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Abstract

Tesfamhret, Y. 2022. Transition metal dissolution from Li-ion battery cathodes. Digital
Comprehensive Summaries of Uppsala Dissertations from the Faculty of Science and
Technology 2178. 71 pp. Uppsala: Acta Universitatis Upsaliensis. ISBN 978-91-513-1572-0.

Lithium-ion batteries (LIBs) have become reliable electrochemical energy storage systems due
to their relative high energy and power density, in comparison to alternative battery chemistries.
The energy density of current LIBs is limited by the average operating voltage and capacity
of oxide-based cathode materials containing a variety of transition metals (TM). Furthermore,
the low anodic stability of "conventional" carbonate-based electrolytes limits further extension
of the LIBs voltage window. Here, ageing mechanisms of cathodes are investigated, with a
main focus on TM dissolution and on strategies to tailor the cathode surface and the electrolyte
composition to mitigate TM dissolution.

Atomic layer deposition (ALD) coatings of the cathode surface with electrically insulating
AlLO; and TiO, coatings is employed and investigated as a method to stabilize the
cathode/electrolyte interface and minimize TM dissolution. The thesis illustrates both the
advantages and limitations of amorphous oxide coating materials during electrochemical
cycling. The protective oxide layer restricts auto-catalytic salt degradation and the consequent
propagation of acidic species in the electrolyte. However, a suboptimal coating contributes
to a nonhomogeneous cathode surface ageing during electrochemical cycling. Furthermore,
the widely accepted concept of charge disproportionation as the fundamental cause of TM
dissolution is demonstrated to be a minor factor. Rather, a chemical dissolution mechanism
based on acid-base/electrolyte-cathode interaction underlies substantial TM dissolution.

The thesis demonstrates LiPFs, and by implication HF, as the principal source of TM
dissolution. In addition, the oxidative degradation of ethylene carbonate (EC) solvent
contributes indirectly to generation of HF. Thus, an increase in electrolyte oxidative degradation
products accelerates TM dissolution. Substituting EC and LiPF, with a more anodically stable
solvent (e.g., tetra-methylene sulfone) and a non-fluorinated salt (e.g., LiBOB or LiClO,)
or addition of TM scavenging additives like lithium difluorophosphate (LiPO,F,) are here
investigated as strategies to either 1) mitigate TM dissolution, ii) supress TM migration and
deposition on the anode surface, or iii) supress formation of acidic electrolyte degradation
products and thereby TM dissolution. The thesis also highlights the necessity of taking
precautions when attempting to replace the components, as reducing TM dissolution may come
at the expense of electrochemical cycling performance.
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1 Introduction

1.1 Energy revolution

As economic activity has increased over the last several decades, conventional
energy sources (fossil fuels) have become the primary causes of air pollutants
such as CO,, CHs and N>O." The rapid rise of greenhouse gas (GHG) emissions
in the natural environment has radically altered global temperatures while pos-
ing new hazards to human health and other sectors such as agriculture. Accord-
ing to the International Energy Agency (IEA), the share of new generation fuel
and renewable energy is growing due to the fast development of a secure and
sustainable energy system with net-zero emissions.? The Kyoto and Paris agree-
ments set a minimal target of significantly reducing emissions into the atmos-
phere from fossil derived energy resources by 2060. The 195 countries com-
mitted to keep global temperature rises well below 2 °C above the pre-industrial
levels of 1750.% It is anticipated that human activities have already caused
around 1.0 °C of global warming over pre-industrial levels, and it is projected
that this will reach 1.5 °C before 2050, if the rise continues at the present pace.’
To make the agreement goal a reality, there must be a significant shift in how
energy is harnessed and used internationally. This goal can only be met by in-
corporating renewable sources such as solar, wind, etc. Renewable energy op-
tions that are substitute alternatives to traditional fossil fuel-based energy
sources are currently disadvantaged by intermittency and should thus be ac-
companied by an adequate energy storage system. The most common energy
storage device for power system applications is battery technology. Battery en-
ergy storage applications include electric grids, transportation, marine and sub-
marine operations, aeronautical operations, portable electronic devices, and
wireless network systems, to name a few. The battery, as an energy storage
system, seems to regularly provide a solution to every imperative question it
has faced. Yet, to satisfy future standards and demands of the growing global
economy, constant evolution of the currently commercialized and forthcoming
battery variations is critical.
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1.2 Lithium-ion batteries

