after the first cycle, there is a large semicircle, which indi-
cates a high charge transfer resistance and less Li+ diffusion at the surface [129]. This large semicircle
could also be due to the thin SEI layer that forms during this cycle which does not completely cover the
surface of the lithium anode. This thin SEI functions as an interfacial resistance layer [130]. The lithium
diffusion is represented in the circuit as a Warburg element. This Warburg element is a constant phase
element with an angle of 45◦.

Figure 4.9: KKT results of NMC 532 FS sample after 75th cycle.

Upon further cycling, there is a CEI layer which gets formed on the cathode, which is represented
in the circuit as an additional R-P element. The significant decrease in the semi circle associated with
charge transfer resistance over cycling, could be a result of increased lithium dendrite formation on the
anode [131, 132]. Additionally, it is evident that the Warburg element transforms into a constant phase
element with cycling. A high impedance after cycling could indicate intergranular cracking as a result
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of continuous electrolyte decomposition, which causes reduced electrical contact and accumulation of
CEI layers [133].

All the obtained spectra are evaluated with KKT to determine their validity. The KKT results for NMC
532 FS sample is shown in fig 4.10. From the KKT plot, we can observe that the residuals fall well within
the 1% limit, except for high frequency regions. This could be due to the parasitic capacitance, which
forms if different electric components are in close proximity within an electric circuit [134]. The other
cathode samples follow a similar trend (fig A.2).

The impedance spectra for both Al and FS cathodes show the formation of the CEI layer with cycling.
The spectra for both cathodes follow the same circuit model. Overall, it can be said that the FS cathodes
and the cathodes on the aluminium current collector show a comparable impedance behaviour.

4.3.5. SEM Results for NMC and LCO Cathodes

The surface of the NMC and LCO cathodes after long term cycling is studied by SEM, in order to
attribute for the capacity fading that was seen during cycling. The images would help in studying frag-
mentation and crack evolution of the cathodes. The results from SEM are shown below.

Figure 4.10: SEM micrographs of FS a) NMC 532, b) NMC 811 and c) LCO cathode surfaces obtained
after long term cycling. The images are taken at 2000x magnification and 5 kV acceleration voltage.



4.3. Results and Discussion 26

From the above images, it is evident that the NMC 532 and LCO cathodes show the occurrence
of microcracks and particle disintegration (highlighted in red), after long term cycling. Due to the NMC
811’s small particle sizes, which were harder to observe under SEM, surface analysis of these particles
produced no clear results.

The increase in surface area of cathode material exposed to the electrolyte over long term cycling,
caused themajority of secondary particles to break entirely into primary crystallites. This produced addi-
tional surfaces for further electrolyte decomposition and CEI production in the NMC and LCO cathodes.
As a result, the impedance increased, performance degraded, and capacity faded. This phenomenon
also causes loss in the interparticle connections, which contributed to the increasing peak shift as ob-
served in the the dQ/dV plots [135]. These cracks were also observed on cathodes on aluminium
current collector (see fig A.4), which proves that both FS and Al cathodes encounter a similar loss in
structural integrity over long term cycling.

The presence of microcracks on the cathode surface could lead to an increase in the strain, as a
result of lattice expansion and contraction, which might have an impact on the cathode’s crystal and
electronic structure [136, 137]. Additionally, SEM measurements were also done on the cathode sam-
ples after 1 cycle, in which there were no presence of cracks observed. This asserts that, in accordance
with literature, cracks grow particularly after long term cycling [83].

4.3.6. XRD Results

As discussed in the previous section, the presence of microcracks on the surface of the cathodes could
lead to strain on the sample. This increased strain changes the lattice parameters upon cycling and
causes shifts in the diffraction peaks [136]. To investigate this phenomenon, the cathode powders and
the cycled cathodes are analysed through XRD. The results for the powder samples are shown in fig
4.11. The pattern on the top right of every image is the zoomed image of the highlighted region in the
main pattern.

Figure 4.11: XRD patterns of *NMC 532, NMC 811 and LCO powders.
*The measurement for NMC 532 was performed using a monochromator for 15 hrs, while measure-
ments for NMC 811 and LCO were performed using a anti-scatter slit for 2 hrs. An open sample holder
was used for all the measurements.

The XRD patterns for the powder samples are shown above. The pattern consists of a series of
peaks at different 2-Theta angles. All the powder samples were well indexed to a α-NaFeO2 hexagonal
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layered structure with a R-3m space group. The main characteristic peaks in all the samples agree to
the 003, 101, 006, 102, 104, 105, 107, 108, 110 and 113 planes at 18.7◦ 36.6◦, 38◦ , 38.1◦, 44.5◦,
48.7◦, 58.8◦, 64.6◦, 64.8◦, 68.2◦, respectively [136].

There was no additional peak observed in the measurements, indicating no crystalline impurity or
second phase present in the powder samples. The splitting of the 006/102 and 108/110 peaks in all the
powder samples indicate an ordered hexagonal layered structure [127]. The 003, 101 and 110 peaks
are very indicative of the changes in the lattice structure upon cycling. While the 003 peak studies the
evolution of c parameter, the remaining two peaks study the evolution of a and b lattice parameters
[138]. The powders, made into FS cathodes, were tested for XRD after electrochemical cycling. The
results are shown in fig 4.12.

Figure 4.12: XRD patterns of FS *a) NMC 532, b) NMC 811 and c) LCO cathodes before cycling, **after
1st and 75th cycle.
*The uncycled NMC 532 and NMC 811 cathodes were measured with a monochromator for 15 hrs in
an open sample holder. The LCO cathode after 1 cycle was measured with an anti-scatter slit using an
air-tight sample holder. The remaining samples were measured for 2 hrs with an anti-scatter slit in an
open sample holder.
** 1st cycle is at 0.1C while the 75th cycle is at 1C
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During long-term cycling, notably comparing the 1st and 75th cycles, we can see a considerable
peak shift (003) for the NMC and LCO cathodes in the figure. After cycling, the peak for a cathode
sample initially shifts to lower 2-Theta values. This shift denotes the expansion of the unit cell in the
c-direction. Long-term cycling causes this peak to gradually shift to higher 2-Theta values [136]. The
shift could be due to displacement error caused due to the changes in the height of sample used during
the XRD measurement. Over cycling, it can be seen that the peaks broaden, which could indicate the
presence of microstrain on the samples [139, 140]. The degree of peak shift and peak broadening is
important to assess the structural behaviour of the sample. To verify this, Rietveld refinement is done
on the samples to attribute for displacement or strain.

Furthermore, the Ni2+ or Co3+ occupancy on Li+ sites, in the layered oxide can be effectively iden-
tified through the peak intensity ratio of (003)/(104) i.e (I003/I004). This ratio provides an estimate of the
degree of cation disorder in the bulk of the cathode samples. If I003/I004 is less than 1.2, the degree of
cation mixing is high [141, 142, 143]. However, it has also been stated that this ratio lacks the ability
to distinguish between Li/Ni, Li/Co, and Li/Mn cation mixing and cannot precisely reflect the degree of
cation mixing. The peak intensity obtained is dependent on equipment and test conditions, and does
not accurately represent the changes in the bulk of the sample. In order to provide an estimate of the
degree of cation mixing, the obtained diffraction patterns are refined [144]. The result for the refinement
of NMC 532 FS after 75 cycles is shown below. For the other refinement results, please refer to fig A.5.

Figure 4.13: a) Rietveld refinement result for NMC 532 FS cathode after 75 cycles. b) The obtained
microstrain values for NMC and LCO cathodes after 75 cycles, from refinement.

From the refinement, it was observed that there were minor values of microstrain observed in all
the cathodes after 75 cycles, as shown in fig 4.13b. This could be correlated to the formation of cracks
on the surface as observed in SEM, which results in microstrain. This microstrain was not observed
on the cathode samples after 1 cycle. The refinement also did not indicate any change in the spinel
structure for all the cathodes after cycling. Thus, the original structure was retained after cycling with-
out any significant phase transformations. However, continued prolonged cycling or cycling at higher
potentials could have resulted in the phase transformation and formation of rock salt structure [145].

The table containing lattice parameters obtained after refinement is shown in table A.1. Following
refinement, the lattice parameters obtained have a certain standard deviation, depending on the refine-
ment. During delithiation, the lattice parameters a and b contract while c expands. While the former
relates to the decreasing cation radius of transition metals in their high oxidation states, the latter re-
sults from the repulsive force caused by the metal oxide layers as a result of extraction of lithium ions
from the lithium layers. During lithiation, the changes in the lattice parameters reverse. This expansion



4.3. Results and Discussion 29

and contraction occurs repeatedly over lithiation and delithiation during cycling to cause capacity fad-
ing, structural deterioration or phase transformations [138]. On the other hand, the peak shift and the
change in the lattice parameters could also be a result of electrolyte decomposition, which results in the
loss of lattice oxygen causing capacity to fade [146, 147], due to an unstable CEI. To further investigate
this, XPS is performed on the surface of the uncycled and cycled cathodes, which is presented in the
next section.

4.3.7. XPS Results

It was discovered by XRD analysis that the NMC and LCO cathodes exhibit microstrain, which could
have been induced by the cathodes developing cracks on their surfaces during long term cycling. This
could be due to the structural instability of the CEI layer, which might lead to contaminants forming on
cathode surfaces as a consequence of electrolyte decomposition. To study the evolution of the cathode
surface over cycling, XPS is performed. Initially, the powder samples are subjected to XPS to check
the presence of any surface impurities. The results are shown in fig 4.14.

Figure 4.14: Fitted photoelectron spectra of (from left to right) C 1s, O 1s and Li 1s for NMC 532, NMC
811 and LCO powder samples.

