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Abstract

”Experimental study of the diffusion coefficient of high-voltage LNMO spinel positive electrodes
for next-generation Li-ion batteries”

Manon Winnock

Master of Chemical and Materials Engineering: Profile Materials

Academic year: 2023-2024

Lithium-ion batteries play an important role in the global shift away from traditional fossil fuel
technologies toward more sustainable energy production and storage solutions. However, with
increasing demand for Li-ion batteries, the reliance on critical raw materials, under which cobalt,
escalates as well. One potential solution lies in developing cobalt-free electrodes, which could mit-
igate dependency on scarce resources. This master’s thesis focuses on studying next-generation
high-voltage LiNig sMn; 504 (LNMO) spinel positive electrode materials. To model the optimal
design of Li-ion batteries containing this LNMO positive electrode, it is important to obtain
reliable and quantitative values for among others the lithium ion diffusion coefficient. Lithium
diffusion within electrodes plays a crucial role in determining the battery’s charge/discharge
rates. So, the main objective of this thesis is to establish a robust understanding of the evolution
of the lithium diffusion coefficient in thin film LNMO electrodes through diverse experimental
approaches. The electrode being a thin film instead of a composite allows to model a system
where other components such as binders and conductive additives are avoided. The techniques
used to determine the diffusion coefficient are the Galvanostatic Intermittent Titration Technique
(GITT), the Potentiostatic Intermittent Titration Technique (PITT) and Intermittent Current
Interruption (ICI). With these techniques the evolution of the diffusion coeflicient as a function
of potential can be determined. The three techniques result in diffusivities that differ in order
of magnitude, but show the same trends. For ICI, PITT and GITT respectively diffusion co-
efficients varying from 107 to 107!3 cm?/s, 107! to 107! ¢m?/s and 107! to 107 cm?/s
are found. By comparing the different techniques, PITT is found to be the most reliable to
determine the diffusion coefficient for thin film LNMO electrodes, especially in the high-voltage
window. Furthermore, the impact of the thin film electrode thickness is explored as well. This
showed a change in behaviour starting from a thickness of 200 nm.

Keywords: LiNigsMnj 504, thin film, diffusion coefficient, GITT, PITT, ICI
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Chapter 1

Introduction and objectives

Lithium-ion batteries have become an integral part of modern life, powering a vast array of
portable electronic devices including cellular phones, laptops, and digital cameras. Beyond con-
sumer electronics, these batteries are increasingly vital in the global shift away from traditional
fossil fuel technologies toward more sustainable energy production and storage solutions. They
play a pivotal role in the adoption of electric vehicles and the integration of renewable energy
sources into power grids.

However, as the demand for lithium-ion batteries escalates, so does our reliance on critical
raw materials, notably lithium and cobalt. Securing these resources is proving to be a growing
challenge with potentially significant environmental consequences. Cobalt, in particular, holds
exceptional value as a key component of lithium-ion battery positive electrodes. Forecasts indi-
cate potential deficits in cobalt supply as early as 2030, highlighting the urgency to address this
issue. Moreover, the majority of cobalt production is concentrated in the Democratic Republic
of the Congo, where mining operations often involve unethical practices and face geopolitical
instability, further underscoring the need for alternative battery systems.

One potential solution lies in developing cobalt-free electrodes, which could mitigate depen-
dency on scarce resources. However, current commercial batteries utilizing these materials do
not yet match the performance standards—specifically in terms of cyclability, durability, and ef-
ficiency—set by cobalt-containing counterparts. Consequently, further research and development
efforts are crucial to enhance the competitiveness of alternative battery technologies.

This master’s thesis focuses on advancing the understanding of next-generation high-voltage
LiNig 5sMn; 504 (LNMO) spinel positive electrode materials. To optimize lithium-ion batter-
ies, investigating the kinetic parameters governing lithium intercalation electrodes is essen-
tial. Lithium diffusion within the electrodes plays a critical role in determining the battery’s
charge/discharge rates. This thesis will determine the lithium diffusion coefficient in LNMO
positive electrode thin films, also taking into account how electrode thickness influences the
electrochemical behaviour. The evolution of the diffusion coefficient during charging will be
studied using various experimental techniques, including the Galvanostatic Intermittent Titra-
tion Technique, the Potentiostatic Intermittent Titration Technique, and Intermittent Current
Interruption. These methods apply transient current or potential and measure the corresponding
potential or current response, enabling a comprehensive analysis of lithium diffusion behaviour
in LNMO electrodes.

The primary objective of this master’s thesis is to establish a robust understanding of the
evolution of the lithium diffusion coefficient in LNMO electrodes through diverse experimen-
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tal approaches. Therefore, different methods need to be developed to determine the diffusion
coefficient. Additionally, this research will explore the impact of electrode thickness on its elec-
trochemical behaviour, providing valuable insights to advance lithium-ion battery technology
and contribute to the development of more efficient and sustainable energy storage solutions.



Chapter 2

State of the art

2.1 Energy

On 15 November 2022 the world’s population reached 8 billion people, which is three times more
than in the mid-twentieth century (“Population”, n.d.). With increasing human population, the
consumption of natural resources rises as well. The development of science and technology in the
19" century created many improvements in society standards and quality of life. However, it also
came with a cost. It launched an unsustainable cycle of economic growth that caused dependence
on scarce materials and a global climate change resulting in extreme weather conditions mostly
impacting vulnerable communities (Intergovernmental Panel on Climate Change, 2023). The
global climate change manifests itself under a global surface temperature that is 1.1°C higher
in 2011-2020 compared to 1850-1900. The rise in temperature can mainly be attributed to the
continued increase in emissions of greenhouse gasses (GHG). The global greenhouse gas emission
by economic sectors is given in Figure 2.1. The largest share and growth in GHG emissions occurs
under the form of COy from fossil fuel combustion and industrial processes (Intergovernmental
Panel on Climate Change, 2023).

!7 22% Agriculture and forestry

15% Transportation \\

—— 24% Industry

/ ¥ 5% Buildings
34% Energy supply

Figure 2.1: Global GHG emission by economic sector. The energy supply sector corresponds
to heat and electricity production, and the building sector comprises onsite energy generation
and burning fuels for commercial and private households heating (Intergovernmental Panel on
Climate Change, 2023; Soult, 2023).
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Limiting human-caused global warming requires net zero CO5 emissions. Until this is reached,
the reduction in cumulative carbon and GHG emissions this decade will largely determine
whether warming can be limited to 1.5 °C or 2 °C. For the energy supply sector a radical
shift from a model dependent on fossil fuels to a system based on renewable energy sources and
reduced production and consumption, is required to tackle this issue (Intergovernmental Panel
on Climate Change, 2023). Renewable energy sources (such as solar or wind energy) require
energy storage. For these systems, aspects such as the rate of energy storage, long service life
(number of cycles) and a relatively low cost are very important (Kulova et al., 2020). Energy
can be stored in many ways, for example as compressed air that is afterwards decompressed in a
turbine running a generator (De Decker, 2020; Vieira et al., 2021), as kinetic energy in a flywheel
(Amiryar & Pullen, 2017), as chemical energy in hydrogen liquid or gas (Hirscher et al., 2020),
or as chemical energy in an electrochemical battery. Currently, lithium-ion batteries (LIB) are
beginning to dominate the field with a high energy density, a high power density and a prolonged
lifetime when compared to other battery types (Kulova et al., 2020; Soult, 2023).

However, the popularity of LIB has raised the dependence on scarce materials, such as lithium
and cobalt. The most important Lithium-production sites are in South America (Chile and
Argentina) and in Australia. Accessing these resources will become more difficult with higher
impacts on the environment. Even with these larger efforts and with recycling of lithium, the
long-term availability of lithium might still be insufficient for the growing demand (Wanger,
2011). On the other hand, cobalt is present in the positive electrode. Cobalt is the most valuable
component in LIB and deficits in cobalt supply could occur as early as 2030. Cobalt is considered
a critical resource as around 60% of the worldwide mine production in 2018 originated from
copper-cobalt ores in the Democratic Republic of the Congo (DRC). Here, cobalt is being mined
under unethical working conditions and geopolitical instability. Moreover, Chinese companies
dominate most of the cobalt mining operations in the DRC. Considering that China might
experience cobalt supply deficits itself by 2030, China’s cobalt production will likely prioritize
domestic battery manufacturers (Gourley et al., 2020). The upcoming cobalt supply deficits and
unpredictable market prices of raw cobalt make the need for cobalt-free energy storage solutions
clear.

2.2 Batteries

A battery can store chemical energy and convert it into electrical energy during charge and
discharge (Winter & Brodd, 2004). Inside a battery, electrochemical processes occur. These are
chemical reactions where electrons are transferred, via an external circuit, to or from a chemical
species, producing a change in its oxidation state. The general reaction in every electrochemical
process is (Soult, 2023):

Ox 4+ ne” = Red
With:
e Ox = oxidized species

e Red = reduced species
e n = number of electrons transferred during the reaction
Each battery consists of multiple electrochemical cells that are electrically connected, with

contacts to supply electrical energy. With these contacts electrons are collected and flow through
an external circuit, while ions flow between two electrodes through the electrolyte inside each
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electrochemical cell. The two electrodes are the cathode and the anode, where respectively
the reduction and oxidation reaction take place (Winter & Brodd, 2004). In Figure 2.2, a
representation of an electrochemical cell is given.

o=
= External circuit
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1 1
1 1
1 1
i i
1 1
1 1
1 1
1 1
< anions | ! cations >
| |
1 1
1 1
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Oxidation: Reduction:
Red, = 0x, + ne~ 0x, + ne” = Red,

Figure 2.2: The representation of an electrochemical cell.

In a battery the electrodes are also referred to as the positive and the negative electrode.
Depending on whether the battery is in charge or discharge mode their roles will be different.
During discharge the positive electrode is the cathode and the negative electrode is the anode.
During charge it is the other way around. This is represented in Table 2.1. In this work LNMO
is the cathode in discharge mode, it will be referred to as the positive electrode.

Table 2.1: The link between the positive and negative electrode on the one hand and the cathode
and anode on the other hand.

Electrode Discharge Charge

Positive electrode Cathode Anode
Negative electrode Anode Cathode

Some basic terms to be able to compare and evaluate different batteries are:

e Capacity
The capacity is the amount of electrical energy a battery can deliver under specific discharge
conditions (Rubenbauer & Henninger, 2017). It is defined in units of Ah. In simpler terms,
the capacity of a battery gives an idea of how long a battery can power a device before it
needs to be recharged. For example, a battery with a capacity of 3 Ah can theoretically
deliver a current of 3 A for 1 hour, 1.5 A for two hours and so on (Aktag & Kirgigek, 2021).
When referring to the capacity of an electrode, it needs to be normalized with respect to

the active mass or volume in active mass® in the electrode. These are defined in units of
respectively Ah/kg and Ah/cm?3 (Soult, 2023).