A battery is a device that converts chemical energy by means of an electro-
chemical reduction-oxidation (redox) reaction into electrical energy. There are
two types of batteries generally available: primary and secondary. The elec-
trode reactions in primary batteries are not reversible, and thus the battery cells
are not rechargeable. The electrode reactions in secondary/rechargeable batter-
ies, however, are reversible. An applied electrical energy reverses the battery’s
operation, restoring charge. Li-ion batteries (LIBs) are prime secondary battery
examples that have dominated the individual market since their commercial in-
troduction in the 1990s.* LIBs have been the go-to candidates owing to their
collective characteristics of relatively high gravimetric and volumetric energy
density as well as long-term stability compared to several other battery chem-
istries. LIBs are typically made up of two electrodes coupled by both an elec-
trolyte component that is ionically conductive and an external electric circuit,
as illustrated in Figure 1.1. The cathode is defined as the electrode in which a
reduction-reaction occurs (i.e. electrons are taken from the external circuit) dur-
ing the discharge, while at the anode ensues an oxidation-reaction (i.e. electrons
are donated to the outer circuit) at the same time. The electrolyte is a component
that is electronically insulating, but a strong conductor of ions. At room tem-
perature, the ionic conductivity of commonly used non-aqueous electrolytes
can exceed 10 mS/cm.’ The key purpose of the electrolyte is to provide a me-
dium for ion transport and charge compensation. It allows working ions (from
the salt containing them) to be transported from one electrode to another. It also
prevents short-circuiting by acting as a physical barrier between the electrodes,
either alone if the electrolyte is solid, or immersed in a solid matrix (the sepa-
rator) if it is liquid.

LiCo0,

Graphite

Cu current collector
L] Al current collector

Packaging material I

Electrolyte Separator  Li-ion

Figure 1.1. A schematic of LiCoO, vs. graphite lithium-ion electrochemical cell.
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Although young relative to competing technologies, e.g., nickel-metal hydride
(NiMH) and alkaline batteries, the LIB technology is based on an extensively
researched and developed chemistry that has resulted in a diverse range of elec-
trode materials for both positive (e.g., LiCoO,, LiMn,Os, LiFePOs, efc.) and
negative electrodes (e.g., C, Sn, Si, etc.). Thermodynamics define the funda-
mental properties of a battery, such as the equilibrium voltage and the storage
capabilities (capacity). The electrochemical potential of a cell (Ecex), i.e. the
difference in redox reaction potentials of the active materials in the electrodes,
is related to the Gibbs free energy (AG) of the redox reaction as follows;

AG = —nFE,, (1.1)

where 7 is the number of moles of electrons exchanged in the reaction and F'is
Faraday constant, i.e. the amount of charge carried by one mole of electrons.
AG signifies the maximum amount of work that can be performed during a
chemical reaction.® The theoretical capacity (C;) of electrode materials is pro-
portional to the number of electrons in the reaction and the molar weight of the
chosen materials, as stated by the following equation;

_nF
T 36xM

(o (1.2)

where M is the molar mass of the active material. The number of Li-ions ac-
commodated in the active materials host lattice correlates directly with the
quantity of electrons.® The equation suggests that, in principle, a higher capac-
ity may be achieved by a decreased molecular weight and the accommodation
of more electrons per formula unit.