Firstly, the C 1s scan contains four different peaks, the C-C/C-H peak at 284.8 eV is due to the
presence of adventitious carbon, found on the cathode powders. The peak at 286.3 eV corresponds
to C-O, which could be a result of C-O bonds in the carbon layer or due to the presence of carbonate
species. The peaks at 288.3 eV and 289.6 eV correspond to C=O and O-C=O, respectively, which re-
sults from reaction of surface Li2O with H2O and CO2 from moisture air during storage, to form Li2CO3
[148, 149].

Secondly, the O 1s scan shows three distinctive peaks, one at 529.2 eV which is assigned to the
lattice oxygen bond (Ni-O, Co-O or Mn-O) in the NMCs and LCO. The peak at 532 eV is attributed to
C=O which is from Li2CO3 residual on the surface of the sample. This C=O peak from the carbonate
layer could not be detected by XRD because it could be amorphous and thin [150]. The third peak at
533.2 eV is attributed to C-O, which has contributions from the C-O bonds in the adventitious carbon
layer and in the carbonate residuals.
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The Li 1s scan depicts two peaks, one each at 54.8 eV and 56.2 eV, which indicate the presence of
Li2CO3 and Li2O, respectively on the powder surfaces. The presence of Li2CO3 peak is in agreement
with the peaks obtained in C 1s and O 1s scans as seen above.

The peaks of Ni 2p for NMCs and Co 2p for LCO were fitted in both their 3/2 and 1/2 orbital states
(fig A.7). For the NMCs, the Ni 2p 3/2 scan consists of two peaks corresponding to Ni2+ and Ni3+ at
854.2 eV and 855.1 eV, respectively. In LCO, the Co 2p 3/2 scan consists of two peaks of Co3+ and
Co4+ at 779 eV and 780.1 eV, respectively. A higher amount of Ni2+ and Co3+ were present in the
NMC and LCO samples, respectively which oxidises to a higher valence state upon cycling. This is
concurrent with literature [105], where in NMCs, the Ni exists in +2 and +3 valence states, while Co
and Mn exist in +3 and +4 valence states, respectively. In LCO, Co exists in multivalent valence states,
but more predominantly in +3 and +4 valence states. The scans for Co and Mn in NMCs had a high
background, which could be due to lower abundance of these elements on the surface of the powders
[105]. Due to their high background, the scans of transition metal elements provided no conclusive
results.

From the analysis of the powders, there exists a significant proportion of Li2CO3 residuals on the
surface of the samples. These powders are then made into cathodes and cycled for long term as shown
in section 4.3.2. The XPS scans for the cathodes before and after cycling are shown below.

Figure 4.15: Fitted C 1s spectra of NMC 532, NMC 811 and LCO cathodes before cycling, after 1 cycle
and after 75 cycles.
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Figure 4.16: Fitted O 1s spectra of NMC 532, NMC 811 and LCO cathodes before cycling, after 1 cycle
and after 75 cycles.

Figure 4.17: Fitted Li 1s spectra of NMC 532, NMC 811 and LCO cathodes before cycling, after 1 cycle
and after 75 cycles.
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Figure 4.18: Fitted F 1s spectra of NMC 532, NMC 811 and LCO cathodes before cycling, after 1 cycle
and after 75 cycles.

The XPS scans of cathodes before cycling, after 1 cycle and after 75 cycles are shown above. For a
cycled cathode, the decomposition of electrolyte results in the presence of C=O, O=C-O, O-F and Li-F
components on the CEI layer. The decomposition of electrolyte gives rise to ROCO2Li, LiPFxOy and
Li2CO3 products [133]. Understanding the elemental compositions of these components will provide
an idea about the extent of electrolyte decomposition in the cell.

In the C 1s spectra, there is a CF2 peak at 290.5 eV and a FC-OH peak at 291.4 eV, which are
due to the presence of PVDF in the cathode. The C-O peak is related to the presence of carbon black
in the cathode [148]. After cycling, it is observed that the peaks attributed to C=O and O-C=O are
significantly present in the NMC and LCO cathodes, indicating formation of ROCO2Li or Li2CO3, which
are dominant in the CEI film. For the uncycled electrode, the peaks of C=O and O-C=O arise from the
reaction with moisture.

The O 1s scan shows a sharp peak for C=O in the cathodes after 75 cycles, which indicates an
increased decomposition of the electrolyte, forming inorganic lithium salts on the surface of the cath-
ode. The peak for metal oxide indicates the presence of oxygen atoms in the NMC and LCO crystal
lattice. Over cycling, this peak decreased, indicating the formation of a thicker CEI layer [151], with
limited lithium diffusion. The peak at 534.8 eV attributed to O-F, indicates the presence of an inorganic
layer comprising of transition metal fluorophosphates (LiPFxOy), which is a product of electrolyte de-
composition. This peak can be observed in all the cathode samples after cycling, implying that long
term cycling produces decomposition products on the cathode surface.

It is stated that for a stable CEI, having an appropriate content of Li2CO3 improves the stability of the
interface upon cycling [133]. We therefore examine other contaminants in order to properly account
for electrolyte decomposition in all the samples. In the Li 1s scan, there is a peak attributed to LiF,
which occurs at 56.8 eV. For the uncycled cathodes, this could be from the electrode fabrication, which
facilitates a reaction between LiOH/Li2CO3 present on the cathode surface and PVDF [148]. However,
the increased presence of this peak after 75 cycles denotes salt decomposition in the cathodes. After 1
cycle, we observe a sharp peak for LiF in the Li 1s scan. This was the only surface contaminant which
is observed after the formation cycle, in the XPS scans. The other contaminants are majorly observed
to form after long term cycling.

The F 1s scan shows three peaks. The peak at 684.8 eV corresponds to the presence of metal
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fluoride. The second peak at 685.6 eV denotes the presence of LiPFxOy, which is formed due to elec-
trolyte decomposition. The third peak at 687.5 eV represents PVDF.

Moreover, after cycling, it can be seen that the Ni2+/Ni3+ ratios and Co3+/Co4+ ratio become smaller
in NMCs and LCO, respectively (from fig A.8 and fig A.10). This could be due to the loss of lithium ions
from the NMC and LCO lattice, causing an increase in Ni/Co oxidation states [105].

From the above results, the electrolyte decomposition over long term cycling produced decom-
position products on the cathodes’ surface. The presence of these products were indicated by their
respective peaks in the elemental scans. These contaminants formed as a result of a poor CEI layer,
causing capacity fading, as seen in the earlier subsections.

4.4. Conclusion
In this chapter, the FS cathodes were cycled for rate test and long term cycling test. Their results were
contrasted with cathodes on aluminium current collector. The changes in resistance over cycling were
then assessed using EIS on these cathodes. Post that, the cathodes were investigated using SEM,
XRD, and XPS to account for changes in their surface as a result of long term cycling.

The FS cathodes’ cycling performance was comparable to that of cathodes on an aluminium current
collector, which provided the motivation to use them for the spectroscopic studies, in this work. This
aids in achieving an accurate result for elemental compositions, devoid of any current collector interfer-
ence. Furthermore, the cathodes noticed capacity degradation during the course of long term cycling,
which increased the charge transfer resistance and limited the diffusion of lithium ions. This was a
result of an unstable CEI layer, which caused the electrolyte to decompose, resulting in the formation
of contaminants on the cathode surface. This phenomenon led to the formation of microcracks on the
cathode particles, which resulted in microstrain on these samples. The performance of the LIB half
cells was impacted by these occurrences, causing their capacity to fade during cycling.

This capacity fading and structural instability can be overcome through surface modification of the
cathode. Coating the cathode surface with Al2O3 using ALD has proven to be a successful technique
to enhance the cycling performance of the LIB cathodes [152]. The performance of the cells after ALD
coating is examined in the following chapter, which focuses exclusively on the ALD coated cathodes.



5
Impact of Atomic Layer Deposition on

LIB Cathodes

5.1. Introduction
In the previous chapter, it was seen that the NMC and LCO cathodes experience a loss in their struc-
tural integrity, when subjected to long term cycling. The battery’s performance deteriorated as a result,
which places restrictions on the cathodes’ use in commercial applications. In order to prevent this, the
cathode surfaces are modified using several coating techniques. In this work, the cathode active ma-
terials i.e. NMC 532, NMC 811 and LCO are coated with Al2O3 using ALD.

Specifically, we investigate two different ALD coatings, 10 ALD and 30 ALD cycles, which roughly
have thickness of 1 nm and 3 nm, respectively. The cathode active materials were coated in a fluidised
bed reactor to achieve a conformal coating. It has been proven that the coating thickness plays an
important role in the performance of a cathode. To strike a balance between preserving structural in-
tegrity and reducing electrochemical impedance, an optimised coating thickness is required [153]. This
chapter focuses on the process of coating Al2O3 using ALD, and further investigates the cycling per-
formance of the coated cathodes. The structural stability of these coated cathodes is further evaluated
using SEM, XRD, and XPS. Finally, the 30 ALD cathodes are tested with NMR to validate the changes
in the aluminium environment, as a function of cycling.

5.2. Materials and Methods

5.2.1. Materials

This section details the process of making an ALD coated FS cathode, which differs moderately from
the uncoated FS cathode, described in the previous chapter. Moreover, it also describes the ALD coat-
ing process, along with the theory behind the characterization techniques used.