IThe active mass is the material that generates electrical current with a chemical reaction within the battery
(Winter & Brodd, 2004).
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e Power

The power of a battery indicates how quickly a battery can deliver energy to a system.
Higher power batteries can supply energy more quickly, which is important for applications
where a high power output is required, such as powering electric vehicles (Saft, n.d.). The
power of a battery is given by the product of the current and voltage during charge or
discharge. Tt is expressed in W (Korthauer, 2018).

e Energy

The energy of a battery refers to the total amount of energy it can store and deliver. It
represents the total amount of work that can be done by the battery when it is discharged
(Saft, n.d.). The energy of a battery is given by the product of the capacity and the
average discharge voltage. It is expressed in Wh (Korthauer, 2018). The specific energy is
normalized by the mass of the full battery and expressed in Wh/kg. On the other hand
the energy density is normalized by the volume of the battery and expressed in Wh/cm?
(Winter & Brodd, 2004).

e C-rate

The C-rate is a measure of the rate at which the battery is charged or discharged relative to
its maximum capacity. A 1C rate means the battery is being charged or discharged for one
hour at a current equal to its capacity. For example a battery with a capacity of 100 Ah
has a 1C rate equal to 100 A. This means the battery is completely discharged in one hour
when the discharge current is equal to 100 A. A 5C rate for this battery would equate to a
discharge current of 500 A and a C/2 rate to a discharge current of 50 A. So, in summary
the C-rate helps to understand how quickly a battery is being charged or discharged (MIT
Electric Vehicle Team, 2008).

The difference between energy and power is visualized in Figure 2.3. The larger the bottle or
cup, the more water it can hold. This is comparable to a battery’s energy. The opening through
wich the water is poured determines how fast it can be poured. This is similar to a battery’s
power (Saft, n.d.).

Figure 2.3: The mug has a high power density since it can empty all of its content almost
simultaneously. The jug, on the other hand releases its content more slowly, but holds more
water (more ”energy”) than the mug (Energy Education, n.d.; Tecate Group, n.d.).

A battery has some important properties. Its voltage should be constant and with a minimum
overpotential. The overpotential is the extra potential needed (with respect to the reversible



2.3. LITHIUM-ION BATTERIES 7

reaction potential) to overcome the activation barrier and allow the reaction to occur (Brett &
Brett, 1993). Furthermore, on discharging the battery, the voltage should remain constant as
well. While storing the battery, self-discharge should be limited (Hubin, 2021). Self-discharge is
a spontaneous loss of energy from a charged storage device without connecting to the external
circuit. This energy loss can be caused by multiple mechanisms that shift the storage system
from a higher-charged free energy state to a lower free state. A few examples are: side reactions
at the electrode surfaces, presence of impurities in low concentrations, leakage current,... (Babu,
2024).

2.3 Lithium-ion batteries

Lithium is considered an important metal available for battery chemistry. Apart from being
non-toxic, it is very light and has a redox potential of -3.05 V with respect to the standard
hydrogen electrode (SHE) which is very low. This fundamental advantage over other chemistries
allows lithium-based batteries to have a higher potential for energy storage (Korthauer, 2018;
Zubi et al., 2018). However, as a result of this redox potential lithium is also very reactive,
which makes it technologically challenging to build safe battery cells containing metallic lithium.
Another problem with metallic lithium as electrode is the risk of dendritic growth during charging
causing short circuits. Therefore, intercalation compounds capable of donating lithium ions are
used rather than metallic lithium (Megahed & Scrosati, 1994). As a result of their small size,
lithium ions are able to intercalate inside the positive and negative electrode materials. They are
the charge carriers in the electrolyte and act as counter-charge to compensate for the external
current flow.

Since the negative electrode material is employed in unlithiated form (the lithium-ion battery
is assembled uncharged), the positive electrode material has to contain the necessary lithium
(Korthauer, 2018).

2.3.1 Mechanism

Figure 2.4 represents the schematic of a rechargeable lithium-ion battery. Single lithium ions
migrate back and forth between the positive and the negative electrode, through an electrolyte
and a separator during charging and discharging. The electrolyte contains a dissociated lithium
conducting salt. The separator is a porous membrane that electrically isolates the two electrodes,
but allows the passing of lithium-ions. During discharging, lithium is deintercalated from the
negative electrode (in the case of discharging this is the anode) and electrons are released. The
lithium ions then migrate towards the positive electrode (in the case of discharging this is the
cathode). At the same time electrons flow from the negative to the positive electrode via an
external connection. During charging the process is reversed. Lithium ions migrate from the
positive (now the anode) to the negative electrode (now the cathode) (Hausbrand et al., 2015;
Korthauer, 2018).

2.3.2 The first commercial lithium-ion battery

The first commercial lithium-ion battery consisted of a negative electrode made from graphite, a
positive electrode made from LiCoOs and an electrolyte? made of organic carbonates and lithium
hexafluorophosphate (LiPFg). It has an average voltage of around 3.6 V. LiCoO3 has a layered

2The electrolyte cannot be aqueous because of the high reducing power of lithium. It must be based on organic
solvents.
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Figure 2.4: The schematic of a lithium-ion battery (with M standing for metal) (EV Express,
n.d.).

structure with alternating cobalt, oxygen and lithium-ion layers. For complete discharging the
reaction taking place at the positive electrode is (Korthauer, 2018):

2Lip.5C004+Lit + e~ — 2LiCo0,

The traditional negative electrode is made from graphitic carbon. This material has carbon
atoms in parallel graphene layers. Unlike cobalt dioxide, graphite is stable without lithium,
which means it can be almost completely discharged. For complete discharging the reaction at
the negative electrode is (Korthauer, 2018; Megahed & Scrosati, 1994):

LiCg —Lit +e~ +6C

2.3.3 Applications

Each electric energy storage (EES) technology has its own performance characteristics that make
it more or less suitable for a specific application. These key properties are among others: energy
density, specific energy, specific power, self-discharge rate, full charge and discharge times, initial
cost and safety. Next to that, some EES systems are adaptable to mobile applications while
others are strictly stationary. Furthermore, some technologies can be produced as small size
units, while others can not. In Figure 2.5 a comparison of specific energy and power for different
EES technologies is given. From this figure it becomes clear that LIB have a high specific power
and energy compared to other commercial batteries (Zubi et al., 2018).

As specific energy and power are key criteria in portable electronic applications (such as
cellular phones, laptops, digital cameras, video games,...) the Li-ion battery has a clear advantage
over other chemistries. Portable electronics have been the initial market for LIB (Naskar et
al., 2023; Zubi et al., 2018). Besides portable electronics, today’s market in (hybrid) electric
vehicles is also dominated by LIB. The high voltage, high energy density, high specific energy and
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rechargeable ability make LIBs the preferred energy source for (hybrid) electric vehicles (Chen
et al., 2023; Zubi et al., 2018). Lastly, Li-ion batteries are also of significance in power supply
systems. These systems include both grid- and off-grid systems. In the electricity grid supply and
demand of power have to be balanced, however, both of them are variable. The electricity demand
can vary along the day, but also along different seasons. On the other side, the power supply
can vary as some technologies do not have a constant output, such as photovoltaic (PV) and
wind power. The electricity grid has thus relied on energy storage units for support in adapting
supply and demand and providing ancillary services. Next to that, there is an increasing degree
of decentralization with consumers becoming prosumers by installing their own power generation
units, such as rooftop PV systems. This is making electrochemical storage solutions, including
LIB, more and more important. Durable and low-cost variants of Li-ion batteries are used in
large-scale energy storage applications. An example of such a variant are batteries with carbon-
coated LiFePOy positive active material. These batteries effectively store renewable energy for
green electricity and grid energy for power backup (Naskar et al., 2023; Zubi et al., 2018).

Decreasing storage weight

Comparison of specific power and specific energy
1 — T — /‘,J
I = .‘iupertupacllua
FiCapacitor, T
4 [ [Li-ion|

C [Flywhee| '
= /
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Figure 2.5: Comparison of the specific energy and power for different EES technologies.
Acronyms: SMES (superconducting magnetic energy storage), VRB (vanadium redoc battery),
NaS (sodium-sulphur), TES (thermal energy storage) (Zubi et al., 2018).

2.4 Transition metal oxides for the positive electrode

For the traditional lithium-ion battery the main challenges are safety, cost and size. As more
and more larger batteries are built for electric vehicles and other large-scale applications, the
importance of safety and cost has become increasingly significant. This is because in case of
failure the consequences become larger and in order to compete with for example gasoline tanks
a battery pack for a full-electric car cannot be too expensive (Korthauer, 2018).

The need for cobalt-free positive electrodes becomes clear when looking at the upcoming
cobalt supply deficits, unpredictable market prices, unethical mining and toxicity. The first
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cobalt-free commercial positive electrode was the olivine LiFePO,4 (LFP) positive electrode. LFP
has a high thermal stability, excellent cycle life, a flat charge/discharge profile and a high elec-
trochemical stability over more or less 100% depth of discharge. However, it has a low energy
density and nominal voltage (around 3.3 V vs. graphite negative electrode) because of which it
achieved little market traction in Western markets (Gourley et al., 2020). Another cobalt-free
positive electrode is spinel LiMnyO4 (LMO). The host structure allows 3D solid-state diffusion
of lithium-ions, which results in high LIB rate performances. However, because of the presence
of Mn?* it only has a low practical capacity and cycle stability. The electronic configuration of
Mn3* induces Jahn-Teller distortion. This can cause lattice changes from the cubic to tetragonal
phase which constricts Li* diffusion. Next to that, Mn®* (solid) can undergo a disproportion-
ation reaction forming Mn** (solid) and Mn?* (solution). Mn?* dissolves in the electrolyte,
which means there is a capacity fade over time (Gourley et al., 2020).

Suppression of Jahn-Teller distortion has commonly been addressed by partially substituting
Mn with other cations to reduce the amount of Mn3* (Gourley et al., 2020). Transition-metal-
substituted spinel materials with a general formula of LiM,Mns_, 04 (with M = Cr, Co, Fe,
Ni, Cu) have emerged. Among those materials, the high voltage lithium containing nickel-based
oxide positive electrode, LiNig 5Mn; 504 (LNMO), where part of the manganese is substituted
by nickel is of special interest (Amin et al., 2020; Kim et al., 2004). This is because of its
high discharge capacity and dominant plateau at around 4.7 V, while other materials show two
plateaus at around 4.0 and 5 V (Kim et al., 2004).

2.4.1 Properties of LNMO

The LiNig sMn; 504 spinel positive electrode has a theoretical capacity® of 146.7 mAh/g. This
results from the intercalation of one lithium-ion per formula unit through a corresponding oxi-
dation of Ni?* to Ni**. Furthermore, LNMO operates at high voltages, more specifically 4.70
- 4.75 V vs. Li/Li*, at very high charging and discharging rates. This high discharge voltage
leads to a high energy density of around 690 Wh/kg, which is 20% higher than for LiCoO4 and
30% higher than for LiFePO, when employed as positive electrode against a graphitic negative
electrode (Amin et al., 2020; Bhatia et al., 2021). Because of its robust 3D spinel lattice structure
(which enables fast movement of Li* ions), LNMO is also considered for extremely fast charging
applications. All these factors make LiNigsMn; 504 an attractive candidate for safe, energy-
dense and high-power applications. These applications go from portable electronics and grid
energy storage to enabling intermittent renewables through both centralized and decentralized
infrastructures (Amin et al., 2020).

However, the high potential of LNMO positive electrodes is also a critical issue. It leads to
electrolyte decomposition and concurrent degradation reactions, which results in rapid capacity
fade (Bhatia et al., 2021).