1.3 The LIB Cathode

Cathode materials based on transition metal oxides and their derivatives have
sparked significant interest in both research and commercial applications since
the introduction of LiCoO, (LCO).” After more than four decades, the layered
LCO first developed by Goodenough ef al. continues to be one of the most
commonly used cathode materials.® The layered oxide structure of LCO can be
described by the R(-)3m space group with Li and Co cations in alternating lay-
ers occupying octahedral positions formed by the fcc close-packed lattice of
oxygen anions (Figure 1.2). LCO with the redox couple centre Co**/Co*" has a
capacity of 140 mhA/g in the range of 3 V — 4.2 V vs. Li/Li" and is easy to
synthesise due to the large ionic radius difference between Li* (0.76 A) and
Co’* (0.545 A). The cut-off voltage of 4.2 V vs. Li/Li" corresponds to approxi-
mately half of the delithiation capacity of the material (i.e. LipsC00,).” How-
ever, delithiating LCO to £ > 4.2 vs. Li/Li" causes irreversible structural
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changes, Co dissolution, and significant volume changes.'®!" Concerns have
also been raised regarding the future of LCO because of its limited practical
capacity, thermal instability, reported price hikes for cobalt and cobalt minerals,
and ethical considerations regarding the mining and outsourcing of Co.'*"
Since Ni is more abundant, LiNiO; (which is isostructural and has similar prac-
tical capacity as LCO) has also been explored."* However, LiNiO, has been
reported to be difficult to synthesize and to have a tendency for Ni-ions to re-
place Li" during delithiation (cation mixing), obstructing Li" diffusion and re-
sulting in severe structural degradation.””'® Due to the lower cost and lower
toxicity of Mn, LiMnO, with the identical structure also attracts interest.'’
However, the structural instability of the layered structure and the dissolution
of Mn during electrochemical cycling continue to hamper the material's com-
mercialization.” Ohzuku et al. introduced the electrochemical application of
mixed transition metal oxides, also termed NMC (LiNixCoyMn,O,, where x +
y +z= 1), which offers ~150 mAh/g at 4.2 V vs. Li/Li".?' The relative concen-
trations of Ni, Mn, and Co in the structure can be changed to take advantage of
each transition metal. Depending on the TM ratios in the structure, the redox
couples Ni**/Ni*" and Ni**/Ni*" contribute to the majority of the capacity, with
Co*"/Co*" also participating. Mn-rich NMC are more thermally and structurally
stable, but their capacities are reduced due to the electrochemical inactivity of
Mn*" (Figure 1.3).** Co-rich NMC improve electronic conductivity and thus
also rate capability and moreover decrease cation disorder.”

LiCou, Likeruy,

Figure 1.2. Layered oxide LCO, spinel LMO and Olivine LFP crystal structures.

Of the mixed TM layered oxides, Ni-rich NMC has recently gained the most
interest due to the possibility of achieving a practical capacity of above 200
mAh/g when delithiated to £>4.6 V vs. Li/Li".**** They are also appealing due
to the reduction of the problematic Co and inactive Mn. Ni-rich NMC, on the
other hand, have their own set of issues, such as cation mixing (due to the sim-
ilar radius of Ni*" and Li"), crack formation, and the highly reactive Ni*" par-
ticipation in electrolyte degradation mechanisms, to name a few.?® Similar cath-
odes in the form of LiNijxyCoxAlyO, (1-x-y > 0.8, NCA) are also widely used
in commercial applications. However, similar ageing mechanisms prevent the
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full exploitation of the theoretical capacities that the mixed TM layered oxides
can offer.”’