Characterization of the ALD Coating Process

ALD is a thermally activated gas phase technique that uses two or more gaseous reactants to coat
a cathode powder. These gaseous reactants are concentrated on the sample, leading to self-limiting
chemisorption surface reactions. Typically, the procedure calls for the separate dosing of a metal
organic precursor and an oxidising co-reactant in a fluidised bed reactor. In order to help remove excess
precursors and byproducts, high quality nitrogen is employed as a purging gas inside the reactor. The
following steps represent the deposition process [154]:

34
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1. The sample is placed in the fluidised bed reactor and is heated to an optimal temperature.
2. Following this, the precursor and co-reactant are added to the reactor under a specific dosing

pressure, which is followed by purging the nitrogen gas within the chamber.
3. The co-reactant used is deionised water, while the precursor is Trimethylaluminium (TMA). TMA

reacts with the hydroxyl group present in water, resulting in a CH3 terminated surface, which then
reacts again with the second co-reactant in a self limiting manner, to produce a layer of Al2O3.
The reaction is shown below [154].

AlOH+ Al (CH3)3 → AlO− Al (CH3)2 + CH4 (5.1)

Al (CH3)2 + H2O → AlOH+ CH4 (5.2)
4. The excess precursors and by products are removed by purging the inert nitrogen gas. This

process produces one cycle of Al2O3 on the powder surface. More such cycles produce a thicker
layer. A schematic of the ALD coating process is shown in fig 5.1.

Figure 5.1: ALD process for depositing Al2O3 on the cathode powders. Adapted from [155].

For this study, the ALD coating for the cathode powders were performed by Powall B.V.

Making an ALD-Coated Cathode

The process of making an ALD coated cathode follows a similar sequence of steps as making an un-
coated cathode described in the previous chapter. The major change, however, lies in the composition
of the powder materials used to prepare the slurry. Since the goal of this work is to create FS cathodes,
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the cathodes’ extractability after drying is essential in order to employ them for subsequent testing. The
presence of Al2O3 layer causes a high adhesion to the coating surface [156]. This limits the cathode
slurry’s ability to be extracted from the release liner, when the slurry for the ALD coated cathodes were
made with the same composition as the uncoated cathodes, in this work. As a result, more binder is
needed to assist deliver a homogeneous slurry and keep the active material particles intact within the
cathode [157].

Hence, for the above reason we use 1 wt% of PVDF binder (Solef 5130), and 8.5 wt% of active ma-
terial. The composition of Super C45 (TIMCAL) and carbon nanofiber (Aldrich, >98%) used are 0.45
wt% and 0.05 wt%, respectively. The NMP (Thermo Scientific, 99.5 %) is added in a volume ratio of
1:1 with the active material to make a homogenous slurry. This slurry is then vacuum dried and coated
over a 15 µm Al foil for cathodes with aluminium current collector, while it coated onto a release liner
to generate a FS cathode. The cathodes are then pressed using a hydraulic press (Carver, 973214A),
with 400 MPa pressure and cut into circular disks of 11.1 mm in diameter.

The FS cathode disks weigh between 9 mg to 12 mg, having a thickness between 42 µm to 50 µm.
On the other hand, the cathodes on aluminium current collector weigh between 13 mg to 17 mg, with
a thickness ranging from 60 µm to 65 µm, after pressing.

5.2.2. Methods

Cycling an ALD Coated Cathode

In this work, the ALD coated cathodes are used in a half cell, consisting of lithium metal as anode.
The half cells undergo one of two tests: rate test and long term cycling. As described in the previous
chapter, the rate test is performed at five different C rates (0.1 C, 0.5 C, 1 C, 2 C and 5 C) for five cycles
each, and finally at 0.1 C for three cycles to test the cells’ capacity retention. In addition to 150 cycles
at 1 C rate, two formation cycles at 0.1 C, and two final cycles at 0.1 C are all performed as part of the
long term cycling test. The long term cycling is carried out with CC-CV. For the FS cathodes, due to
channel constraints, this long term cycling is capped at 75 cycles at 1 C rate. In this work, three cells
were tested for each cathode, in order to get an error estimate of their capacities during cycling.

The cut-off voltage for the NMC 532 and LCO cathodes is 2.0-4.2 V, while for the NMC 811 cath-
odes, it is 2.0-4.3 V. For transition metal oxide cathodes, the UCP is crucial because capacity fade is
accelerated at high UCPs. As a result, we choose a UCP of 4.2 V for NMC 532 and LCO and 4.3 V for
NMC 811 [82]. The theoretical capacities for the three cathodes - NMC 532, NMC 811, and LCO are,
respectively, 166 mAh/g, 190 mAh/g, and 140 mAh/g [83, 84].

Post cycling, a dQ/dV analysis is performed on the cells to validate the stability of the oxidation and
reduction peaks over cycling. The dQ/dV curve is derived from the charge-discharge curve from the
long term cycling in LANHE battery tester, which calculates the capacity for every incremental change
of voltage. This evaluation gives a sense of the extent of degradation that is occurring within the cell
[86].

EIS on ALD Coated Cathodes

In this work, the cathode active materials are coated by ALD-Al2O3, to improve their performance during
long term cycling. However, the presence of a coating layer could also negatively impact the cathode’s
electrochemical impedance [153]. To have a better understanding of the impacts of utilising Al2O3 as
a coating, EIS is performed.

The EIS measurements for ALD coated cathodes are performed at room temperature and at OCP.
The measurements cover a frequency range of 0.1 Hz to 100 kHz. The measurements are carried out
with 15 frequency points per decade and with a Vrms value of 0.005 V. The EIS measurements are
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performed on a Metrohm Autolab device (PGSTAT302N with an FRA32M module) and the resulting
spectra are analysed using RelaxIS software [90]. Furthermore, the spectra obtained following EIS
measurements are validated using KKT, just like the the uncoated cathodes described in the preced-
ing chapter.

Probing the Microstructure of ALD Coated Cathodes using SEM-EDS

To further examine the conformality of ALD coating, the morphological features of ALD coated cathodes
are characterised using a SEM (JEOL JSM-IT100) coupled with EDS operated at 5 kV acceleration volt-
age. To get a high resolution image, the working distance for the measurement is set between 11 mm
and 13 mm. Since the ALD coated samples contain an alumina layer on the cathode surface, a high
surface detail is required in the SEM image. To facilitate this, a SED is used for the SEM measurement
[94]. The sample preparation for SEM observation is done by directly mounting sufficient amounts of
a dry powder or a cathode onto a conductive carbon tape in ambient air. All the cathodes tested after
cycling are washed with DMC (Sigma-Aldrich, >99 %) to remove any excess electrolyte present on the
surface of the cathodes, which could otherwise cause hindrance during measurements [108].

After SEM imaging, the samples undergo an EDS analysis to determine how much the composition
of the elements, including aluminium has changed as a result of cycling. The EDS is mapped over a
specific area in the sample to obtain its elemental compositions.

XRD Characterization on ALD Coated Samples

XRD is used to investigate the crystallographic structure of the ALD coated powders and cathodes,
which provide information on the phase transformation and structural changes in the sample microstruc-
ture. Moreover, this is done to understand if the ALD process affected the crystallinity of the cathode
powders, which is useful to assess the nature of the coating layer [158, 97].

The XRD measurements are performed at room temperature and its patterns are obtained using
a PANalytical X’Pert Pro system, using Cu Kα radiation (at 45 kV and 40 mA). The diffraction data
were collected in the 2θ range between 10◦ to 90◦. The analysis and refinement of the XRD peaks
are performed using Match and GSAS-II software, respectively [103, 104]. In GSAS-II, least square
refinement is applied to the measured sample in order to acquire the lattice parameters. To conduct
the measurement, either an open sample holder or an air-tight sample holder is used. For specific mea-
surements, a monochromator is used, which minimises the fluorescence caused due to the presence
of cobalt in the Cu Kα radiation, and help obtain a clear spectrum [102, 101].

XPS Investigation on ALD Coated Samples

To verify the deposition of Al2O3 coating on the surface of the LCO and NMC cathodes, XPS is per-
formed. With this method, the surface elements are characterised, and their changes during elec-
trochemical cycling are examined. XPS provides an insight into the factors that affect the chemical
composition of the CEI, which has an impact on the coulombic efficiency and cycling performance of
the cathodes [159].

The XPS measurements for ALD coated samples are performed at room temperature and at high
vacuum using a K-Alpha Thermo Scientific XPS apparatus. Al Kα radiation (1486 eV) from amonochro-
matised X-ray source is used for the measurements. The cycled cathode samples are washed with
DMC to remove the impurities on their surface, before testing them for XPS. The obtained scans are
processed using Casa XPS software [109]. To process the data, the binding energies of the samples
are corrected according to the C 1s adventitious carbon peak at 248.8 eV [110]. The data obtained
is initially smoothed using a Savitsky-Golay quadratic method to remove excess background. This is
then fitted using weighted least squares method, containing both Gaussian and Lorentzian line shapes.

Some of the XPSmeasurements in this work were performed by PTGEindhoven B.V. These include:
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• NMC 532 (10 ALD and 30 ALD) powders
• NMC 811 (10 ALD and 30 ALD) powders
• NMC 532, NMC 811 and LCO cathodes before cycling (10 ALD and 30 ALD)
• NMC 532, NMC 811 and LCO cathodes after 1 cycle (10 ALD and 30 ALD).

NMR Studies of ALD Coated Cathodes

Solid-state NMR spectra can reveal a plethora of local structural information, resulting from magnetic
interactions between the intended nuclei and their surrounding chemical environment. Some of the
important interactions include [160, 161]:

• Chemical shift: In this shift, the chemically distinct nuclei show up as separate resonances in the
NMR spectrum. In the 27Al NMR, the signals from the compounds with high coordination number
appear at the higher fields, while low coordination number compounds produce signals which
resonate at lower fields, owing to chemical shift.

• Dipolar interaction: This is a short range, through-space magnetic interaction between nuclei.
This interaction gives information about the short range proximities in materials.