2.4.2 Reaction taking place

During delithiation Ni%* is oxidized to Ni** via the Ni3* state. This is expressed in the electro-
chemical reaction below (Rahim et al., 2022):

LiNi(IT), s Mn(IV), ;04
— Lig sNi(I), sMn(IV), sO4 + 0.5Li* + 0.5e~
— Ni(IV), sMn(IV), ;04 + 0.5Li* + 0.5¢~

3Theoretical capacity = (nF/(3600*M,,)), where n = 1, F = 96485 C/mol and M,, = 189.6 g/mol
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In the low potential window, the present Mn37 is also oxidized to Mn** during delithiation.

2.4.3 Structure of LNMO

Many lithium-ion battery positive electrode materials have a layered structure which enables
two-dimensional diffusion of the lithium ions, or a spinel structure, enabling three-dimensional
diffusion (Yoshio et al., 2009). The third positive electrode class are the polyanion oxides, of
which the best-known is the polyanionic olivine LIMPO, (M = Fe, Mn, Co or Ni) (Mohamed
& Allam, 2020). An example of a layered structure is LiCoOs, in which Li* and Co®* ions are
ordered on alternate (111) planes in a rock salt structure* with a cubic close-packed array of
oxide ions, as can be seen in Figure 2.6. The large difference in size and charge between Li™
and Co* leads to good cation ordering. This is important for fast two-dimensional lithium-ion
diffusion and conductivity in the lithium plane (Manthiram, 2020).
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Figure 2.6: The crystallographic framework of layered LiCoOs consisting of CoOg octahedra
(grey) and LiT (orange) (Mohamed & Allam, 2020).

Spinel LNMO has a robust cubic close-packed crystal structure made of edge-sharing MOg
octahedra (with M = Mn or Ni) with six equal Mn/Ni-O distances. Whereas, lithium is tetra-
hedrally coordinated with four oxygen atoms in four equal Li-O distances. The edge-sharing
octahedra share corners with LiO4 tetrahedra and form the 3D-framework of the spinel struc-
ture (Amin et al., 2020; Bhatia et al., 2021). LiNigsMn; 504 exists in two crystallographically
different polymorphs, that is the face-centered cubic phase with space group Fd3m and the prim-
itive cubic phase with space group P4332. Depending on the synthesis conditions one or the other
is formed. Ni and Mn can either be ordered in respectively the 4a and 12d sites of an ordered
P4332 space group or be randomly distributed in the 16d sites of a disordered Fd3m-type unit
cell (Amin & Belharouk, 2017; Bhatia et al., 2021). Both can be seen in Figure 2.7.

The ordered structure can be obtained by performing a synthesis process under oxygen or
by post-annealing in air below 700 °C. The disordered structure is formed by preparation routes
employing a higher synthesis temperature (over 700 °C).

This ”high temperature polymorph” always goes together with the presence of a rock impurity
phase. The impurity phase has been attributed to either Ni, O, Li;Ni;_,O or (LiNiMn),O and

4A rock salt structure is an ionic crystal structure in which cations have a face-centred cubic arrangement and
anions occupy the octahedral holes (“Rock salt structure”, n.d.).
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Figure 2.7: The crystal structure of a) ordered and b) disordered LNMO (Sun et al., 2022).

simultaneously shows an oxygen deficiency within the spinel. So with this in mind, the disordered
structure has a different stoichiometry than the ordered structure (oxygen vacancies and nickel
content lower than 0.5) and is often represented by LiNig 5sMn; 504_s instead of LiNig 5Mn; 504
(Wang et al., 2011).

Next to that, the high calcination temperature needed to obtain the disordered structure
sometimes leads to the reduction of the Mn oxidation state from 44 to +3. In the ideal case,
the oxidation state of Mn in LNMO is fixed at +4, resulting in only the Ni?* /Ni** redox couple
during the charge/discharge process. Mn3* participates in the redox, which results in a plateau
at around 4 V on charge and discharge. The ordered structure on the other hand only contains
Mn**, leading to the perfect LiNi?*osMn**t; 504 crystal structure. This is because of the
annealing process making the oxidation state of Mn change from +3 to +4. So, the ordered
structure exhibits a flat voltage profile at around 4.7 V and no plateau at the 4 V region (Kim
et al., 2004).

As a result of LiNig sMn; 504_s showing the Mn3*/Mn** redox couple, it was initially be-
lieved that it would have relatively poor electrochemical performances compared to LiNig sMn; 504
because of the presence of Jahn-Teller ions (Mn3*). However, despite these ions, the disordered
material shows superior electrochemical performances. The Li/ LiNip 5sMn; 504_5 cell exhibits
a higher discharge capacity than the Li/LiNig 5sMn; 504 cell at high rates (Kim et al., 2004).

2.5 Chemical diffusion coefficient

To optimize lithium-ion batteries it is crucial to study the kinetic parameters which control the
rate performance of the Li intercalation electrodes. Lithium diffusion in the electrodes plays a
vital role that determines the rate at which a battery can be charged and discharged (Xia et
al., 2009). During an electrochemical reaction a lithium intercalation process takes place. This
process involves multiple steps (Nikitina, 2020; Soult, 2023):

e Mass transport

Mass transport includes the diffusion of Li* ions through the electrolyte and the solid
electrode.

e Ton (de)solvation

Tons are (de)solvated from the electrolyte in the vicinity of the electrode/electrolyte inter-
face.
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e Jon adsorption or desorption
Tons are adsorbed or desorbed at the electrode surface (with adsorption this forms adions)
e Charge transfer

Charge transfer involves two processes. On the one hand the transfer of an electron from
the current collector to the redox active metal center in an intercalation host. On te
other hand the transfer of a metal ion from the bulk of the solution into the intercalation
compound.

These steps are illustrated in Figure 2.8 for Lit intercalation during charge and discharge at
the positive electrode.

During charge (delithiation)

bulk intercalation matrix

Electron

»
8 Transfer (ET) 9 Bulk ion diffusion

lon t

During discharge (lithiation)

bulk intercalation matrix Decomp. products

-

Electron
& TrnserEn) (@) Buk ion difiusion

Figure 2.8: The schematic representation of the different steps in the electrochemical process of
intercalation of LiT in a battery electrode (Soult, 2023).

Each of these steps happens at a certain rate that depends on factors inherent to the system
and the experimental conditions. The slowest step will be the rate-limiting step and defines the
overall rate of the reaction. Mass transfer will often be this rate-limiting step and can occur
through diffusion, migration or convection. Diffusion will naturally take place in a medium when
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there is a gradient in chemical potential caused by a gradient in concentration of a certain species.
This is described by Fick’s first law (Soult, 2023):

dei(x)
ox

Jg=-D (2.1)

With:

e J,; = the diffusion flux of species i
e D = the chemical diffusion coefficient of species i
e ¢; = the concentration of species i

e x = the position in the electrode (with x=0 at the electrode/electrolyte interface)

The chemical diffusion coefficient is used when the chemical composition varies in the diffu-
sion zone over a certain range. This means the diffusing atoms will experience different chemical
environments and thus have different diffusion coefficients. This situation is called interdiffu-
sion or chemical diffusion. The symbol D is used to indicate that the diffusion coefficient is
concentration-dependent and is called the chemical diffusion coefficient. In this work it will also
be referred to as the diffusion coefficient (Mehrer, 2007).

Fick’s second law predicts how diffusion will change the concentration with respect to time
and is given by:

bei(m,t) = 6%ci(w,t)
st b ox? (22)

LNMO has a spinel structure, which means the diffusion path will be different than for
LiCoOy which has a layered structure. In spinel LNMO (Fd3m) Li diffuses by moving from an
8(a) site to the neighbouring empty octahedral 16(c) site, and then to the next 8(a) site. These
8a - 16¢ - 8a diffusion paths are three-dimensionally interconnected. A schematic representation
is given in Figure 2.9.

c @

L’ I A Ni(16d)
b 16¢c
o-o%b  Liga)

Figure 2.9: The schematic representation of the diffusion path of lithium in the spinel LNMO
(Xia, Meng, et al., 2007).

The lithium diffusion coefficient can be determined using different techniques. The ones used
in this work are: the Galvanostatic Intermittent Titration Technique (GITT), the Potentiostatic
Intermittent Titration Technique (PITT) and the Intermittent Current Interruption (ICI).



Chapter 3

Objectives

When studying literature one finds a large variation in order of magnitudes for the lithium
diffusion coefficient in LNMO. Reliable and quantitative values are lacking. This forms a problem
when trying to model the optimal design for a battery containing LNMO as positive electrode.
Modelling needs a good, quantitative description of the lithium diffusion coefficient. So, the
objective of this thesis is to obtain a reliable result for the lithium diffusivity in LNMO.

Therefore, thin film LNMO electrodes are used. The thin film electrodes are composed of the
pure material, such that the influence of other components like conductive additives or binders
can be avoided. Furthermore, thin film electrodes allow to have a good estimation of the contact
area between the electrolyte and active material, which can be approximated by the thin film
surface (Shi et al., 2010; Xia et al., 2009).

This thesis will determine the lithium diffusion coefficient using three different techniques: the
Galvanostatic Intermittent Titration Technique (GITT), the Potentiostatic Intermittent Titra-
tion Technique (PITT) and Intermittent Current Interruption (ICI). By using thin film electrodes
instead of composite electrodes, it is expected that the difference in value between the diffusivities
obtained with the different techniques will be smaller compared to what is the case in literature
at the moment.

Furthermore, this thesis will describe the evolution of the diffusion coefficient as a function
of potential.

Next to that, this work will try to establish the most reliable method out of the three to
determine the diffusion coefficient in thin film electrodes.

Finally, the influence of the thin film electrode thickness on the electrochemical behaviour
will also be explored.

15



Chapter 4

Methods to determine the
diffusion coefficient

4.1 Galvanostatic Intermittent Titration Technique (GITT)

The Galvanostatic Intermittent Titration Technique is developed by Weppner and Huggins and
is a well adopted method to determine the lithium diffusion coefficient that combines transient
perturbation and steady-state measurements (Rahim et al., 2022).

The chemical diffusion coefficient of species A can be investigated in a mixed conductor A, sB
(6 symbolizes the deviation from the ideal stoichiometric composition) by the use of a galvanic
cell with A, sB as one electrode, as shown in Figure 4.1. In this figure, A and A° represent
respectively the counter and reference electrodes. Instead of pure A, another material with a
different activity than A may also be used for these electrodes (Weppner & Huggins, 1977).

An electric current I is driven through the galvanic cell by an external source. This current
determines the transport of the relevant mobile ionic species within the sample just inside the
phase boundary with the electrolyte (where x = 0, see Figure 4.1) (Weppner & Huggins, 1977).

The current! is given by:

~ (502‘
I =—-S5z9D—|,— 4.1
SZzQ S |m70 ( )
With:

e S = the area of sample-electrolyte interface
e 7; = the charge number (valence) of species i

e g = the elementary charge

In this equation i is A or B depending on which one has the predominant conductivity.

The principles underlying the GITT method for the determination of the diffusion coefficient
of a mixed conductor are shown in Figure 4.2. The method starts with a sample of known
stoichiometric composition and with the galvanic cell in thermodynamic equilibrium. This means
the concentrations of all species are homogeneous in the electrode A, 5B, corresponding to cell
voltage Eg. A constant current Iy is then applied to the cell at a time tg during a time 7. Following
equation 4.1, this constant current produces a constant concentration gradient %ij within the

1Bquation 4.1 is based on Fick’s first law (J = -D de/dx)

16
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Figure 4.1: The schematic illustration of an experimental galvanic cell arrangement. The
electrolyte-sample interface is at x = 0. The sample thickness is L (Weppner & Huggins, 1977).