LiCo*™0 2o -1 100
i Li{Nig Mng <] O, ===
000, , o * Mixing Energy(kJ/mol) [Ny sMing <] O T"""'IN'““-"O('I‘““’ Retention
g -] P
Very Stable S - 300 | -
3 .4 Li[Ni,Mn, O s &
5 A7 n, ]
075 SEDIe i = [Nig sMny O, po
3 - =]
Unstasle [ 10 Z wmf £
" B =
2 2 . 490 =
050 % o [] =
e = 260 F y
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1 \ [}
2 Li[Nig yMn, ;| O. Jss &
=1y {1l 4Mng210,; 5 g
o
Li[Niy ¢Mn, |0,
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LiMn*0, LIN®* Mn™*, 0, LiNi*O,

Discharge Capacity / mAh g

Figure 1.3. (a) Phase triangle on the stability of TM-oxide solid solutions, LiTMO, (TM
= Ni, Co, Mn), Reproduced with permission from reference [28]. (b) A map of rela-
tionship between discharge capacity, thermal stability and capacity retention of
Li/Li[NiyCoyMn,]O (x = 1/3, 0.5, 0.6, 0.7, 0.8 and 0.85). Reproduced from reference
[29] with permission.

Over three decades ago, Thackeray et al. introduced spinel LMO (LiMn,O4) as
a cathode material. The above mentioned advantages of Mn selection, as well
as the ease of production and low cost of the cathode material, made spinel
LMO a viable option.>® LMO, which has a spinel crystal structure with the
space group Fd3m, provides a three-dimensional conduit for Li" migration dur-
ing electrochemical cycling, resulting in a good rate capability. In the cubic
spinel structure of LMO, a close-packed oxygen array allocates cations to oc-
tahedral and tetrahedral positions.’' The octahedral sites are occupied by a stoi-
chiometrically equal amount of Mn’" and Mn**, while lithium occupies the tet-
rahedral sites.” LMO provides 148 mAh/g when using the cut-off voltage of
4.3 V vs. Li/Li". Spinel LNMO (LiNig s5.xMn; 5:x0x4), an isostructure of LMO in
which Ni typically accounts for 25% of the TM, is another promising cathode
material due to its high average operating voltage (4.7 V vs. Li/Li"). LNMO has
an energy density comparable to Ni-rich cathodes; however, such operating
voltages necessitate electrolytes with greater thermodynamic stability. Polyan-
ionic compounds, most notably LFP (LiFePOs), are also commercially availa-
ble. Owing to the intrinsic stability of the PO4* polyanion group, LFP offers
relatively high thermal and general cycling stability. Li" and Fe-ions are situ-
ated in octahedral positions inside the olivine structure of LFP, whereas P oc-
cupies tetrahedral positions within a hexagonal close-packed (HCP) oxygen ar-
rangement.”® Although LFP has a practical capacity of 150 mAh/g, the materi-
al's low electronic conductivity and relatively low operating voltage limit its
predominant use.
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1.4 Electrolyte

When the redox potential of the electrodes in an electrochemical cell exceeds
the electrochemical stability window of the electrolyte, an interphase layer
composed of electrolyte degradation products may develop. The electrochemi-
cal stability window of the electrolyte is defined by the energy gap between the
highest occupied molecular orbital (HOMO) and the lowest unoccupied molec-
ular orbital (LUMO), as shown in Figure 1.4. The anode and cathode must be
chosen so that the electrochemical potential of the anode is lower than the
LUMO and the electrochemical potential of the cathode is higher than the
HOMO; otherwise, the electrolyte will be reduced on the anode or oxidized on
the cathode, forming a passivating cathode electrolyte interphase (CEI) or solid
electrolyte interphase (SEI), respectively.