• Quadrupolar interaction: The electric field gradient at the nuclear position interacts with the
quadrupole moment of the nucleus, resulting in the quadrupolar interaction. This can be used
to learn more about the distortions and the local bonding geometry.

• Paramagnetic interaction: This results from through-space and through-bond interactions be-
tween the magnetic moment of the nucleus and unpaired electrons, which has the ability to shift
resonances from hundreds or thousands of ppm.

In this work, the NMR investigation on the cathodes is predominantly catered to studying the 27Al
nuclei, while 7Li is explored as an addition, specifically for LCO cathodes. The NMR measurement
in this work is performed using Magic Angle Spinning (MAS), which helps acquire a high resolution
spectra by removing the anisotropic interactions from the spectra [162]. Furthermore, this provides
useful information on the local structure of aluminium in the 27Al NMR, through the dependability of the
chemical shift on the local coordination environment. In general, four-, five- and six-coordinate Al-O
species have chemical shift ranges of 50 to 80 ppm, 30 to 40 ppm, and 10 to 15 ppm, respectively [160].

Some of the important parameters which influence the quality of the NMR spectrum include quadrupole
parameters, nuclear spin relaxation, spinning speed, pulse sequence and magnetic field during mea-
surement. To avoid any overlap of the central line and spinning side bands during the measurement, it
is crucial to select the right combination of spinning speed and external field strength [162].

Figure 5.2: Demonstration of a Hahn-echo pulse sequence. Adapted from [163].
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Under MAS, a typical NMR spectrum will have a central peak and spinning sidebands. The side-
bands’ existence is partially attributed to the presence of dipolar and quadrupolar interactions. These
sidebands can be used to detect any interaction between a bulk active material with paramagnetic
metal centers and the surface species, in our case aluminium [164].

The 27Al and 7Li NMR measurements are conducted on a Bruker Avance 300 spectrometer at 300
MHz (7.05 T), with a 1.9 mm probe. A MAS-rate of 30 kHz is used. The rotor and tools are cleaned
and dried in vacuum overnight. The sample filling is done in an argon-filled glovebox to prevent any
contamination. The 90-degree pulse as well as the chemical shift are set using saturated Al(NO3)3 in
water and LiCl in water, as external reference for 27Al and 7Li NMR, respectively. All the spectra are
acquired using a Hahn-echo pulse sequence (tπ/2 − τ1 − tπ − τ2). This pulse sequence is used due to
the large spectral widths in the MAS spectra of paramagnetic materials. Hahn-echo experiments help
with phasing by refocusing magnetization in the transverse direction. The frequency gap in the spectra
can typically be very wide, and without refocusing, the spectra would be extremely out of phase [165].
A pictorial representation of this sequence is shown in fig 5.2.

For the 27Al NMR experiments, a π/2 pulse width of around 1.17 µs is used with recycle delays of
2 s. On the other hand, for the 7Li NMR experiments, the spectra is obtained using a π/2 pulse width
of around 2.5 µs with recycle delays of 12 s. The processing of the obtained spectra is done using
ssSnake [166]. The obtained spectra is smoothed using a Gaussian line broadening of 1000 Hz.

All the 27Al NMR experiments in this work are performed using 30 ALD NMC and LCO samples.
The 7Li experiments are performed with 30 ALD LCO samples. The 30 ALD cathodes were chosen in
particular because of their high aluminium content, which can be seen in NMR as distinct peaks. This
can be used to detect the changes in their aluminium environment.

5.3. Results and Discussion

5.3.1. SEM Microstructure of the ALD Coated Cathode Powders

In this study, the NMC and LCO powders are coated with Al2O3 using ALD. After coating the cathode
powders using ALD, they are then scanned using SEM to examine their surface microstructure. The
objective of testing the ALD coated powders with SEM is to find out if the coating is homogeneous
throughout the bulk of the cathode, upon the deposition of Al2O3. Fig 5.3 displays the results for 10
ALD and 30 ALD powders.
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Figure 5.3: SEM micrographs of NMC 532, NMC 811 and LCO powders, 10 ALD and 30 ALD coated.
The images are taken at 2000x magnification and 5 kV acceleration voltage.

From the above images, it is observed that the crystals of the cathode particles exhibit a certain
amount of roughness at their edges, in comparison with uncoated cathode particles (shown in fig 4.4).
This roughness indicates the presence of the Al2O3 layer. When the number of ALD cycles rises, a
thicker Al2O3 layer gets formed, which increases the degree of roughness [158]. It can also be ob-
served that the LCO particles showed distortions across their surfaces. These distortions could be the
result of charging of the samples during measurement. When several electrons impinging on the sam-
ple become trapped inside the material, charging occurs, which results in a negative electrical potential
[167, 168].

Overall, it can be seen that the crystal structures in the ALD coated cathode powders were homo-
geneous and maintained the same shape as the uncoated powders. This, indeed verifies that the thin
nature of the Al2O3 layer helped in preserving the morphology of the particle structures after ALD [169].

5.3.2. Cycling Performance

The cycling performance of both the NMC and LCO cathodes is examined to better understand how
the Al2O3 coating impacts the cathodes. The results are displayed in fig 5.4. The cycling results of
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the uncoated NMC and LCO cathodes from the previous chapter are also included in the figures for
comparison with the coated cathodes. The FS cathodes and cathodes on aluminium current collector
are labelled as ’FS’ and ’Al’, respectively.

Figure 5.4: Rate test and long term cycling results for NMC 532, NMC 811 and LCO cathodes (both
FS and Al)

The graphs show that both ALD coatings have an improved effect on the capacity retention and the
cycling performance of the NMC and LCO cathodes. It is also obvious that the 10 ALD cathodes cycle
at higher capacities than the 30 ALD cathodes. The thick ALD coating, which prevents charge transfer
and limits the diffusion of lithium ions, could be to blame for the low capacities of 30 ALD cathodes
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[170]. The 10 ALD cathodes cycle nearly as well as or even more efficiently than the uncoated cath-
odes. Therefore, it is advised to keep the coating as thin as possible to avoid any hindrance of charge
transfer while cycling, in order to attain high discharge capacities.

The results of long-term cycling are an accurate representation of the performance enhancement
brought on by the thin ALD coating. Specifically, in NMC 532 Al, after the 150th cycle, the discharge
capacity of uncoated cathode is 3.1 mAh/g, while after coating it with 10 ALD Al2O3, the capacity in-
creases to 88 mAh/g. This improved cycling performance can be correlated to a stable CEI layer and
reduced electrolyte decomposition, especially at higher voltages [158]. Moreover, in the ALD coated
samples, the presence of Al2O3 prevents trace water and oxygen from reacting with lithium inside the
active material. This inhibits contaminated oxides and carbonates from forming on the cathode surface
[135].

Furthermore, it is evident that the FS cathodes cycle similar to the cathodes on the aluminium current
collector for the ALD coated samples, justifying the need for using them in characterization techniques.
However, the NMC 532 30 ALD Al and LCO 30 ALD Al showed instances of capacity fading during
long term cycling, which could be attributed to non-uniform lithium distribution in the cathodes. This,
hence results in the reversible loss in capacity [171].

5.3.3. Differential Capacitance of ALD Coated Cathodes

The improvement in the cycling performance for the ALD coated cathodes is analysed further in terms
of differential capacity as shown in fig 5.5. The dQ/dV curves are calculated using the charge-discharge
curves during long term cycling, and help to determine the degree of voltage stability of these cathodes
during cycling.
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Figure 5.5: dQ/dV curves of FS NMC 532, NMC 811 and LCO cathodes (10 ALD and 30 ALD) after
2nd, 15th and 75th cycle*. For the respective cathodes, the dQ/dV curve of uncoated cathodes after
75 cycles is also added in the curve.
* 2nd cycle is at 0.1 C rate, while 4th, 15th and 75th cycles are at 1 C rates.

The graphs above show the oxidation and reduction peaks of the ALD coated cathodes as a function
of their charge-discharge cycles. The graphs also contain the dQ/dV curve of the uncoated cathodes
after 75 cycles, for the respective ALD coated cathode materials. This is added for comparison with the
ALD coated cathodes. In the dQ/dV curve, the initial shift in the peak from 2nd cycle to the 4th cycle is
attributed to the increase in the C rate from 0.1 C to 1 C during cycling. For the majority of ALD coated
cathodes tested in this work, the oxidation and reduction peaks after the 4th, 15th and 75th cycles are
significantly more stable than the uncoated cathodes (shown in fig 4.6). Furthermore, the ALD coated
cathodes showed a substantially lower discharge voltage drop throughout cycling, in comparison to
uncoated cathodes. This demonstrates the structural robustness of the coating layer and its ability to
prevent electrolyte decomposition [169].

In NMC 811, we notice that the second redox peak begins to form at higher voltages in the 10
ALD sample, indicating a phase transition, similar as observed in the uncoated samples. This peak
indicates the occurrence of a reaction other than the intercalation reactions within the cell [172]. The
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30 ALD sample did not, however, produce a second peak at high voltages, indicating that the thicker
ALD coating prevented the phase transition from happening and, as a result, prevented the formation
of microcracks on its surface. On the other hand, for the NMC 532 30 ALD cathode, it can be seen
that its oxidation peak shifts with cycling, although the reduction peak only marginally shifts. The shift
in the oxidation peak may indicate reversible incorporation of Li2O into the CEI, during delithiation [173].

5.3.4. Investigating the Impedance of ALD Coated Cathodes

In the previous subsection, it was observed that the peak shift associated with oxidation and reduction
decreased in the ALD coated samples, in comparison to the uncoated samples during cycling. This
decrease in the peak shift could imply a decrease in the cell resistance. To prove this, we conduct EIS
measurements on the ALD coated FS cathodes. The results are shown in fig 5.6. The obtained spectra
were fitted with the equivalent circuits, shown in fig 5.7.