A, ;B at the phase boundary with the electrolyte (x = 0). To be able to maintain this constant
concentration gradient, the applied cell voltage increases (or, depending on the direction of the
current, decreases) with time. However, due to the current flux through the electrolyte and the
interface, a voltage step corresponding to the IR drop is superimposed. The magnitude of this
step does only depend on the position of the electrode and remains constant with time. After
a time 7 the current flux is interrupted. The composition within A, ;B becomes homogeneous
again by diffusion of the mobile species. However, the cell voltage goes to a new steady-state
value E;. Due to a change in stoichiometry Ad caused by the coulometric titration of A ions in
the sample by the current, A has a new activity in the sample which influences the cell voltage
(Weppner & Huggins, 1977).
AJ is given by:

o IoTMB

Ad
zampF

- (12)
With:

e Mp = the atomic weight of B
e mp = the mass of component B in the sample
e Iy = the constant current

o I' = Faraday’s constant (96 485 C/mol)

After the electrode reaches equilibrium again, the procedure can be repeated, but starting
from a new cell voltage E;. This process may be continued until a phase change occurs in the
electrode or the electrolyte decomposes or becomes electronically conductive.
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Figure 4.2: The schematic illustration of a single step of the galvanostatic intermittent titration
technique (GITT). AE; is the total transient voltage change of the galvanic cell for a certain
applied galvanostatic current Iy during a time 7. AE;y is the change of the steady-state voltage
of the cell for this step (Weppner & Huggins, 1977).

To calculate the cell voltage E? as a function of time t during which the current is applied,
the time dependence of the concentration ¢; at the interface (x=0) needs to be determined. This
can be done by solving Fick’s second law (Weppner & Huggins, 1977):

dei(z,t) = 6%¢i(w,t)

ot dx? (43)
With the initial and boundary conditions:
ci(z,t=0)=co (0<z<1L) (4.4)
~ 501' IO

D=2 = > 4.
o= g (t20) (45)
&| =0 (t>0) (4.6)

5t =L — = .

2The cell voltage can be determined using the Nernst equation which is dependent on the thermodynamic
activity of neutral A in the A, sB sample at the interface with the electrolyte. The activity is in its turn
dependent on the concentration.
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Condition 4.5 is deduced from Equation 4.1. The last condition is due to the fact that the
right-hand phase boundary of the sample is assumed to be impermeable. By solving differential
equation 4.3 with conditions 4.4 - 4.6 eventually an expression for the diffusion coefficient can
be found (Weppner & Huggins, 1977):

b (S) (0 () (£2)) icerpp )

If the change in steady-state voltage (E; - Eg = AEg) over a single galvanostatic titration is
small (by using a sufficiently small current), dE/dd may be considered to be constant. Therefore,
it may be replaced by the ratio of the finite quantities, AEg/Aéd. Then Equation 4.2 can be
inserted into Equation 4.7, which gives (Weppner & Huggins, 1977):

2

S 4 mBij[ 2 AES 2
D_W<MBS> T(%) t << L?/D (4.8)
dv't

If E vs.v/t shows the expected straight line behaviour over the entire time period of the
current flux, Equation 4.8 can be further simplified (Weppner & Huggins, 1977):

~_4 'fTLB‘/]\/[QAf?g2 2,
D_W(MBS) <AEt> t << L?/D (4.9)

Where AE; is the total change in cell voltage E during the current pulse without the IR drop
(Weppner & Huggins, 1977).

4.2 Potentiostatic Intermittent Titration Technique (PITT)

In the PITT method a sudden step in the potential across the cell is imposed, as can be seen
in Figure 4.3. For this technique the same cell as represented in Figure 4.1 can be used. It is
assumed that the concentration of mobile species A is initially uniform over the electrode, which
corresponds to an equilibrium voltage Ey with respect to a reference electrode. By applying a
voltage step, AE, at t= 0 between the sample A, sB and the reference electrode, a new activity
of A is imposed on the electrode surface (of A,1sB). Now, there is a new concentration of A in
A, 4B at the electrode-electrolyte interface (x=0) represented by Cg. Due to the concentration
gradient that goes along with this, chemical diffusion occurs within A,;sB . To keep the surface
concentration constant at the imosed value Cg until the electrode reaches this concentration
everywhere, electroactive species must be continuously supplied by transport through the elec-
trolyte. The magnitude of this transient current I gives a measure for the chemical diffusion flux
as a function of time. For one-dimensional transport, as for GITT, one can start from Fick’s
second law to describe the chemical diffusion process (Wen et al., 1979):

fealn) _ poeatr.l) (4.10)
The initial and boundary conditions are:
calz,t=0)=co (0<z <L) (4.11)
Ca=Cg (x=0),(t>0) (4.12)
Sai o (>0 (4.13)

ot
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Figure 4.3: a) Principle of the PITT, with PSCA a potential step of constant height b) The
typical current response (Murer et al., 2021).

A combination of the expression for the electric current dependent on time (given in Equation
4.1) and the solution of the differential equation 4.10 using conditions 4.11 - 4.13, gives two
possible expressions for the current. On the one hand the short-time or Cottrell relationship
(Montella, 2002; Wen et al., 1979):

I(t) = —FS(Cs — co)ﬁ t<< L*/D (4.14)

On the other hand there is the exponential decay at long times:

72Dt
4L2 )
Therefore, in the initial stage of diffusion (Equation 4.14) the chemical diffusion coefficient

can be determined from the slope of the linear plot of I vs. 1/4/¢ (for short times), provided that
the concentration difference is known, or the change in charge for each step can be determined.

- (Sl \?  (SlraL\® 5 =
D_W<FSAC) —7T< AO ) (t << L?/D) (4.16)

In the long time approximation, the chemical diffusion coefficient can be determined from
either the slope of a linear plot of In(I) vs. t without needing knowledge of the concentration
difference, or from the intercept on the In(I) axis at t=0 on the same plot if Cg - Cq is known

I(t) = —2FS(Cs — C’O)gexp(— t>>L%*/D (4.15)
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(Wen et al., 1979). The expression used the most for the PITT technique is the following (Xie
et al., 2009; Zhu & Wang, 2010):

- din(I1(t)) 4L* 9, =
D=——"—+— t>>L"/D 4.17
LIS @>>12/D) (417)
A disadvantage of this technique is that the ohmic voltage drop in the bulk electrolyte varies
with time and cannot be readily eliminated from the voltage difference that is imposed (Wen

et al., 1979).

4.3 Intermittent Current Interruption (ICI)

For GITT an equilibrium condition is required before applying the next current pulse. In order
to reach this equilibrium condition the cell needs to be relaxed substantially longer than the
time spent on the current pulse. This makes GITT a very time consuming technique. However,
recently the Intermittent Current Interruption (ICI) technique has been proposed as a faster
alternative to GITT. This method introduces repeating transient current interruptions while
the cell is under a constant current. The voltage response during these current interruptions
is monitored, which also follows a linear relationship with the square root of time. Through
this linear regression, quantities describing the time-independent and time-dependent parts of
the resistance can be derived, which are termed internal resistance and diffusion resistance co-
efficient respectively. It has been shown that the diffusion resistance coefficient is proportional
to the coefficient of the Warburg element, which is used when fitting electrochemical impedance
spectrocopy measurements (EIS). This Warburg element describes both the capacitive behaviour
in porous electrodes and diffusion processes, so it is a logical consequence that the ICI method
can characterize diffusion processes in an electrochemical system as well. Since the ICI method
does not require the cell to be in an equilibrium state, the most time consuming part of the
GITT method (namely the relaxation period) can be omitted (Chien et al., 2021, 2023; Geng
et al., 2022).
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Figure 4.4: The voltage response during interruption of the current. tg is the time when the
current is interrupted in the region of interest, and At is the time interval between two current
interruptions(Geng et al., 2022).

The ICI method was originally designed for continuous resistance measurements. The change
in potential after the current has been switched off (At = 0) can be expressed as following (Chien
et al., 2023):
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AE(At) = E(At) — By = —IR — TkV/At (4.18)
With:
e E; = the potential right before the current is switched off
e R = the internal resistance

e k = the diffusion resistance

R and k can be acquired through the linear regression of AE against v/ At. The ICI method ren-
ders the diffusion coefficient using the same equation as the GITT method, only some parameters
have a different meaning now:

2

(4.19)

~ 4 (TTLB[/]\/[)2 AE[C]
D=">
55 At (;7\%)

T
Now, dE/d\/{f is fitted during the zero current period and AEjcr/ At is estimated from a
pseudo open circuit potential, which is shown in Figure 4.4 (Geng et al., 2022).



Chapter 5

Materials and methods

5.1 Materials

5.1.1 Thin film electrode

In this study a thin film electrode is used. This thin film is deposited using the radio frequency
(RF) sputtering technique. The active material is configured in a thin layer of around 70 nm.
Depending on the sputtering time, the thickness of the active material will be different. When
sputtering for 2 hours the thickness of 70 nm is achieved, which is confirmed by Figure 5.1 (Soult,
2023).

7 70nm LNMO :

- — | e DR

——0nm TiO,

Figure 5.1: The tilt and cross-section SEM image of LNMO on Pt / TiOy / SiOy / Si substrate.
This confirmes the LNMO layer having a thickness of around 70 nm (Soult, 2023).

5.1.2 Electrochemical setup

All the electrochemical experiments using thin films in this thesis were done using the same
setup. This configuration exists out of a custom-made polytetrafluorethylene (PTFE) or Teflon

23
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cell designed and manufactured by imec, compromising three electrodes and two cavities. One of
the cavities is the counter electrode compartment (CE), while the other one holds the reference
electrode (RE). The thin film is the working electrode and is positioned at the bottom of the
Teflon cell. The cavities are interconnected with a channel, allowing ion exchange between the
compartments during the cell operation. The cavities are filled with liquid electrolyte and leakage
is prevented by an O-ring that seals the joint between the Teflon cell and the thin film. This
setup can be seen in Figure 5.2.

Reference electrode (RE):
Li strip
Counter electrode (CE):
Li strip
Main compartment
RE liguid electrolyte cavity

Sealing O-ring
_Current collector

Luggin r_apilary---l
WE

WE exposed surface area

Working Electrode (WE):

“Thin film active materia
3 -+ colioet

Substrate S5i [ 50,/ TiO;

Figure 5.2: The three-electrode cell used for all the electrochemical experiments including thin
film electrodes (Soult, 2023).

Both the counter and reference electrode are lithium strips. So, the potential is always
measured vs. LiT /Li. The electrolyte used is 1M LiPFg in propylene carbonate (PC). The area
of the working electrode exposed to electrolyte is 0.785 cm?.

5.2 Methods

The different techniques are executed in an argon-filled glovebox (Jacomex GP[Concept]) with
a potentiostat. This potentiostat is the SP-200 model from Bio-Logic SAS. The calculations to
determine the diffusion coefficient from the data are done using Jupyter Notebook (Anaconda 3)
in the programming language Python, using libraries numpy, matplotlib, pandas and scipy. The
data is also analysed using EC-Lab.

The general scheme of an experiment is given in Figure 5.3. Because every experiment is
started by measuring the open circuit potential and doing two cyclic voltammetry cycles, the
GITT, PITT and ICI experiments do not start at a time equal to zero.