Commonly used and commercially available LIB electrolytes are combina-
tions of alkyl carbonates containing ethylene carbonate (EC) solvent as an im-
portant component for sufficient negative electrode passivation, combined with
dimethyl, diethyl, or ethyl-methyl carbonate co-solvents (DMC, DEC, EMC,
respectively). The operating potentials of the majority of cathode and anode
materials mentioned in the previous section depart slightly from the thermody-
namic stability window of carbonate electrolytes. The SEI or CEI serve as a
physical barrier that inhibits electrolyte degradation and electrode corrosion by
preventing direct contact between the electrolyte and electrode materials.
Therefore, mechanical, chemical, and electrochemical stabilities of these layers
play crucial roles in influencing the performance and stability of the cell. Dur-
ing electrochemical reactions, mechanical volume changes can reach up to 10-
20 % (excluding alloy and conversion types, which display higher values) in
electrode materials.**** This undesired characteristic thus necessitates certain
important characteristics from the electrode/electrolyte interfaces. An ideal
electrode/electrolyte interfacial layer should be an electrical resistor, a good
ionic (Li") conductor, be homogenous in morphology (for uniform current dis-
tribution), and mechanically stable and flexible (to manage volume changes).**
3 However, because the formation of these layers is a direct result of electrolyte
and electrode surface degradation, including the loss of active Li", an efficient
layer formation is critical. In addition, due to their high polarity, temperature
range of operation, and limited toxicity relative to other solvent types, car-
bonate electrolytes have been preferable candidates so far.** Some alternative
notable electrolyte solvents are ether-based electrolytes that have a high affinity
for Li-metal anode, but are unstable over 4 V vs. Li/Li".*! Sulfone-based sol-
vents have a large dielectric constant (>40) and a high oxidation potential (>5
V vs. Li/Li"), demonstrating stability with high-voltage cathodes.* However,
the wettability and compatibility of sulfone-based solvents with Li-metal and
graphite anodes is poor.**
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LiPFs is the most frequently used LIB electrolyte salt, which is somewhat of
a compromise and chosen as the lesser of all evils. The competing salts have
far greater drawbacks. Due to the explosivity of LiClOs as a result of its highly
oxidative qualities, the toxicity of LiAsF, the unfavourable behaviour of LiBF4
or LiBOB with respect to passivation of the anode surface, and the low conduc-
tivity of LiSO3CF3, LiPFg is still a suitable option for commercialization and
benchmark studies.***> Some advantages of LiPFs include sufficient solvation
concentrations in the aforementioned carbonate electrolytes, good ionic con-
ductivity and passivation of the aluminium current collector of cathodes to pre-
vent corrosion.

Thermodynamically unstable

Anode
i El'cduul ion y
2
= £
W &
EO.\;idalion

e

LUMO

Electrolyte

HOMO

Cathode

Kinetical

ly stable

 LUMO

Electrolyte

Eccl]

HOMO

4 (Cathode

Figure 1.4. An illustration of a thermodynamically unstable (left) and kinetically stable
(right) electrolyte. Illustration drawn with inspiration from references [46] and [47].
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1.5 Cathode/electrolyte interphase

The specific capacity (Q) of the electrode materials and their difference in elec-
trochemical potential (E..;) are the two main parameters that define the energy
density (U) of a battery.

U=0Q X Ecell (1'3)

In current LIB technology, cell voltage and capacity are mostly dictated by
cathode materials. LIB energy densities are hampered by the limited specific
capacity of the cathode materials, relative to typical anodes such as graphite
(372 mAh/g) and Si (4200 mAh/g). Furthermore, as the anode materials already
operate at an average potential close to metallic lithium (e.g., graphite at £ ~
0.2 V vs. Li/Li"), increasing the total voltage of the battery depends on increas-
ing the average working potential of cathode materials. Therefore, increasing
the average operating potential of existing cathodes is critical in order to reduce
the weight, and thereby cost of various battery applications.