Figure 5.6: EIS spectra of FS NMC 532, NMC 811 and LCO ALD coated cathodes, *after the 1st and
the 75th cycle.
* 1st cycle is at 0.1 C rate, while the 75th cycle is at 1 C rate.
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Figure 5.7: Equivalent circuit model for the impedance spectra after a) 1st cycle and b) 75th cycle.

The plot after 1 cycle consists of three regions. The intersection of the semicircle with the x-axis
at high frequency region is attributable to the electrolyte resistance, as well as the resistance of the
cell and wires (Rs). The charge transfer resistance is represented by a semicircle in the mid frequency
region (Rct), while the lithium ion diffusion is represented by the sloping line in the low frequency region
(Wo). The Nyquist plot reveals the emergence of an extra semicircle after 75 cycles, which is caused
due to the formation of the CEI layer. The resistance of this layer is denoted as Ra in the circuit. Each
semi-circle in the Nyquist plot represents an R-P element in the equivalent circuit.

As can be seen in fig 5.6, the resistance decreases noticeably throughout cycling, which indicates a
reduction in the charge transfer resistance. The significant decrease in the semicircle associated with
the charge transfer resistance over cycling, could also be due to the formation of lithium dendrites on
the anode [131, 132]. The circuit for the spectra follows the same model as obtained for the uncoated
cathodes. After 1 cycle, the circuit contains a single R-P element, while after 75 cycles, another R-P
element is added, owing to the formation of the CEI layer. The resistances after 75 cycles are calcu-
lated from the circuit model and are compared against those obtained from uncoated samples, tested
in the previous chapter.
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Figure 5.8: EIS spectra after 75 cycles for NMC 532, NMC 811 and LCO cathodes ((a), (b) and (c)).
The resistances Rct and Ra are plotted as a function of ALD cycles for the above cathodes after 75
cycles ((d), (e) and (f)).

The plot containing Rct and Ra for uncoated, 10 ALD and 30 ALD cathodes are shown in fig 5.8.
This figure also includes a comparison of the impedance spectra for uncoated cathodes, along with 10
ALD and 30 ALD cathodes after 75 cycles. From fig 5.8, we can verify that, after long term cycling,
there is a significant decrease in the impedance observed for the ALD coated samples compared to
the uncoated samples. This decrease thereby led to lesser charge transfer resistances for the ALD
coated samples. This proves that the deposition of Al2O3 helped produce a superior cathode surface,
which facilitates faster lithium diffusion. Furthermore, the bulk ionic conduction in the NMC and LCO
cathodes is enhanced by the deposition of Al2O3, which helps prevent undesirable reactions with the
electrolyte during cycling [174].

With an increase in ALD coating thickness, both the charge transfer resistance and the CEI layer
resistances drop. The NMC 532 30 ALD cathode did, however, experience a higher charge transfer
resistance, which could be a result of its thick coating layer, causing a hindrance in the diffusion of
lithium ions. This can be correlated to the peak shift observed in dQ/dV analysis, discussed in the
previous subsection.
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For the uncoated NMCs, intergranular cracking as a result of continuous electrolyte decomposition,
causes reduced electrical contact and accumulation of CEI layers, resulting in high impedance. The
presence of Al2O3 acts as an HF scavenger and prevents this decomposition, contributing to a low
cell impedance. This coating also aids in preventing the leaching of transition metals, which in turn
prevents surface reconstruction [175, 176]. However, for some of the 30 ALD cathodes, we notice
a higher impedance. This could be because of the thick coating that prevents lithium ion conduction,
as a result causing the resistance to increase. This phenomenon can be verified from their cycling
behaviour and from the dQ/dV curves [133].

5.3.5. Examining the Cathode Microstructure using SEM-EDS

The results from the electrochemical cycling and EIS indicated that the Al2O3 coating induces a stable
CEI layer, helping to prevent electrolyte decomposition and capacity fading. The ALD coated cathodes,
after long term cycling are subjected to SEM analysis, to study their surface morphology and structure.
The results for the 10 ALD and 30 ALD FS cathodes are shown in fig 5.9.
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Figure 5.9: SEMmicrographs of 10 ALD and 30 ALD coated NMC 532, NMC 811 and LCO FS cathodes
after 75 cycles. The images are taken at 2000x magnification and 5 kV acceleration voltage.

The above images show that after long term cycling, there are no surface cracks observed on the
ALD coated cathodes. This can be attributed to the stability and robustness of the Al2O3 layer, which
aids the electrode in recovering its original structure from volume expansions during cycling and pre-
serve the electrode network, which was absent in the uncoated cathodes [177]. The absence of cracks
on the surface of the NMC 532 30 ALD FS cathode, indicates that the structural instability of the cath-
ode, which could have been a result of a high charge transfer resistance observed in the previous
subsection, was not detectable in SEM.

In order to ascertain how the elemental composition, specifically the concentration of aluminium,
changes over cycling in the ALD coated cathodes, EDS analysis was performed. The results from
this analysis are shown in B.5. The results show that with an increasing ALD coating thickness, the
composition of aluminium increases in the cathodes. The presence of aluminium in the EDS spectrum
after long term cycling, indicates that the Al2O3 layer remains present in the cathodes. However, for
the other elements, EDS was inconclusive to ascertain their changes in composition upon cycling.

The SEM images of the ALD coated cathodes on aluminium current collectors, which were likewise
subjected to long-term cycling, are shown in B.6. The results were in line with those attained using FS
cathodes. This indicates that the ALD coating had a major impact on the cathodes’ ability to maintain
a stable surface during cycling, which improved their overall performance.

5.3.6. XRD Results

The XRD measurements were initially performed on the ALD coated powders to detect the presence
of impurities after ALD coating. Shown below is a representation of the data obtained from the mea-
surement of NMC 532 powder sample. The NMC 811 and LCO powder samples showed a similar
peak pattern, which are depicted in fig B.8. For an accurate comparison, the diffraction pattern of the
uncoated powder sample, obtained from the previous chapter, is also included to the plot.
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Figure 5.10: Diffraction patterns of *NMC 532 uncoated, 10 ALD and 30 ALD powder samples. The
pattern on the top right is the zoomed image of the highlighted region in the main pattern.
* The measurement for NMC 532 was performed using a monochromator for 15 hrs, while measure-
ments for NMC 811 and LCO were performed using an anti-scatter slit for 2 hrs. An open sample holder
was used for the measurements.

It is clear from the plot that the powder sample had no evidence of any additional peaks, following
the ALD coating. Additionally, it can be seen that the peaks are in line with one another and do not
shift after ALD treatment. This shows that following the application of the ALD coating, the powder’s
structure and crystallinity did not alter [138, 36]. Due to the splitting of the 006/112 and 108/110 peaks,
the patterns suggest that the ALD coated cathodes have an ordered hexagonal layered structure [127].
Additionally, the absence of an Al2O3 peak in the ALD coated samples illustrates that the coating is
thin and amorphous. From the previous subsections, it was learned that the Al2O3 coating layer added
structural stability to the NMC and LCO cathodes, which inhibited the formation of cracks during cycling.
The ALD coated cathodes are subjected to XRD in order to assess their structural stability throughout
electrochemical cycling. The results are show in fig 5.11.
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Figure 5.11: XRD patterns of *FS ALD coated NMC 532, NMC 811 and LCO cathodes before cycling,
**after 1 cycle and after 75 cycles.
* All the uncycled NMC 532 and NMC 811 cathodes were measured with a monochromator for 15 hrs
in an open sample holder. The LCO cathodes after 75 cycles were measured with an anti-scatter slit
using an air-tight sample holder. The remaining cathodes were measured with an anti-scatter slit using
an open sample holder.
** 1st cycle is at 0.1 C rate, while the 75th cycle is at 1 C rate.

It is clear from the plots that the ALD coated cathodes show a peak shift, particularly after 75 cycles.
The shift could have been due to lattice parameter expansion, displacement error or strain on the sam-
ple. To investigate the contributing factors for this peak shift, Rietveld refinement is performed. The
refinement results for NMC 532 10 ALD FS cathode after 75 cycles is shown in fig 5.12a, where Rw is
the weighted profile parameter. The refinement results for the remaining samples are shown in B.9.
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Figure 5.12: a) Rietveld refinement result for NMC 532 10 ALD FS cathode after 75 cycles. b) Micros-
train values for uncoated and ALD coated cathodes after 75 cycles.

From the refinement, the cause of the peak shifts seen in fig 5.11, seemed to be due to displace-
ment error. This error arises due to the changes in the height of the samples used for measurement.
There was no presence of microstrain observed after the refinement of the ALD coated cathodes after
75 cycles, as seen in fig 5.12b. Additionally, similar to the uncoated cathodes, the spinel structure of
the ALD coated cathodes remain unchanged after cycling. This implies that the ALD coated cathodes’
original structure was preserved, with no discernible significant phase transformations.

5.3.7. Surface Analysis using XPS

The ALD coated powder samples were tested with XPS to evaluate the stoichiometry of the surface
elements present in the samples. Investigated scans include Al 2p, C 1s, O 1s, and Li 1s. The scans
for transition metals contained high background, and are hence added in B.7. Fig 5.13 and fig 5.14
show the XPS results of the 10 ALD and 30 ALD cathode powders, respectively.

The Al 2p scan clearly reveals the presence of a peak at 74 eV, which corresponds to the Al2O3
coating on the samples. Due to the greater thickness of the Al2O3 layer, the 30 ALD samples have
an even more definite, obvious peak than the 10 ALD samples. This scan also has a peak at 67.8 eV,
attributed to the Ni 3p satellite and Co 3p satellite in NMC and LCO powders, respectively.