5.2. METHODS 25
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Figure 5.3: The general scheme of an experiment.

5.2.1 Cyclic voltammetry

With cyclic voltammetry the current is recorded by linearly going over a range of potentials from
lower to higher and from higher to lower value. Here, two cycles are executed at a rate of 1
mV/s. The first cycle starts at the open circuit potential, goes to a maximum of E; = 4.85 V
and then goes back until E5 = 3.8 V. For the second cycle the same E; and Es are used.

5.2.2 GITT

With the Galvanostatic Intermittent Titration Technique pulses of current are applied and the
change in potential is measured. Different values for the parameters were tried to find the
optimum ones. The main ones are given in Table 5.1.

Table 5.1: The settings used in the different experiments for the GITT technique.

Experiment I; [pA] Pulse time [min] Relaxation time [min] Cycles

1 2.5 3 15 40

2 3 3 30 40

3 5 3 45 40
5.2.3 PITT

With the potentiostatic intermittent titration technique steps in potential are applied and the
change in current is measured. To find the optimum settings, different parameters were varied.
The main experiments can be found in Table 5.2.
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Table 5.2: The settings used in the different experiments for the PITT technique.
Experiment Thickness [nm] AE [mV] Pulse time [min] Cycles

1 70 10 4 60

2 70 10 9 60

3 70 10 4 120
5.2.4 ICI

The intermittent current interruption technique is deviated from the GITT technique. Here, a
constant current is applied with interruptions of a few seconds for each sequence. Again, different
values for some parameters were tested to find the optimum ones. The main experiments can be
found in Table 5.3.

Table 5.3: The settings used in the different experiments for the ICI technique.

Experiment Thickness [nm] Iy [pA] Pulse time [min] Relaxation time [s] Cycles

1 70 0.7 5 10 30
2 70 1 5 10 30
3 70 1.5 5 10 60
4 210 1.5 5 10 60
5 280 1.5 5 10 60




Chapter 6

Results and discussion

6.1 Cyclic Voltammetry

The result of the cyclic voltammetry test is given in Figure 6.1. By going to a higher voltage,
the battery is charged which means the positive electrode is delithiated. So, the peaks with a
positive current represent oxidation reactions, while the peaks with a negative current represent

reduction reactions.
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Figure 6.1: Cyclic voltammogram of the thin film LNMO electrode, where 2 cycles are completed.
The two maxima are taking place at potentials of 4.69 and 4.77 V and the two minima at 4.66

and 4.73 V.

In Figure 6.1 two cycles of charging and discharging are depicted. One can see that the first
cycle shows some additional peaks in comparison to the second cycle. These additional peaks are
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only present in the charging part (positive current) of the first cycle and not in the discharging
part (negative current). These peaks represent non-reversible reactions that only take place
during charging in the first cycle. The reactions that are always taking place during charge and
discharge are depicted in the second cycle, given in Figure 6.2. Three peaks are present for both
the charging and discharging part of the second cycle. They are indicated by red circles. The
three oxidation peaks have potentials of respectively 4 V, 4.69 V and 4.77 V. The three reduction
peaks are taking place at potentials of respectively 4 V, 4.66 V and 4.73 V. These peaks can
be explained based on the reactions taking place. The oxidation peaks at 4.69 V and 4.77 V
are caused by respectively the Ni* /Ni** and the Ni®* /Ni** redox couple. The small peak at
around 4 V can be attributed to the Mn3*/Mn** redox couple, caused by the small amount of
Mn?®* present in disordered LNMO (W. Liu et al., 2017). With this cyclic voltammetry test,
one can examine if the material works correctly. Based on literature, one expects to obtain three
oxidation and reduction peaks at the potentials represented in Figure 6.2. If this is not the case,
this is an indication that something is wrong with the electrode. Besides that, doing a cyclic
voltammetry test is necessary to already have the non-reversible reactions from the first cycle,
such that these do not influence the measurements of the diffusion coefficient.

— cycle 2
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Figure 6.2: Cyclic voltammogram of the thin film LNMO electrode. Only the second cycle is
shown here.

6.1.1 Comparison different electrode thicknesses

The influence of the thickness of the thin film LNMO electrode on the electrochemical behaviour
is studied as well. In Figure 6.3 the second cycle of the cyclic voltammogram is given for electrode
thicknesses of 70, 140, 210 and 280 nm.

When looking at Figure 6.3, one can see that with increasing thickness the peak height
increases as well. Furthermore, the ratio of both the oxidation and reduction peaks in the high-
voltage window changes starting from a thickness of 210 nm. Figure 6.4 is a zoom in on the peak
taking place around 4 V. One can notice a shift in potential starting from an electrode thickness
of 210 nm for this peak. Next to that, the data for an electrode thickness of 280 nm is noisier
than for the other thicknesses.

As there is an increase in capacity with increasing thickness, it is expected that the peak
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height increases as well. Furthermore, the oxidation peak corresponding to the Mn3*/Mn*+
redox couple moves towards a higher potential with increasing thickness. This means that with
increasing thickness, the oxidation of Mn3* to Mn** takes place at a higher potential. Next to
that, the behaviour during the nickel redox couples changes as well with increasing thickness.
Starting from a thickness of 210 nm the peak corresponding to the Ni?* /Ni** redox couple
becomes larger than the one corresponding to Ni3* /Ni**. From this, one can deduce that starting
from a certain thickness more Ni?t oxidizes to Ni3T than Ni** to Ni**. This is observed for
both the oxidation and reduction peaks. Thus, around a thickness of 200 nm there is a change
in behaviour in the thin film LNMO electrodes.
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Figure 6.3: Cyclic voltammogram of the thin film LNMO electrode for different thicknesses. The
second cycle is given here.

6.2 GITT

For the Galvanostatic Intermittent Titration Technique current pulses are applied and the po-
tential response is measured. This technique uses Equation 4.9 to calculate the lithium diffusion
coefficient. In order to justify the use of Equation 4.9, some assumptions made, need to be
examined. First of all, prior to each pulse the material composition should be homogenized.
Therefore, the battery should be charged in a lot of steps to ensure a small change in stoichiom-
etry of the positive electrode. Furthermore, the relaxation time should be larger than the pulse
time, making sure the lithium concentration goes to an equilibrium again. Secondly, changes of
molar volume with composition should be negligible. Intercalation compounds such as LNMO
typically undergo low volume changes in the range of 3 to 6 % during Li™ (de)intercalation. This
means that for thin films with a thickness of 70 nm the absolute volume changes are minimal
(less than 5 nm) (Soult et al., 2022). Thirdly, the reaction must be limited by solid-diffusion
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Figure 6.4: A zoom in on the peak taking place around 4 V of the second cycle of the cyclic
voltammogram.

(diffusion is the rate-limiting step). However, as solid diffusion is often the rate limiting step
this requirement is rarely validated in reality. Finally, the method only complies for planar 1-
dimensional semi-infinite systems. This is validated by making sure the pulse time is shorter
than the time needed for diffusion through the electrode: t << L2/D (Kang & Chueh, 2021).
However, this last assumption can only be validated when one has an idea of the value for the
lithium diffusion coefficient in the thin film LNMO electrodes.

To optimize the measurement of the diffusion coefficient using GITT, iterative experimen-
tation using different parameters was necessary. A first estimation of the optimum values for
the parameters was done in the following way. The capacity of the LNMO samples is 1.37 pAh.
When applying 40 pulses of 3 minutes the total charging time equals to 2 hours. To charge an
LNMO sample in 2 hours a current of around 0.7 pA is needed. The 40 charging steps are nec-
essary to ensure only small changes in stoichiometry for each step. Furthermore, a single pulse
cannot be too long, otherwise the last assumption (t << L?/ D) will not be fulfilled. Therefore,
a pulse time of 3 minutes is taken. Next to that, GITT needs a relaxation time that is long
enough, such that the material composition is homogenized again prior to each pulse. So, in
between the pulses of 3 minutes relaxation times of 15 minutes are implemented. However, with
these settings the necessary potential of 4.8 V could not be reached. This can be explained based
on that during the relaxation times the potential will decrease a small amount again towards
an equilibrium. Taking this into account, the applied current must be larger to fully charge the
battery. The best results were obtained for a current pulse of 3 pA applied for 3 minutes and a
relaxation time of 30 minutes. For currents lower than 3 pA the potential of 4.8 V could not be
reached. For currents higher than 3 pA, the potential response showed unusual behaviour.

Figure 6.5 shows the potential response to a current pulse for a current of 2.5 pA (with
relaxation times of 15 minutes) and for a current of 3 pA (with relaxation times of 30 minutes).
Each color represents a cycle existing out of a current pulse and relaxation. During the time the
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current pulse is applied the potential rises to a higher value. After that, during the relaxation
time, the potential decreases again and goes to an equilibrium. By observing the curve as a whole,
one can see that the potential increases from around 3.8 V to 4.7 V or 4.8 V for respectively a
current of 2.5 pA or 3 pA. With increasing potential, the rate at which the potential rises becomes
smaller, until it finds an equilibrium. So, the potential goes to an equilibrium as a function of
time around 4.7 V for a current pulse of 2.5 pA. This is not high enough to see the influence
of the reactions taking place at 4.69 and 4.77 V. Therefore, the experiment was repeated with
higher current pulses.
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Figure 6.5: The potential response to a current step of (a) 2.5 pA and (b) 3 pA.

To determine the diffusion coefficient at different potentials from the curve where the potential
is plotted as a function of time, the method described in section 4.1 can be used. This method
uses Equation 4.9, wherefore AEg and AE; need to be determined for every step.

It is only justified to use Equation 4.9 (instead of Equation 4.8) when 7(dE/dv/t) can be
replaced by AE;. This is the case when linear behaviour is observed between the potential and
V/t during the current pulse. Therefore, the potential is plotted as a function of the square root
of time for the 20th cycle (out of 40 in total). This can be seen in Figure 6.6. This 20th cycle is
a representation, the linear behaviour was validated for all cycles. With an R? value of 0.99 and
0.97 for a current pulse of 2.5 nA and 3 pA respectively, one can consider the behaviour to be
linear.

In Figure 6.7 the evolution of the diffusion coefficient for both current pulses (2.5 pA and 3
nA) is depicted. In Figure 6.8 the averaged behaviour at a current pulse of 3 pA is represented
with error bars. The diffusion coefficient shows a downward trend from 10712 to 1071% cm?/s.
Now, the last assumption (t << L2/ D) can be validated. As for the largest potential window
the diffusion coefficient has an order of magnitude of 10713 ¢cm?/s, this is taken as D. With a
thickness of 70 nm, this results in a time that needs to be smaller than 490 seconds or 8 minutes,
which means the last condition is valid.

From Figure 6.8 one can derive that at the beginning (potentials from 3.8 to 4.3 V) there is a
slight decrease in diffusion coeflicient, after which it increases a bit again until 4.5 V. This trend
can be explained based on the activation barrier for Li ions to jump that first slightly increases
and then decreases again. During diffusion Li migrates from its original tetrahedral 8a site to
another one, through an intermediate empty octahedral 16¢ site. The total energy of the cell
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Figure 6.7: The evolution of the diffusion coefficient during charge (delithiation of the positive
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Figure 6.8: The evolution of the diffusion coefficient during charge (delithiation of the positive
thin electrode) for a current pulse of 3 pA. This is the averaged behaviour over three experiments.

changes during this migration of the mobile lithium ion and reaches a maximum when Li ions
are in the 16¢ sites. The energy difference between the initial state (8a) and the metastable state
(16¢) is considered as the Li diffusion activation barrier E, (Bhattacharya & Van der Ven, 2010;
Xu & Meng, 2010).