A lot of effort has gone into developing high voltage cathode materials such
as Ni-rich layered oxides and LNMO. When attempting to achieve increased
energy density, the first challenge that must be addressed is the structural in-
tegrity of the high voltage cathodes in a charged state. As mentioned in section
1.3, Ni is incorporated as a redox active centre to maintain increased capacity,
whereas the inclusion of inactive and structural Mn improves thermal stability
and, consequently, safety in Ni-rich NMCs. During delithiation of the cathode
materials, Co and Ni are oxidized to +IV. When these species come into contact
with the electron-rich species in the cathode/electrolyte interphase, they un-
dergo irreversible reduction, which is problematic. These reduction reactions
cause electrolyte decomposition, as well as surface structural reconstruc-
tion from the original layered structure to a spinel and/or rock-salt-like phases,
which is rich in Co** and Ni**.2** Similarly, spinel TM-oxide surfaces undergo
thermodynamically driven structural reconstruction. Delithiated spinels such
as those of LMO and LNMO have also been found to generate "Mn3Os-like' or
rock-salt-like phases near the surface.*”*° The formation of a less electronically
conductive rock salt structure increases the barrier for Li* hopping, creating
kinetic limits into the electrochemical process and thus resulting in an in-
creased cathode impedance.’' In addition, the formation of cracks and the evo-
lution of oxygen due to cathode surface internal stresses result in newly exposed
surfaces that provide additional locations for CEI formation.’” The release of
reactive oxygen (O”) from the TM-oxide surface increases electrolyte degra-
dation and contributes to the formation of TM leaching agents (such as HF).
Multiple studies have shown that the onset £ for oxygen release correlates well
with the onset of CO and CO; evolution driven by irreversible electrolyte deg-
radation.*

20



This brings us to the second challenge to be addressed in attempting to
achieve high voltage performance: the chemical and electrochemical stability
of organic carbonate-based electrolytes, which are frequently coupled with
high voltage cathodes. The low anodic stability of “standard” carbonate-based
electrolytes makes development of high-voltage cells extremely challenging.
Multiple studies have investigated the complicated interactions of metal-oxides
with carbonate solvents and common Li-salts. Among the proposed mecha-
nisms for electrolyte oxidative degradation mechanisms are nucleophilic attack
reactions involving oxides and carbonate molecules, electrophilic attack, and
dehydrogenation processes.*

Azarate et al. demonstrated that the electrochemical oxidation of EC:DMC
electrolyte in the presence of LiPF salt, coupled by proton transfer to salt ani-
ons or other solvent molecules, can be expected already at 4.2 V vs. Li/Li".*°
However, the onset £ may vary based on the type and ratio of carbonate sol-
vents and the type and concentration of salt. Yu et al. proposed a decomposition
mechanism of EC solvent and LiPFg salt upon oxidation in the presence of TM-
oxide, in which EC molecules dissociate on the oxide surface, forming dehy-
drogenated species and surface protic species.’* Depending on the oxide chem-
istry, the predicted chemical decomposition of the electrolyte on the oxide sur-
face begins approximately at 4.1-4.8 V vs. Li/Li". Zhang et al. also reported,
based on DFT calculations, that this mechanism of EC degradation on the cath-
ode surface oxygen is the most energetically favourable mechanism (Figure
1.5).° The protic species on the metal oxide surface may also attack PFs ani-
ons, resulting in acidic species such as HF. Since oxidative degradation of sol-
vent also leads to degradation of salt, the acid-base reactions resulting from the
presence of HF in electrolyte solutions containing LiPF¢ salt are particularly
pertinent cathode ageing processes.”’ Increased temperature facilitates the
propagation of this process, resulting in increased deterioration of the cathode
surface and TM dissolution, implying that the mechanism is chemical as well
as being initiated indirectly by electrode potential. The prototypical carbonate
solvents such as DEC, propylene carbonate (PC), DMC or EMC, have also been
shown to undergo similar oxidative degradation mechanisms to EC, although
to a lower extent.****° The cathode/electrolyte interaction is quite complex and
highly dependent on surface area of the studied cathode materials and the cor-
responding chemistry of cell components. Therefore, controlling the aforemen-
tioned ageing mechanisms or developing an efficient CEI also becomes com-
plex.
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Figure 1.5. Electrolyte decompositions on TM-oxide surface. Electrolyte decomposi-
tions include solvent (EC) decomposition and coupled salt (PFs") decomposition. Sol-
vent decomposition occurs by dehydrogenation first, and ‘de-H’ EC could be further
decomposed by removing another hydrogen or by oligomerization. The protic species
on the surface coming from dehydrogenation could further attack PFs~ and lead to cou-
pled salt decomposition. Figure reproduced with permission from reference [56].