The C 1s scan consists of four peaks at 284.8 eV, 286.3 eV, 288.3 eV and 289.6 eV. The peak
at 284.8 eV is due to adventitious carbon while the peak at 286.3 eV is caused by the C-O bonds in
the carbon layer or due to the presence of carbonate species on the powder surface. The peaks at
288.3 eV and 289.6 eV are caused by the presence of Li2CO3 residue. This is a product formed by
the reaction of the Li2O present on the powder surface, with moisture. On comparing the peaks for
the ALD coated powders with the uncoated powders (see fig 4.14), it was found that the ALD coated
samples show reduced peaks for Li2CO3. This shows that the Li2CO3 residue was greatly reduced
from the powder’s surface, thanks to the presence of Al2O3. When powders are coated using ALD, the
precursor TMA combines with the -OH and -CO3

2− groups on the surface of the powder particles. This
creates a layer of Al2O3 that can remove any undesirable residues from the surface. As a result, the
sample’s surface develops a favourable LiAlO2 layer. This hence reduces the negative surface inter-
action, which otherwise could could slow the cycling process and cause an increase in impedance [178].
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Figure 5.13: Fitted photoelectron spectra of (from left to right, top and bottom row) Al 2p, C 1s, O 1s
and Li 1s for NMC 532, NMC 811 and LCO 10 ALD powder samples

The O 1s scan for both the ALD coated powders show a distinct peak attributed to C=O. This peak
could indicate a possible Li2CO3 residue on the surface of the sample. Additionally, this peak also
contains contribution from the Al-O bond of the Al2O3 layer. A large contribution to the C=O peak is
brought about by the high bond energy of Al-O (511 kJ/mol) [179, 180]. The Li 1s scan reveals that
the peak for Li2CO3 is lower in ALD coated powders than it is in uncoated powders, demonstrating the
efficiency of the ALD coating layer in minimizing residuals from accumulating on the surface.
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Figure 5.14: Fitted photoelectron spectra of (from left to right, top and bottom row) Al 2p, C 1s, O 1s
and Li 1s for NMC 532, NMC 811 and LCO 30 ALD powder samples

According to scans of transition metal elements (see B.7), Ni is typically found in the +2 and +3
valence states in NMCs, whereas Mn and Co are found in +4 and +3 states, respectively. On the other
hand, in LCO, Co exists predominantly in both +3 and +4 valence states [105]. The cathodes made
from these powders are examined using XPS, to determine the degree to which the composition of their
surface elements has changed, before and after cycling. The results are depicted below, according to
each elemental scan.
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Figure 5.15: Fitted Al 2p spectra of (from top to bottom row) 10 ALD and 30 ALD, (from left to right)
NMC 532, NMC 811 and LCO FS cathode samples. The cathode samples are tested before cycling,
after 1 cycle and after 75 cycles.

The ALD coated cathodes show a clear peak for Al 2p, confirming the presence of Al2O3 or LiAlO2
from the ALD coating. With a thicker ALD coating (30 ALD), the peak observed is more pronounced.
The presence of this peak in the cathodes after 75 cycles indicates that the Al2O3 layer remains intact
over cycling.
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Figure 5.16: Fitted C 1s spectra of (from top to bottom row) 10 ALD and 30 ALD, (from left to right)
NMC 532, NMC 811 and LCO FS cathode samples. The cathode samples are tested before cycling,
after 1 cycle and after 75 cycles.

During cycling, the decomposition of the electrolyte results in the formation of ROCO2Li, Li2CO3
and LiPFxOy products on the cathode surface [133]. The C=O, O=C-O, Li-F and O-F peaks in the
elemental scans serve as a sign for this. After cycling, it can be observed that the C=O and O=C-O
peaks are less prominent than they were on the uncoated cathode. This shows that in the ALD coated
cathodes, the contaminants Li2CO3 and ROCO2Li are not the dominanting ones in the CEI film.
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Figure 5.17: Fitted O 1s spectra of (from top to bottom row) 10 ALD and 30 ALD, (from left to right)
NMC 532, NMC 811 and LCO FS cathode samples. The cathode samples are tested before cycling,
after 1 cycle and after 75 cycles.

The O 1s scan contains an O-F peak at 534.8 eV, associated with the formation of LiPFxOy as a
result of electrolyte salt decomposition. This peak is less intense, in comparison to the peak observed
for uncoated cathodes after cycling (fig 4.16), which could imply a decrease in the decomposition of
electrolyte salt upon coating the cathodes with Al2O3. The oxygen atoms in the NMC and LCO crystal
lattice are responsible for the metal oxide peak at 529.5 eV. There were no detectable peaks for metal
oxide after cycling due to the existence of a CEI layer on the cathode surface [181].



5.3. Results and Discussion 57

Figure 5.18: Fitted Li 1s spectra of (from top to bottom row) 10 ALD and 30 ALD, (from left to right)
NMC 532, NMC 811 and LCO FS cathode samples. The cathode samples are tested before cycling,
after 1 cycle and after 75 cycles.

The LiF peak in the Li 1s scan can also be used to detect the formation of LiPFxOy contaminant.
Its decreased peak intensity indicates that the ALD coating was successful in alleviating electrolyte
decomposition. Another explanation for a decrease in peak intensity is that the cathode samples were
washed before being measured with DMC, which could have washed away the surface LiF [182, 183].
In the uncycled cathodes, the LiF peak could be from the electrode fabrication, which facilitates a reac-
tion between PVDF and Li2CO3/LiOH present on the cathode surface. A notable peak for Li2CO3 can
be observed in the Li 1s scan, which may help improve interface stability [133].
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Figure 5.19: Fitted F 1s spectra of (from top to bottom row) 10 ALD and 30 ALD, (from left to right)
NMC 532, NMC 811 and LCO FS cathode samples. The cathode samples are tested before cycling,
after 1 cycle and after 75 cycles.

In the F 1s scan, the strong peak associated with metal fluoride at 684.8 eV is observed after cycling.
The uncoated cathodes also exhibit this peak, but only after 75 cycles (fig 4.18). In the ALD coated
cathodes, the presence of this peak after 1 cycle, could imply that the metal fluoride formed is Al-F.
This could indicate that the Al2O3 coating layer acts as an HF scavenger, which lowers the acidity of
the electrolyte near the cathode surface. Consequently, the electrolyte/electrode parasitic interfacial
reaction is suppressed [148, 133]. The peak at 687.5 eV represents PVDF, while the peak at 685.6 eV
is due to the presence of LiPFxOy contaminant.

By acting as an HF scavenger and aiding in the formation of a stable CEI film, the Al2O3 coated
cathodes considerably minimised the electrolyte decomposition, as may be inferred from the aforemen-
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tioned observations. This reduces the accumulation of inorganic contaminants like LiF, LiPFxOy and
Li2CO3 on the cathode surface.

5.3.8. NMR Results

In this study, the NMR experiments were performed on two different nuclei, 27Al and 7Li. The latter is
solely used for LCO 30 ALD cathodes, in order to monitor changes in their lithium environment. Due to
the existence of paramagnetic centres, the 7Li measurements on NMCs were difficult to measure, and
no clear information could be inferred. All the 30 ALD cathodes were investigated with 27Al NMR to
examine how the Al2O3 coating layer changes with cycling and contrast how this affects the cathodes’
performance.

27Al NMR

The results for the 27Al NMR spectra for NMC 532, NMC 811 and LCO cathodes are shown in fig 5.20.
In both the NMC and LCO spectra, the peak at 9 ppm indicates the presence of 6-coordinate Al en-
vironments within the coating. This central peak denotes the presence of Al2O3 and/or Al(OH)3 [184,
185]. However, none of the scans produced a separate resonance for the 4-coordinate LiAlO2. The
peak intensity differences observed between the 4- and 6- coordinate peaks were very minimal, which
may mean that less LiAlO2 was formed after cycling [186].

When comparing the peaks of the NMC cathodes, it can be seen that cycling had no effect on the
peak position. The fact that the 27Al is a quadrupolar nucleus, which produces broad signals, may be
one of the reasons of this lack of change in the spectra of 27Al. For a quadrupolar nucleus, the charge
distribution around its nucleus is anisotropic, making it sensitive to the symmetry of the electric field gra-
dient of its surrounding. Line broadening occurs if this electric field gradient is not symmetric [162, 187].
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Figure 5.20: 27Al solid state NMR spectra of a) NMC 532, b) NMC 811 and c) LCO 30 ALD powder and
FS cathode samples.

The identical peak positions may also result from the increased presence of unpaired paramagnetic
Ni2+/Ni3+ and Mn4+ metal centers surrounding Al in the NMCs. This diminishes their resolution by
hyperfine interaction, resulting in paramagnetic broadening, as seen in the spectra [188, 189]. Half-
integer quadrupolar nuclei in paramagnetic systems experience both the paramagnetic effects and the
quadrupolar interaction, which contributes to the lineshape and, as a result, makes it extremely difficult
to extract NMR parameters [190]. From the 27Al NMR spectra of the LCO samples (fig 5.20c), it can be
seen that the uncycled LCO cathode exhibits a peak shift to ≈ 56 ppm. This could signify the formation
of 4-coordinate α-LiAlO2 phase, owing to the interfacial reaction between the alumina coating layer with
the lithium species on the surface of the cathode [185]. This phase, however disappears after cycling
as observed in the spectra.
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In order to determine whether the storage environment had an impact on the peak resonances, a
fresh batch of NMC 622 powder samples prepared under different storage conditions were subjected
to 27Al NMR measurement. The results (see B.15) showed that leaving the samples in ambient atmo-
sphere produced large, distinct peaks in the spectra. This indicates that the storage environment has
an effect on the peak resonances observed.