The variation in this activation barrier during charging (= delithiation) can have multiple
causes. On the one hand the variation of the a-lattice parameter during delithiation. As lithium
leaves the structure, more vacancies are created and Ni goes to a higher oxidation state which
reduces the a-lattice parameter (or c-lattice parameter for layered structures). However, this
influence is not as big for the spinel structure as for layered structures. In layered structures
any drop of the c-lattice parameter reduces the distance between oxygen planes, resulting in an
increase of the activation barrier. Furthermore, the change in lattice parameter will be smaller
for the spinel than for the layered structure (Xia, Meng, et al., 2007). On the other hand, the
activation barrier is also influenced by the change in effective valence of manganese ions with
Li concentration. As seen with cyclic voltammetry, at around 4 V a small oxidation peak is
present due to the Mn®+ /Mn** redox couple. When there are more or less the same numbers
of Mn3* and Mn** ions, the energy barrier will be the highest and it decreases again as there
are more Mn** ions than Mn3*. This means that Li ions are more favoured to be surrounded
by Mn** ions, which can be attributed to the electrostatic effect. The electron clouds of Mn**
ions are less dense than for Mn3* ions, causing weaker Mn-O interactions for Mn?* and thus
longer Mn-O bond-lengths. As a consequence the Li-O bond-length will be shortened, leading
to smaller Li 16¢ site octahedral volumes. So, Mn** ions enhance the ionic conductivity due to
their smaller range of electron clouds. On the other hand, due to stronger coulombic repulsion,
the Lit-Mn**t distances will be longer than the LiT-Mn?*t distances. So, a larger amount of
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Mn** ions may improve the ionic conductivity by lowering local Li diffusion activation barriers
(W. W. Liu et al., 2017; Xu & Meng, 2010).

In Figure 6.8, one can also distinguish two minima, one at a potential of 4.69 V and one
at around 4.76 V. These potentials are equal or very close to the potentials of the oxidation
peaks identified with cyclic voltammetry. These oxidation peaks are related to the Ni* /Ni3+
and Ni**/Ni** redox couple. During charging the LNMO electrode undergoes two stages of
phase change. LiNi(IT)gsMn(IV); 504 changes to LigsNi(III)gsMn(IV); 504 and finally to
Ni(IV).sMn(IV);.504. The decrease in lithium diffusion coefficient is linked to the formation
of phase boundaries which develop between phases during nucleation and growth processes in
multiphasic electrodes. Because of a mismatch in lattice structure between phases, it becomes
more difficult for lithium ions to diffuse (Rahim et al., 2022). However, when there is a two-
phase region the measured lithium diffusion coefficient is actually an effective chemical diffusion
coefficient. The effective chemical diffusion coefficient is a weighted average of the diffusivities
in the different phases and the phase boundary (Springer & Lechner, 2005). This is because the
lithium ion transport includes diffusion in two phases coupled to boundary kinetics, which means
a single diffusion coefficient is not meaningful (Xia, Meng, et al., 2007).
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Figure 6.9: The comparison of a cyclic voltammetry experiment for a cell with pure Pt as working
electrode and LNMO as working electrode. For both of them oxidation takes place at a potential
above 4.8 V.

Towards the end of the charging process, at around 4.8 V, the potential starts to show peak-
like behaviour (for the current pulse of 3 pA) as can be seen in Figure 6.5 b. This behaviour
translates to a sudden drop in diffusion coefficient at a potential of over 4.8 V, as is shown in
Figure 6.8. This could be because the electrolyte used (LiPF¢ in PC) is partially oxidized when
the cell goes through the high voltage region, which forms a surface layer. This surface layer
hinders the diffusion of lithium ions with a drop in diffusion coefficient as result (Xia et al.,
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2009). In order to examine this, a cyclic voltammetry experiment was executed with platinum
as working electrode. This way the reactions related to the LNMO material could be eliminated.
The result is shown in Figure 6.9. For both Pt and LNMO as working electrode a rise in current
is observed at a potential above 4.8 V, which means this oxidation is not related to LNMO. This
is further proof the electrolyte starts partially oxidizing at high potentials vs. LiT /Li.

6.3 PITT

For the Potentiostatic Intermittent Titration Technique (PITT) steps in potential are applied
and the current response is measured. The steps applied must be small enough to fulfil the
conditions. Therefore, the potential interval that needs to be crossed has to be divided by the
size of the steps to find the number of cycles. In Figure 6.10 the current response to potential
steps of 10 mV each applied for 4 minutes is shown. The potential ranges from 4.4 to 5 V,
so in total there are 60 cycles. Each cycle is represented by a different color. The right figure
represents a zoom in on the four first cycles. Every time the potential rises there is a sharp
increase in current. During the four minutes the potential is held constant, the current relaxes
again to an equilibrium value.
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Figure 6.10: The current response to steps in potential of 10 mV each applied for a time of 4
minutes. The right figure shows a zoom in of the first four cycles.

From this data the evolution of the diffusion coefficient can be calculated. For PITT this can
be done with two methods, on the one hand the long time method and on the other hand the short
time method (or Cottrell analysis). For the long time method the time at which the calculation
is done must be a lot longer than the diffusion time, t >> L2/D. While for the short time
method the time must be a lot shorter than the diffusion time, t << L2/ D. Other assumptions
valid for both methods are the following: the variation of molar volume with composition must
be negligible, diffusion must be the rate-determining process and prior to each step the material
composition must be homogenized. These conditions are the same as for the GITT method.
Both the long time and short time methods are described in the following sections.

2600
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6.3.1 Long time method

For PITT in most of literature the expression is used wherefore the time of the potential step
must be a lot larger than the diffusion time (t >> L?/D). The benefit of this method, is that
one does not need to know the change in concentration or charge with the potential steps. The
diffusion coefficient can be calculated using Equation 4.17.

When looking at Equation 4.17, the long time condition means that the slope of In(I) vs. t
must be taken at times longer than the diffusion time. In Figure 6.11 the window where the
slope is taken is represented by a black line. By looking at this figure, one can see that for each
potential step the logarithm of the current starts at a higher value. While the potential is held
constant, the current first decreases rapidly. During this decrease the current relaxes until it
reaches an equilibrium value. In the window where the slope is taken, full relaxation has taken
place and the system is in steady state. This means there is no driving force for diffusion anymore.
When looking at Figure 6.11, it becomes clear that the results for the diffusion coefficient using
this slope, do not correspond with literature or the results obtained with GITT in the previous
section. Instead of downward peaks the diffusion coefficient goes upwards during the oxidation of
nickel (at potentials of 4.68 and 4.75 V). Furthermore, in the window where the slope is taken the
data is very noisy, which translates to a noisier result for the evolution of the diffusion coefficient.
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Figure 6.11: The In(I) vs. t, the black line represents the window where the slope is taken for
the calculation of the diffusion coefficient. Here the slope is taken at long times. In the right
figure the diffusion coefficient calculated with this slope is given.

Figure 6.12 represents what the outcome is when the slope is taken at sooner times. The
window where the slope is taken is represented by a black line. In this window the current is
still relaxing towards a steady state. This means there is still a driving force for diffusion caused
by the potential step. Here, the results for the diffusion coefficient match literature better. As
can be seen in Figure 6.12, the peaks go downwards at potentials of 4.68 and 4.75 V, which is in
correspondence with literature and the other techniques discussed in this thesis. However, now
the condition of t >> L2/ D is not met, which means Equation 4.17 is not valid and cannot be
used.

It can be concluded that depending on where the slope is taken, the results for the diffusivity
are very different. Furthermore, taking into account the condition valid for the long time method,
one can say this method cannot be applied for thin film electrodes. This is because the condition
means that the slope to calculate the diffusivity is taken where there is no influence of diffusion
caused by the potential step anymore.
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Figure 6.12: The In(I) vs. t, the black line represents the window where the slope is taken for
the calculation of the diffusion coefficient. Here the slope is taken at short times. In the right
figure the diffusion coeflicient calculated with this slope is given.

6.3.2 Short time method

As the method for long times is not valid, the method for short times should be used. The
method for short times uses the Cottrell relationship, given in Equation 4.16. To determine the
diffusion coefficient, the current must be plotted as a function of 1/v/t. By using the slope for
each pulse, the evolution of the diffusion coefficient with potential can be established. For the
short time method this slope must be taken early in the process.

The experiment wherefore the potential is applied in steps of 10 mV each for a time of 4
minutes will be discussed. The potential ranges from 3.8 to 5 V, which means there are 120
cycles. The window where the slope is taken can be seen in Figure 6.13 and is represented by a
black line.

Unlike the method for long times, the slope is taken where the system is not in a steady
state yet. The current is still relaxing towards an equilibrium value. This means there is still a
driving force for diffusion caused by the potential step. Next to that, for the Cottrell analysis
the condition that t has to be a lot smaller than the diffusion time (t << L?/D) is met. Here,
the slope is taken between 2 and 5 seconds after each step in potential.

The evolution of the diffusion coefficient obtained with the Cottrell relationship is depicted
in Figure 6.14. The diffusion coefficient varies between 107! and 107'* cm?/s. As can be seen
in Figure 6.14, the measurement of the diffusivity starts at a potential of 3.8 V and ends at a
potential of 5 V. First the diffusivity decreases until it reaches a potential of around 4.3 V and
then it starts increasing again. After that, two minima can be observed at potentials of 4.68 V
and 4.75 V, with a local maximum in between. When a potential of around 4.8 V is reached,
there is a slight decrease in diffusivity.

As for GITT the deflection point at around 4.3 V can be attributed to the oxidation of Mn3*
into Mn*t. The activation barrier for Li-ion hopping reaches a maximum when there is more
or less the same amount of Mn3T and Mn** ions. When there is a majority of Mn** ions, it
decreases again, as these ions hinder the diffusion of Li-ions less. Furthermore, the minima at
4.68 V and 4.75 V can be attributed to the oxidation of nickel. This corresponds to the peaks
observed with cyclic voltammetry. However, as discussed before, the diffusion coefficient can
only be seen as an effective diffusion coefficient here, since multiple processes are taking place at
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Figure 6.14: The evolution of the diffusion coeflicient determined with the Cottrell relationship
from a PITT experiment. The potential is applied in steps of 10 mV each time for 4 minutes.
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once. At a potential of 4.71 V the diffusivity reaches a local maximum. It is expected that at
this potential no phase transition is taking place anymore. At potentials higher than 4.8 V the
decrease in diffusion coefficient can be attributed to the surface layer being formed because of
partial oxidation of the electrolyte.

6.4 ICI

For ICI repeating current interruptions (usually 1 to 10 s) are introduced while the cell is under
a constant-current. For the ICI technique the same assumptions are valid as for the GITT
technique, except for the requirement of having to be in an equilibrium state. This is not
necessary for ICI and thereby makes it a much faster technique.