1.6 Transition metal dissolution

The degradation mechanisms discussed in the section 1.5 partly lead to for-
mation of acidic species, in the presence of salt anions. These acidic species
can be quite corrosive towards the cathode surface. Decomposition reactions
that result in TM dissolution lead to a direct loss of redox active material as
well as migration and deposition of the TM on the anode surface, which not
only alters the cathode surface structure but also induces impedance and nega-
tively affects cyclability (Figure 1.6).°*°' Klein et al. have, among others,
shown that cumulative TM deposition at the anode correlates to the formation
of Li-metal dendrites.® This process will eventually end in the loss of active
lithium, as well as failure due to short circuit.®® Furthermore, Mn>*" has been
shown to penetrate the SEI and remain in the inner area between the SEI and
the anode by exchanging places with Li* ions.** The presence of TM-contain-
ing species in the SEI impedes Li" transport.®> Furthermore, the recurring gen-
eration of C;Hy from SEI has demonstrated that Mn*" is detrimental to both
solvents and graphite anodes, acting as a catalyst and propagating further reac-
tions, resulting in thicker SEL.°® Wang et al. also examined effects of Mn-ions
in the bulk electrolyte, and suggested that Mn*" destabilize electrolyte compo-
nents due to its peculiar solvation-shell structure, which catalyses the decom-
position of carbonate molecules and PFs anion.®’
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This dissolution phenomenon has been reported to be particularly pro-
nounced in spinel-LMO and spinel-LNMO. Mn dissolution from LMO has
been primarily explained by; (i) charge disproportionation reactions and (ii)
subsequent corrosion due to increased electrolyte acidity.®* * The charge dis-
proportionation reaction, which is induced by Mn**, results in Mn*" and
Mn?**7 whereby the Mn*" species proposedly display higher solubility in the
electrolyte. The common conception of Mn?* dissolution however comes from
the observations of Mn®" in the electrolyte and/or deposited on the anode sur-
face. A mechanism induced by reductive coupling (TM*" + O* — TM*" + 0)
of TMs at the oxide surface with loosely bound oxygen could elucidate the
lower oxidation state that is observed. There are also other factors controlling
TM dissolution. Tarascon et al. reported the inferior cyclability of LMO at el-
evated temperatures.’® Furthermore, Shizuka et al. and Bhatia et al. along with
others have since shown that the dissolution of Mn-ions from LNMO and LMO
is particularly increased at higher state of charge.”®’"”"*" In delithiated state,
however, Mn should mostly be in +IV state, contradicting a dissolution process
primarily initiated by disproportionation.**’

Mn dissolution has also been observed in mixed TM layered oxides (NMC),
which contain only structural inactive Mn**, indicating that the commonly used
disproportionation process is unlikely.®**' A hypothesis that has been suggested
as the root cause is ‘acid attack’. As described in section 1.5, acidic species in
the electrolyte increase due the electrolyte degradation. Therefore, there likely
exists an acid-base electrolyte-cathode interaction that results in TM dissolu-
tion. In general, TM dissolution has been reported to accelerate at, (i) high SOC,
(i1) increased temperature, (iii) increased presence of electrolyte degradation
products.
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Figure 1.6. Schematic showing the various consequences and causes of transition metal
dissolution, including the link with both SEI and CEI formation and growth. Illustration
redrawn based on inspiration from reference [82].
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1.7 Mitigation of transition metal dissolution

Since TM dissolution is a direct consequence of cathode/electrolyte interaction,
the surface chemistry and thereby also surface area of the cathode is an im-
portant parameter. To mitigate this mechanism, many approaches have been
presented in the literature. The strategies may be divided into two main catego-
ries;