Overall, the findings from this work’s 27Al NMR were insufficient to explain how cycling affects the
aluminium environment. A different strategy using high magnetic fields and high rotor spinning speed
might help to lessen quadrupolar interactions and create distinct resonances [191, 192].

7Li NMR

The spectra for the 7Li NMR on the 30 ALD LCO samples are shown in fig 5.21.

Figure 5.21: 7Li Solid State NMR spectra of LCO 30 ALD powder and FS cathode samples.

The clear peak at 0 ppm in the spectra is attributed to the lithium ions inside the LCO. From the
spectra, it can be observed that there is no change in the central peak position over cycling. However,
after 75 cycles, the presence of a weak resonance can be observed at 60 ppm. The formation of a
lithiated spinel phase (LixCoO2) in the LCO, is thought to be the cause of this resonance. A lithiated
spinel phase forms when the LCO starts to show a metallic behaviour after a particular level of lithiation.
Electronic delocalisation within LCO is the cause of this. Due to the involvement of lithium’s orbitals in
the conduction band, the nature of the hyperfine interaction it experiences, changes from Fermi shift to
a Knight shift as a result, leading to a weak resonance becoming apparent in the spectra [193, 194, 195].

Overall, the 7Li NMR successfully demonstrated how cycling affects the spectra due to the changes
in the oxidation states of cobalt ions present in LCO. Furthermore, this also indicated the presence of
a reversible first order phase transition after long term cycling.
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5.4. Conclusion
The chapter’s goal was to look into how the the ALD coating impacted the NMC and LCO cathodes
during cycling. The behaviour of the cathodes was examined using a variety of tests, including electro-
chemical cycling, EIS, SEM, XRD, XPS, and NMR. The results were contrasted with those seen in the
previous chapter, with uncoated cathodes.

The results showed that coating the cathodes with Al2O3 drastically improved their cycling perfor-
mances. These cathodes also saw a lower charge transfer resistance due to the presence of a stable
CEI layer, which enhances the transport of lithium ions. By acting as an HF scavenger, the Al2O3 in
the ALD coated cathodes assisted to produce a cathode surface that was nearly free of impurities. As
a result, the cathode surface was stable and free of microcracks, which inhibited the development of
microstrain and minimised electrolyte decomposition during cycling. Thus, coating the cathodes with
ALD proved to be successful in improving its performance, specifically during the long term cycling.



6
Conclusion and Outlook

6.1. Conclusion
The aim of this thesis was to gain insight into the chemistry of uncoated and ALD coated cathodes
during electrochemical cycling. This research was performed on three different LIB cathode materials:
NMC 532, NMC 811 and LCO. Furthermore, this investigation demanded the usage of a free-standing
cathode, which was made and cycled in a half cell configuration. To address the research questions of
this thesis, these cathodes were further tested using different characterization techniques.

According to the literature reviewed in chapter 2, there is a lot of room for doing LIB research with
ALD coated FS cathodes to keep enhancing its cycling behaviour. These cathodes could potentially
be put through tests at high potentials and at various temperatures to evaluate any changes in their
cycling behaviour. The conclusions drawn from chapters 4 and 5 of this study, provide answers to the
research questions posed in chapter 3 of this thesis. The answers are given below.

How are FS cathodes made and how does the cycling performance of a FS cathode compare
against a cathode with aluminium current collector?

In the current work, a release liner is used for making FS cathodes, which are then meticulously
extracted to create the cathode. These cathodes show very similar cycling behaviour to the cathodes
with the aluminium current collector, as depicted in chapter 4. From SEM observation, it was discov-
ered that the structure was identical for both the cathodes. This outcome provided the motivation to
carry out the remainder of the research, specifically the elemental characterizations, using FS cathodes.

What are the changes in cycling behaviour of an ALD coated cathode compared to an uncoated
cathode?

In comparison to uncoated cathodes, the ALD coated cathodes exhibit improved cycling stability,
as shown in chapter 5. The presence of the Al2O3 layer facilitates the formation of a stable CEI, which
reduces the impedance by enhancing the diffusion of lithium ions into the cathode lattice.

The uncoated cathodes experienced capacity fading during long term cycling, as a result of elec-
trolyte decomposition brought on by the unstable CEI layer. This caused the appearance of microcracks
on their surface observed by SEM, resulting in microstrain observed by XRD and Rietveld refinement.
The complete absence of this phenomena in the ALD coated cathodes demonstrated the beneficial role
played by Al2O3 in preventing lattice collapse. Additionally, to obtain high capacities during cycling, it
is advised to keep the ALD coating as thin as possible, to prevent any hindrance in lithium and electron
transport.

What are the elemental changes observed for the coated and uncoated cathodes when subjected
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to electrochemical cycling?

From the surface analysis of the cathode samples using XPS, it was found that the uncoated cath-
ode powders had impurities on their surface, as a result of a moisture-induced reaction with the surface
elements present. These impurities were significantly reduced when Al2O3 was applied to these pow-
ders through ALD.

The uncoated cathodes, after long term cycling, had contaminants from electrolyte decomposition
present on their surface, which was discovered using XPS in chapter 4. These contaminants began
to form during the initial cycle and gradually grew in quantity upon cycling for long. Upon coating the
cathodes with Al2O3, these contaminants were greatly diminished. Al2O3 acts as an HF scavenger and
prevents electrolyte oxidation in the cells containing the coated cathodes, ensuring good cycle stability.

How does the aluminium environment change for an ALD coated cathode over cycling?

After cycling, the alumina layer on the cathode surface was still clearly apparent, as was found
using XPS in chapter 5. However, the NMR findings failed to provide conclusive evidence about the
changes that occur in the aluminium environment over cycling. The findings of chapter 5 show that the
resolution was insufficient to detect distinct peak changes between the scans.

In conclusion, the application of ALD to coat the cathodes was successful in reducing electrolyte
decomposition and displaying an improved performance. This demonstrates its suitability for use in a
commercial LIB for enhanced performance. The goal of this effort, which was to examine the cathode
chemistry using multiple techniques, was also considerably aided by the use of a FS cathode.

6.2. Further Scope of Research
The findings of this thesis offer a variety of intriguing possibilities for further research. As stated in
chapter 2, the main goal of this thesis was to examine the behaviour of cathodes. Hence, a half cell
with lithium as anode was employed. Future work on the ALD coated cathodes, could employ a full cell
for cathode investigation. Graphite serves as the anode in a commercial LIB cell, which can both limit
the growth of lithium dendrites and aid in the analysis of the cell’s behaviour as a whole [19].

A particularly interesting future avenue for the FS cathodes would be to enhance its degree of flex-
ibility. This would be extremely valuable when used in flexible electronic devices. The FS cathodes
used in this study frequently broke apart when bent past a certain threshold. Future research could
alter the cathode-making process to help create an electrode with a high degree of flexibility.

An existing challenge that is faced by commercial LIBs, is their performance at high voltage and
high rate conditions. For the LIB cathode materials, higher voltage cycling above 4.5 V vs Li+/Li is
necessary in order to attain high capacities. This is hampered by the presence of LiPF6 electrolyte,
which causes the dissolution of transition metals and irreversible phase transitions, when cycling at
high voltages. Future research could look into an alternative electrolyte. Polymer electrolytes have
demonstrated reasonable success in this regard [196, 197, 198].

In this work, XPS was used to identify the stoichiometry of the elements present on the cathode
surfaces, as shown in chapters 4 and 5. However, the scans for transition metal elements yielded a
weak signal, making it ineffective to examine them. The high background detected could have several
causes, one of which being surface contamination [199]. In order to avoid this contamination, care
should be taken when handling the sample. Increasing the number of scans for these elements can be
another approach to attempt, in order to obtain a clear signal.

As stated in chapter 5, the 27Al NMR experiments could be carried out at a high magnetic field and
with high spinning speeds to detect clear resonances and minimise the quadrupolar interactions, when
studying the aluminium environment in cathodes.
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A
Supplementary Information -

Uncoated Cathodes

A.1. Electrochemical Cycling Performance of Pressed and Unpressed
Cathode

Figure A.1: Long term cycling test on uncoated NMC 532 FS cathode (pressed and unpressed).
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A.2. EIS Results for Uncoated Cathodes

A.2.1. KKT Plots

Figure A.2: KKT results of a) NMC 532, b) NMC 811 and c) LCO FS cathodes after 75 cycles.
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A.3. SEM Results

A.3.1. After 1 cycle

Figure A.3: SEM micrographs of uncoated a) NMC 532, b) NMC 811 and c) LCO FS cathodes after 1
cycle. The images are taken at 2000x magnification and 5 kV acceleration voltage.
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A.3.2. After 75 cycles

Figure A.4: SEM micrographs of uncoated a) NMC 532, b) NMC 811 and c) LCO Al cathodes after 75
cycles. The images are taken at 2000x magnification and 5 kV acceleration voltage. The highlighted
region shows the presence of microcracks on the surface of the particles.
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A.4. XRD Refinement Results

Figure A.5: Rietveld refinement patterns of uncoated NMC 811 and LCO FS cathodes after 75 cycles.

A.4.1. Lattice Parameters

Table A.1: Lattice parameters a, b, c and ratio c/a for uncoated NMC 532, NMC 811 and LCO FS
cathodes, before cycling and after 75 cycles.

Cathode a b c c/a

NMC 532 FS uncycled 2.86839 2.86839 14.24063 4.9646

NMC 532 FS after 75 cycles 2.84805 2.84805 14.41015 5.0596

NMC 811 FS uncycled 2.87028 2.87028 14.18886 4.9433

NMC 811 FS after 75 cycles 2.82817 2.82817 14.55172 5.1453

LCO FS uncycled 2.81415 2.81415 14.055 4.9944

LCO FS after 75 cycles 2.80463 2.80463 14.14175 5.0422
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Figure A.6: Microstrain values obtained from Rietveld refinement of NMC 532, NMC 811 and LCO
uncoated cathodes on aluminium current collector.