To optimize the measurement of the diffusion coefficient using the intermittent current in-
terruption technique different values for the current were tried out. The original idea was to
charge with a constant-current C/2, with cycles of 5 minutes and interruptions of 10 seconds.
The capacity of the LNMO samples is 1.37 nAh, so C/2 leads to a current of around 0.7 pA.
Applying 0.7 pA for 2 hours in steps of 5 minutes means one needs 24 steps. Taking into account
the discharge during the interruptions, 30 steps were applied. However, with this current of 0.7
pA for 30 cycles a potential of only 4.66 V was reached, which is not enough to distinguish the
reactions happening at potentials of 4.69 and 4.77 V. This could be explained based on side
reactions taking place in the high-voltage region. Therefore, the applied current was gradually
increased. For a current of 1.5 pA a potential of 4.9 to 5 V could be reached.

In Figure 6.15 the potential response as a function of time is given for a current of 1.5 pA. This
shows an upward trend in potential with time. Between 4.6 V and 4.7 V the potential stabilizes
for a first time. Between 4.75 V and 4.8 V it stabilizes a second time. When reaching a potential
of 4.95 V, the drops in potential during the current interruptions become larger. In Figure 6.15
a zoom in of the first two cycles is shown as well, to have a better view of what happens during
each sequence. The expected behaviour can be distinguished. There is a continuous increase
in potential except for the periods during which the current is interrupted where the potential
decreases.

In Figure 6.16 the potential is plotted as a function of v/time for the 15! cycle of the ICI
experiment. This 15" cycle is taken to give an example, but for the other cycles the result is
similar. The black color represents the window where the slope is taken. Since the current is
only interrupted for 10 seconds this window is a lot more limited than for GITT and PITT. This
makes it easier to decide where to take the interval to determine the slope. However, as can be
seen in Figure 6.16 the potential response is very noisy, which also translates to a noisier result
for the diffusivity.

The evolution of the diffusion coefficient obtained with the ICI technique is given in Figure
6.17. As can be seen in Figure 6.17 the diffusivity varies between 102 and 10713, It is measured
for a potential starting from 4.2 V and ending at a potential a little higher than 4.9 V. First
the diffusion coefficient decreases until it reaches a potential of around 4.3 V, then it increases
again. Two minima in diffusivity are observed at around 4.69 V and 4.76 V, with in between
a local maximum. For potentials higher than 4.8 V the diffusivity decreases. When comparing
this to GITT and PITT, the same trends in evolution of the diffusion coefficient are visible. The
deflection point around 4.3 V can again be attributed to the Mn®*/Mn** redox couple. The
drops in diffusion coefficient at 4.69 V and 4.76 V correspond to the phase transitions happening
during the oxidation of nickel. At this point the diffusion coefficient includes the diffusion in
multiple phases and boundary kinetics, so actually it is the effective diffusion coefficient. The
decrease in diffusion coeflicient at potentials higher than 4.8 V also comes back in Figure 6.15.
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Figure 6.15: The potential response as a function of time for a current of 1.5 nA applied during
5 minutes with interruptions of 10 seconds for each cycle. The right figure shows a zoom in on
the first two cycles.
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Figure 6.16: The potential is plotted as a function of v/time for the 15" cycle. The black line
represents the window where the slope is taken.

As mentioned before, at around 4.95 V the potential response as as a function of time changes
to more peak-like behaviour. This can, like with GITT and PITT, be related to the formation
of a surface layer with the partial oxidation of the electrolyte.
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Figure 6.17: The evolution of the diffusion coefficient obtained with the ICI technique (with a
current of 1.5 pA).

6.4.1 Comparison different electrode thicknesses

As ICI is the fastest technique out of the three, it was used to try establish the influence of
electrode thickness on the diffusivity. Besides a thickness of 70 nm, the ICI technique was also
applied on electrodes with a thickness of 210 and 280 nm. The same conditions were used for all
of them: a current of 1.5 pA applied for 5 minutes with interruptions of 10 seconds repeated 60
times.

The potential response as a function of time is given in Figure 6.18. This Figure shows that
with increasing thickness the potential stabilizes at a decreasing value. This could be expected
as there is a decrease in current per unit of volume for increasing thickness of the electrode. This
means a higher current would have to be applied with increasing thickness to be able to compare
the diffusivity for different electrode thicknesses using ICI. However, due to insufficient time this
could not be elaborated more.

6.5 Comparison of different techniques

In Figure 6.19 the evolution of the diffusion coefficient obtained with the 3 techniques are com-
pared to each other.

The biggest difference between the three methods is the order of magnitude of the diffusivity.
ICI shows the highest order of magnitude with a variation between 1072 and 10~!* ¢cm?2/s. Then
for PITT the diffusion coefficient varies from 107! to 10713 cm?2/s. For GITT it goes from 1013
to 1071° ¢m?/s. For PITT steps in potential are applied and the current response is measured,
while for GITT and ICI current pulses are applied and the potential response is measured. The
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Figure 6.18: The potential response as a function of time for thin film electrodes with a thickness
of 70, 210 and 280 nm.

difference in order of magnitude between the three methods points out that depending on what
is applied (a current or a potential) the response will be different. As the ICI technique is
deviated from GITT, the difference between both can only come from the value for the slope
(E vs. vtime) or the change in steady-state voltage for each cycle. When comparing the third
factor in Equation 4.8 it becomes clear that its value is larger for ICI than for GITT. This is
mainly due to the slopes, which are less steep for ICI compared to GITT. For GITT the slope is
taken during the current pulse, while for ICI the slope is taken during the current interruption.
This means the potential increases more rapidly when applying a current than that it decreases
during relaxation. By using thin films, it was expected that the difference in diffusivity between
the different techniques would be smaller compared to what is seen in literature for composite
electrodes. However, that is not the case. This means that the difference is based on a physical
phenomenon taking place during delithiation, that is different depending on the technique used.
The reason for this must be further investigated in the future.

Furthermore, all three methods show similar trends. First of all, a deflection point in diffu-
sivity at around 4.3 V is observed for all of them. This is related to the oxidation of Mn3* into
Mn**+ and corresponds to the peak observed with cyclic voltammetry at around 4 V. Secondly,
two minima can be observed around the potentials associated to the oxidation of nickel. However,
the three techniques used in this work are based on classical Fickian dynamics, with no gradient
free energy term (Han et al., 2004). For phase transitions taking place during nickel oxidation,
the Li-ion transport includes diffusion in two phases coupled to boundary kinetics, which means
a single diffusion coefficient is not meaningful. So, around these oxidation potentials one should
speak of the effective diffusion coefficient. In between these minima there is a maximum that
goes back to the original diffusivity (from before the first minimum). One can conclude that
at the potential corresponding to this maximum there is no phase transition anymore and this
can be taken as the real diffusivity. Next to that, for all three of the techniques the diffusion
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coeflicient goes down when reaching a potential of 4.8 V corresponding to the formation of the
surface layer with partial electrolyte oxidation. For GITT and ICI this drop goes more rapidly
than for PITT. This means that for GITT and ICI in the high-potential window, most of the
applied current goes to side reactions instead of charging of the battery.

When comparing GITT to PITT there is a small shift in the position of the first minimum
and maximum. For PITT this already takes place at lower potential compared to GITT. In
general GITT is considered as more reliable than PITT in the phase-transition area. This can
be explained based on the fact that with PITT potential steps are applied, which forces the
potential to increase with a certain amount. In the vicinity of the phase transition this forms a
problem, since the steps taken can be too big (Markevich et al., 2005).

When looking at Figure 6.19 the ICI technique shows the biggest error bars. This is related
to the data from which the diffusion coefficient is deduced, being more noisy. As the current
is interrupted for only 10 seconds, the potential only changes a little in the window where the
slope is taken (in the order of 10~% V), which decreases the signal-to-noise ratio. Based on
this, one can say GITT and PITT are more reliable to determine the diffusivity for thin film
electrodes. Furthermore, the diffusion coefficient decreases more rapidly for the methods based
on a potential response (GITT and ICI) than for the method based on a current response (PITT)
in the high-voltage region. As mentioned before, this is because of the applied current going to
side reactions, instead of charging the battery. Based on this, even though PITT depends on
where the slope is taken, it proves to be more reliable for the determination of the diffusion
coefficient of positive electrode thin films at high potentials.
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Figure 6.19: The evolution of the diffusion coefficient obtained with GITT, PITT and ICI.
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6.6 Comparison to literature

In this section the results for the diffusion coefficient obtained in this study are compared to
those in literature. This is done for both GITT and PITT. For ICI this could not be done as this
is a relatively new technique and it has not been implemented on LNMO electrodes in literature
yet.

6.6.1 GITT

The evolution of diffusion coefficient found back in literature, using the GITT technique, is
given in Figure 6.20. In literature the LNMO positive electrode material is synthesized by the
sol gel method (while in this work sputtering is used). The potivive electrode exists out of
80 wt% LNMO, 10 wt% poly(vinylidene fluoride) (PVDF) binder, 10 wt% acetylene black and
an aluminium foil current collector. The thickness of the composite electrode is 25 pm. The
advantage of using thin film electrodes is their sufficient electric conductivity because of which
no binders or additives are needed. The electrolyte used in the cells is 1 M LiPFg in an equal
volume mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC). In this study the
electrolyte used is 1 M LiPFg in propylene carbonate (PC). For the application of the GITT
technique current pulses of 34 1A are applied for 10 minutes with relaxation times of 40 minutes
in between (Rahim et al., 2022).

8
(©)
9 4
+_ 10 -
a
=
= -11 1
-12 4
-13 T T r T T v

40 41 42 43 44 45 46 47 48 49
Voltage (V)

Figure 6.20: The evolution of the diffusion coefficient obtained with the GITT technique (Rahim
et al., 2022).

Due to many variables being involved, it becomes difficult to determine intrinsic properties
of the active material in composite electrodes. Since thin film electrodes have well-defined ge-
ometries and pure active materials they are ideal samples to study the intrinsic properties of
electrode materials (Xia et al., 2009). So, the obtained values for the diffusion coefficient will be
different compared to those for composite electrodes. This is due to the absence of conductive
additives and binders, but also due to the well-defined geometric surface area. In composite
electrodes the permeation of electrolyte through the additives into the active material augments



6.6. COMPARISON TO LITERATURE 45

the contact area during the intercalation/deintercalation process. So, the determination of total
contact area between the electrolyte and active material is nearly impossible. While, for the thin
film electrodes this contact area can be approximated to the thin film surface since a smooth
and dense thin film surface can be obtained (Shi et al., 2010; Xia et al., 2009). In this study this
surface area is 0.785 cm?.

When comparing the result from this study (Figure 6.8) with the result from literature the
main difference lies in the order of magnitude. In Figure 6.20 the diffusivity varies from 10~°
to 107!2 ¢m?/s, while in this study it goes from 10712 to 107'° cm?/s for GITT. This differ-
ence can partly be attributed to the geometric surface area that is not as easy to define for
composite electrodes. Next to that the observed trends are very similar. In literature one can
also distinguish a deflection point at around 4.3 V and two downward peaks at 4.7 and 4.75 V.
Furthermore, a local maximum can be found around 4.74 V in Figure 6.20, which is also the case
for the result obtained in this study. However, in literature the diffusion coefficient does show an
upward evolution after the second minimum. This means that for the cell in literature, if partial
oxidation of the electrolyte takes place, its influence is a lot smaller. This can be explained based
on the fact that the electrode in literature is a composite electrode with a thickness in the range
of pm (25 pm to be exact) instead of nm as for thin films. Because of this larger thickness the
surface effects become smaller compared to what happens in the bulk of the electrode and will
have less of an impact.

6.6.2 PITT

The evolution of the diffusion coefficient found back in literature, using the PITT technique, is
given in Figure 6.21. Figure (a) represents the diffusion coefficient for a LiNig;Mn; 504 thin
film electrode, while figure (b) represents a composite electrode.

The LNMO thin films are deposited on stainless steel substrates by pulsed laser deposition.
The electrochemical cell exists out of a Li-metal foil counter electrode, a LiNigsMn; 504 thin
film working electrode with an active area of around 0.785 cm?, and 1 M LiPFg in EC/DEC (1/1
vol%) as the electrolyte. The thin film working electrode has a thickness that is estimated to
be about 500 nm. To measure the diffusion coefficient the potentiostatic intermittent titration
technique was used with a potential step of 10 mV. When the current dropped below 0.1 1A /cm?,
the potential was stepped to the next level. This procedure was repeated between 4.50 and 4.90
V. The diffusivity was extracted from the current response using the Cottrell analysis (Xia,
Meng, et al., 2007).

The composite electrode exists out of 88 wt% LNMO, 4 wt% graphite, 2 wt% carbon black
and 6 wt% polyvinylidene fluoride (PVdF) acting as binder. This electrode has a circular disk
form with a diameter of 12 mm. In the electrochemical cell the coin cell with LNMO is used
as the positive electrode and lithium metal foil as the negative electrode. For the electrolyte
a mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC) (EC:DMC = 1/2 vol%)
solvents containing 1 M LiPFg was used. In the PITT measurements a potential step of 30 mV
was applied after the electrode reached equilibrium which was evaluated by a current of less than
1 pA, this was repeated between 4.4 and 4.9 V. The diffusivity was extracted from the current
response using the long time method. As characteristic diffusion length (L in Equation 4.17),
the thickness of the electrode was used (M. H. Liu et al., 2014).

For the thin film electrode the value of the diffusivity varies between 1071% and 1012 cm?/s.
For the composite electrode the order of magnitude is lower and varies between 10~'% and 10~1°
cm?/s. Two minima at around 4.69 and 4.75 V can be observed, corresponding to the oxidation
of nickel, respectively Ni?T to Ni** and Ni3* to Ni*t. When going to a lower potential than 4.69
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V and a higher potential than 4.75 V the diffusion coefficient shows an upward trend. Between
both minima the diffusion coefficient reaches a local maximum at around 4.7 V.

When comparing this to the outcome obtained with PITT in this thesis (Figure 6.14) there
are some similarities and some differences. First of all, the diffusivity varies between 10~ and
10~** ecm? /s, which lies between the orders of magnitude found for the thin film and composite
electrode in literature. As noticed in the analysis of the diffusivity in this work, the outcome
depends a lot on where the slope (In(I) vs. t or I vs. /1) is taken. This can explain why there is
such a difference in orders of magnitude for the diffusion coefficient between different references
and this study. Next to that, one can also observe a local maximum around 4.7 V and minima
at 4.68 and 4.75 V. Furthermore, the diffusivity does increase below 4.67 V and above 4.75 V.
However, for potentials lower than 4.67 V the diffusion coefficient decreases slightly starting from
4.4 V to lower potentials and then stabilizes to a value around 107!, This decrease is attributed
to the manganese oxidation and comes back for the composite electrode in literature. Above 4.79
V it reaches a local maximum at around 4.8 V. The decrease in diffusion coefficient above this
potential can be explained based on the partial oxidation of the electrolyte. This trend comes
back for the thin film electrode in literature, but not for the composite electrode. The reason for

it not being visible for composite electrodes is the same as discussed for composite electrodes in
GITT.

Lox10™

1E-10 4
—m=— Charge
.i:':h * — Discharge 10x10"
.:’b % E
;m o .-‘l“.- E 1
5 T o - 3 ]
— 1E-11 4 ':. P A\ o) Q
= Y4, .
e \H ?/ 1.0x10™ =
\MA/ f | =
L hih 3
¢ ]
: -4 —&— ())LNMO
' 4 —e— (1Mg(GD)-LNMO
1E-12 Y ‘ : . . 10x10° ] | | | |
4.5 46 47 48 49 44 45 46 47 48 49 50
E/V vs. LilLi® Voltage / V
(a) (b)

Figure 6.21: The evolution of the diffusion coefficient obtained with the PITT technique (a) thin
film LNMO electrode (Xia, Meng, et al., 2007) and (b) composite LNMO electrode (M. H. Liu
et al., 2014).



Conclusion

To model the optimal design for a battery containing LNMO as positive electrode, a reliable,
quantitative description of the lithium diffusion coefficient is needed. In literature there is still
a large variation in order of magnitudes for this diffusion coefficient, on the one hand between
different techniques used and on the other hand for the same technique between different ref-
erences. By using thin film LNMO electrodes instead of composite electrodes, it was expected
that the difference in value for the diffusivity obtained with different techniques would decrease.
In this thesis three electrochemical methods were developed: GITT, PITT and ICI.

So, the objectives of this thesis are firstly to validate if using thin film electrodes indeed
makes the difference in outcome for the three techniques smaller. Secondly, the evolution of the
diffusion coefficient with potential should be described. Thirdly, the most reliable method out
of the three should be attempted to be identified. Finally, it should be examined if the thickness
of the thin film electrodes has an influence on their electrochemical behaviour.

First, the difference in order of magnitude between the different methods will be discussed.
Even when using thin film electrodes the difference in order of magnitude between the three
techniques remains. The diffusivity varies between 10~2 and 10713 ¢cm?2/s for ICI, between 107!
and 10713 e¢m?/s for PITT and between 10713 and 10715 ¢cm?2/s for GITT. Even though ICI is
developed starting from GITT, the resulting order of magnitude is very different. For ICI the
data from which the diffusivity is derived, is very noisy. The potential only changes in the order
of 107* V in the window where the slope is taken to calculate the diffusivity, which decreases
the signal-to-noise ratio. This makes ICI less reliable to determine the diffusion coefficient for
thin film electrodes. The difference in order of magnitude between GITT and PITT can only be
attributed to the difference in what is applied and what is measured. For GITT a current pulse
is applied and the potential response is measured, while for PITT potential steps are applied and
the current response is measured. The physical reason behind the difference in value obtained
for the lithium diffusion coefficient using the three techniques is still unclear. Therefore, further
investigation is necessary.

Secondly, the evolution of the diffusion coefficient is described. The three methods show a
similar trend in evolution of the diffusion coefficient. First, there is a decrease and then again an
increase in diffusivity in the low-potential window with a deflection point at around 4.3 V. This
can be attributed to the activation barrier for Li-ions to jump that first slightly increases and
then decreases again. This diffusion activation barrier is the energy difference between lithium’s
initial tetrahedral 8a state and the metastable empty octahedral 16¢ state that it passes when
going to another 8a state. The activation barrier is influenced by the change in effective valance
of manganese ions with lithium concentration. As seen with cyclic voltammetry, around 4 V
there is an oxidation peak related to the Mn3+/Mn** redox couple. When there are more or less
the same amount of Mn?t and Mn** ions the energy barrier will be the highest. It decreases
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again with increasing amount of Mn** ions. This is because of their smaller range of electron
clouds and stronger coulombic repulsion making the LiT-Mn** distances longer.

When going to higher potentials all of the techniques show two minima at around 4.7 and 4.75
V corresponding to the Ni?* /Ni** and Ni** /Ni** redox couples. These potentials again corre-
spond to what was seen with cyclic voltammetry. During charging the LNMO electrode undergoes
two stages of phase transition: LiNi(IT)gsMn(IV); 504 changes to Lip sNi(IIT)o s Mn(IV)1.504
and finally to Ni(IV)osMn(IV); 504. However, when there is a two-phase region the measured
lithium diffusion coefficient is an effective chemical diffusion coefficient. This is because the
lithium ion transport includes diffusion in two phases coupled to boundary kinetics, which means
a single diffusion coefficient is not meaningful. Between these two minima there is a local maxi-
mum at around 4.74 V for GITT and ICI and at 4.71 V for PITT, wherefore the diffusivity goes
back to its value from before the first minimum. At this potential there is no phase transition
anymore and this can be taken as the real diffusion coefficient.

At around 4.8 V there is a decrease in diffusion coefficient for all of the techniques. This is
assigned to the partial oxidation of the electrolyte (LiPFg in PC) when the cell goes through
the high voltage region. This partial oxidation of the electrolyte creates a surface layer, making
Li-ion diffusion through the electrode a lot harder. Next to that, the applied current (in the case
of GITT and ICI) is used more for these side-reactions than for charging the battery.

Thirdly, by comparing the three methods, it was possible to establish the most reliable one.
As mentioned before, the diffusivity obtained with ICI shows the biggest error bars, which is re-
lated to the data from which the diffusion coefficient is deduced, being more noisy. Furthermore,
the diffusion coeflicient decreases more rapidly for the methods based on a potential response
(GITT and ICI) than for the method based on a current response (PITT) in the high-voltage
region. This is because the applied current is going to the side reactions taking place instead of
charging the battery. Based on this, even though PITT depends on where the slope is taken,
it proves to be more reliable for the determination of the diffusion coefficient of the positive
electrode thin films at high potentials.

Lastly, the investigation on influence of the thickness of thin film electrodes was started. A
change in behaviour is observed starting from a thickness of around 200 nm. More specifically,
with cyclic voltammetry the ratio of the height of the peaks corresponding to nickel oxidation
changed. Furthermore, when trying to determine the diffusion coefficient for the different thick-
nesses using ICI, a decrease in final stabilized potential with increasing thickness was discovered.
This was expected, since the current per unit of volume decreases with increasing thickness of
the electrode. However, due to insufficient time this could not be elaborated more.

In summary, even when using thin film electrodes the difference in order of magnitude in
diffusion coefficient obtained with GITT, PITT and ICI remains. It is still unclear what the
physical reason is behind this difference. Therefore, further investigation should be done. How-
ever, all three methods do show a similar trend in the evolution of the diffusivity. Furthermore,
it is established that PITT is the preferred technique to determine the diffusion coefficient in
thin film electrodes. Finally, a start in exploring the influence of thin film electrode thickness
was done. More research on this should be done in the future.



Future work

In future work the reason for the difference in order of magnitude between the diffusion coefficients
obtained with GITT, PITT and ICI should be further investigated. This could be done using
Electrochemical Impedance Spectroscopy (EIS). EIS could give more insights on the correct
determination of the diffusion coefficient in thin film systems. This is because EIS goes to the
frequency domain, while GITT, PITT and ICI stay in the time domain. By going to the frequency
domain it might be possible to have a better separation of the diffusion phenomena from the
complex reactions taking place in the LNMO material. Another way is to introduce the different
orders of magnitude in the model and study how they influence the outcome. By doing this one
might get a better idea of what causes the difference between the three methods on a physical
level.

Something else worth researching in more depth is the effect of the thickness of the thin film
electrode on the determination of the diffusivity. As observed with cyclic voltammetry, around
a thickness of 200 nm the behaviour around the nickel redox couples changes. More specifically,
the peak at a lower potential becomes larger than the one at a higher potential. So, it should
be studied what causes this change. Next to that, the influence of the electrode thickness on the
diffusivity should also be investigated, using the different methods described in this work.
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