A.5. XPS Analysis of Transition Metal Elements in Powders and
Cathodes

A.5.1. Powders

Figure A.7: (From left to right) Ni 2p, Mn 2p and Co 2p spectra of NMC 532 and NMC 811 cathode
powders.
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A.5.2. Cathodes

Figure A.8: Ni 2p spectra of (from left to right) NMC 532 and NMC 811 FS cathode samples. The
cathode samples are tested before cycling, after 1 cycle and after 75 cycles.

Figure A.9: Mn 2p spectra of (from left to right) NMC 532 and NMC 811 FS cathode samples. The
cathode samples are tested before cycling, after 1 cycle and after 75 cycles.
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Figure A.10: Co 2p spectra of (from left to right) NMC 532, NMC 811 and LCO FS cathode samples.
The cathode samples are tested before cycling, after 1 cycle and after 75 cycles.



B
Supplementary Information - ALD

Coated Cathodes

B.1. Electrochemical Cycling Performance of a Full Cell and a Half
Cell

Figure B.1: Long term cycling test on NMC 532 30 FS cathode used in a full cell and a half cell. The
test was performed for 150 cycles at 0.5 C rate, in addition to 5 formation cycles at 0.1 C rate. The
anode used in a full cell and a half cell was lithium titanate (LTO) and lithium metal, respectively.
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B.2. dQ/dV Analysis of ALD Coated Cathodes on Aluminium Cur-
rent Collector



B.3. EIS Results for ALD Coated Cathodes on Aluminium Current Collector 85

Figure B.2: dQ/dV curves of Al NMC 532, NMC 811 and LCO cathodes (10 ALD and 30 ALD) after 2nd,
15th, 75th and 150th cycle*. * 2nd cycle is at 0.1 C rate, while 15th, 75th and 150th cycles are at 1 C
rates.

B.3. EIS Results for ALD Coated Cathodes on Aluminium Current
Collector

B.3.1. EIS Spectra
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Figure B.3: EIS spectra of NMC 532, NMC 811 and LCO ALD coated cathodes on aluminium current
collector, *after the 1st and the 75th cycle. The spectra follows the circuit model as shown in fig 5.7. *
1st cycle is at 0.1 C rate, while the 75th cycle is at 1 C rate.

B.3.2. KKT Results
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Figure B.4: KKT results of NMC 532, NMC 811 and LCO ALD coated cathodes after 75 cycles.
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B.4. SEM Microstructure of ALD Coated Cathodes

B.4.1. After 1 cycle
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Figure B.5: SEM micrographs of ALD coated NMC 532, NMC 811 and LCO FS cathodes after 1 cycle.
The images are taken at 2000x magnification and 5 kV acceleration voltage.

B.4.2. After 75 cycles
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Figure B.6: SEM micrographs of ALD coated NMC 532, NMC 811 and LCO cathodes on aluminium
current collector after 75 cycles. The images are taken at 2000x magnification and 5 kV acceleration
voltage.
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B.5. EDS Results

B.5.1. NMC 532

Table B.1: SEM-EDS results of NMC 532 uncoated, 10 ALD and 30 ALD cathodes after 75 cycles.

Elements NMC 532 uncoated FS NMC 532 10 ALD FS NMC 532 30 ALD FS

Mass % Atom % Mass % Atom % Mass % Atom %

C 26.73 45.19 29.19 47.09 27.07 45.44

O 27.1 34.39 28.15 34.1 27.58 34.81

F 5.71 6.1 6.3 6.42 5.07 5.38

Al 0 0 0.17 0.12 0.43 0.32

P 0.13 0.08 0.23 0.14 0.13 0.11

Mn 12.7 4.69 11.28 3.98 12.58 4.62

Co 7.79 2.68 7.04 2.32 7.69 2.63

Ni 19.85 6.86 17.66 5.83 19.45 6.68
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B.5.2. NMC 811

Table B.2: SEM-EDS results of NMC 811 uncoated, 10 ALD and 30 ALD cathodes after 75 cycles.

Elements NMC 811 uncoated FS NMC 811 10 ALD FS NMC 811 30 ALD FS

Mass % Atom % Mass % Atom % Mass % Atom %

C 17.99 34.55 22.37 39.15 21.05 38.2

O 28.96 41.74 28.87 67.68 28.03 38.1

F 3.33 4.04 7.53 8.28 5.72 6.55

Al 0 0 0.29 0.23 0.59 0.48

P 0.23 0.17 0.24 0.15 0.12 0.14

Mn 2.8 1.18 2.34 0.89 2.51 0.99

Co 5.62 2.2 4.6 1.63 5.16 1.91

Ni 41.06 16.13 33.74 12 36.81 13.64
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B.5.3. LCO

Table B.3: SEM-EDS results of LCO uncoated, 10 ALD and 30 ALD cathodes after 75 cycles.

Elements LCO uncoated FS LCO 10 ALD FS LCO 30 ALD FS

Mass % Atom % Mass % Atom % Mass % Atom %

C 30.14 47.81 31.76 47.72 33.59 50.67

O 30.23 36.01 30.69 35.74 28.65 32.44

F 4.8 4.81 6.26 6.14 7.88 7.51

Al 0 0 0.25 0.18 0.39 0.26

P 0.16 0.1 0.35 0.21 0.18 0.1

Co 34.67 11.27 32.68 10.01 29.32 9.01

The EDS data for NMC 532, NMC 811 and LCO show that with an increasing ALD coating thickness,
the composition of aluminium increases. The presence of aluminium in the EDS spectrum after long
term cycling, indicates that the Al2O3 layer remains present in the cathodes. Furthermore, in all the
cathodes, a large quantity of C and O is present. A significant amount of this could arise from the
carbon tape used during measurement. To verify this, an EDS measurement is performed with a plain
carbon tape. The results are shown in table B.4 and its corresponding elemental maps are shown in fig
B.7. The results clearly show a large quantity of carbon and oxygen present in the carbon tape, which
may account for their higher prevalence in the cathode scans.
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Table B.4: EDS measurement on carbon tape

Elements Carbon tape

Mass % Atom %

C 65.51 71.92

O 33.91 27.94

Al 0.05 0.03

Cu 0.53 0.11

Figure B.7: Elemental maps for carbon and oxygen in the carbon tape, obtained from EDS.
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B.6. XRD Results

B.6.1. Diffraction Patterns of NMC 811 and LCO Powder Samples

Figure B.8: Diffraction patterns of uncoated, 10 ALD coated and 30 ALD coated NMC 532, NMC 811
and LCO powder samples.

B.6.2. Rietveld Refinement on ALD Coated Cathodes
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Figure B.9: Rietveld refinement patterns of ALD coated NMC 532, NMC 811 and LCO FS cathodes
after 75 cycles.
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B.6.3. Lattice Parameters

Table B.5: Lattice parameters a, b, c and c/a ratio of 10 ALD and 30 ALD NMC 532, NMC 811 and LCO
FS cathodes, before cycling and after 75 cycles.

Cathode a b c c/a

NMC 532 10 ALD FS uncycled 2.86615 2.86615 14.2305 4.9650
NMC 532 10 ALD FS after 75 cycles 2.86615 2.86615 14.23047 4.9650
NMC 532 30 ALD FS uncycled 2.86608 2.86608 14.2299 4.9649
NMC 532 30 ALD FS after 75 cycles 2.85004 2.85004 14.33771 5.0307

NMC 811 10 ALD FS uncycled 2.86610 2.86610 14.16288 4.9415
NMC 811 10 ALD FS after 75 cycles 2.86755 2.86755 14.18383 4.9463
NMC 811 30 ALD FS uncycled 2.87012 2.87012 14.17437 4.9386
NMC 811 30 ALD FS after 75 cycles 2.87108 2.87108 14.18114 4.9393

LCO 10 ALD FS uncycled 2.82044 2.82044 14.10534 5.0011
LCO 10 ALD FS after 75 cycles 2.82127 2.82127 14.09829 4.9971
LCO 30 ALD FS uncycled 2.82333 2.82333 14.11551 4.9996
LCO 30 ALD FS after 75 cycles 2.81725 2.81725 14.06271 4.9916
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B.7. XPS Analysis on Transition Metal Elements

B.7.1. Powders

Figure B.10: (From left to right) Ni 2p, Mn 2p and Co 2p spectra of NMC 532 and NMC 811 10 ALD
cathode powders.

Figure B.11: (From left to right) Ni 2p, Mn 2p and Co 2p spectra of NMC 532 and NMC 811 30 ALD
cathode powders.
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B.7.2. Cathodes

Figure B.12: Ni 2p spectra of (from top to bottom row) 10 ALD and 30 ALD, (from left to right) NMC
532 and NMC 811 FS cathode samples. The cathode samples are tested before cycling, after 1 cycle
and after 75 cycles.
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Figure B.13: Mn 2p spectra of (from top to bottom row) 10 ALD and 30 ALD, (from left to right) NMC
532 and NMC 811 FS cathode samples. The cathode samples are tested before cycling, after 1 cycle
and after 75 cycles.
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Figure B.14: Co 2p spectra of (from top to bottom row) 10 ALD and 30 ALD, (from left to right) NMC
532, NMC 811 and LCO FS cathode samples. The cathode samples are tested before cycling, after 1
cycle and after 75 cycles.
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B.8. Effect of Storage Environment on NMR Spectra

Figure B.15: 27Al NMR spectra of NMC 622 under conditions of filling and storage, inside and outside
the glovebox.
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