1.7.1 Optimizing the cathode/electrolyte interphase

Coating the surface of a cathode with electronically insulating components has
long been adopted as a strategy to stabilize its electrochemical properties. These
coatings are designed to act as an electronic barrier to direct contact between
electrolyte and redox-active TM-ions in the oxide surface. In addition, the coat-
ings act as a sacrificial layer to the acidic environment that the electrolyte pro-
vides. Including a layer of such properties may introduce impedance increase
due to lower electronic contact of the cathode particles. Although this approach
has led to improvements in durability of high voltage cathodes, complete pas-
sivation against deleterious irreversible processes has not yet been achieved.
Furthermore, typical coatings are not well-matched to the atomic structure of
the active materials. The structural mismatch between bulk and surface gets
aggravated by the volume changes undergone by the cathode during cycling.
Furthermore, the difficulty of achieving uniform and conformal as well as ul-
trathin coatings in highly porous materials has made this approach especially
difficult to generalize and very cathode material-specific.

Many coatings techniques have been suggested in literature to mitigate cath-
ode ageing, but the most optimum results are obtained using atomic layer dep-
osition (ALD). ALD is recognized for its conformal nature and for the relatively
uniform nature of the produced films, resulting in minimal pinholes or thick-
ness variations when compared to techniques such as sol-gel, wet-chemical
coating, acid solid state sintering, etc. Thin film coatings can be in the form of
metal-oxides, -fluorides and -phosphates.”***%* Numerous cathode materials
have been employed as coating layers to stabilize cathode surfaces, such as
AL O3, TiO,, ZrOs, Bi03, ZnO, AIPO,, AlF; and so on.®*%% The commonly
applied Al,O; and TiO; films will be discussed in this thesis.

Another strategy that has a direct impact on the cathode/electrolyte inter-
phase is the implementation of an additive in the electrolyte. Flouroethylene
carbonate (FEC), vinyl carbonate (VC), tris(trimethylsilyl) phosphite (TMSP1),
tris(trimethylsilyl)phosphate (TMSPa), prop-1-ene-1,3-sultone (PES), pyridine
boron trifluoride (PBF), 2-aminoethyldiphenyl borate (AEDB), and polyfluoro-
alkyls (4-(perfluorooctyl)-1,3-dioxolan-2-one, PFO-EC) and much more have
been proposed as electrolyte additives.®®* The use of suitable electrolyte addi-
tives is a strategy that offers a techno-economic benefit and is commonly used
to achieve the formation of optimum CEI and/or SEI, to mitigate ageing.
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TMSPi and TMSPa have been demonstrated to show their HF scavenging abil-
ity, which reduces electrolytes acidity and thereby cathode corrosion. Lithium
difluorophosphate (LiDFP) has been shown to scavenge already dissolved TM-
ions thus reducing the rate of dissolved TM from depositing on the anode sur-
face. LiDFP is an additive that will be discussed in this thesis. Generally, the
fundamental idea of an additive in the electrolyte is the modification of either
CEI or SEI or both, to stabilize the interfacial interaction of electrode/electro-
lyte. The replacement of electrolyte co-solvents such as EC with high anodic
stability solvents such as sulfone-based solvents is also a strategy that has seen
a room for improvement, and will also be discussed in this thesis.

1.7.2 Optimizing the cathode bulk structure

The electrochemical performance of cathode materials is also determined by
the physical properties of the precursors and the method of synthesis. Various
synthesis approaches have been proposed, including co-precipitation, sol-gel
method, solid-state reaction, and spray drying method, etc.**** The investiga-
tion and development of these synthesis pathways has mostly focused on deter-
mining how to regulate particle size, minimize cost, and enhance electrochem-
ical characteristics. Although these properties are not addressed in this thesis,
below are several synthesis-based cathode optimization strategies that can help
to reduce cathode ageing and thereby TM dissolution. Doping is a straightfor-
ward approach that employs atomic-scale lattice modification which uses non-
intrinsic ions as doping elements in the oxide structure to address structural and
thermal instability. For example, in Ni-rich NMC, Ni and Mn on the surface
may be preferentially substituted by cations/anions during synthesis to suppress
corrosion by acidic species in the electrolyte. Liang et al. showed that doping
Zr or Ti at the Co site and doping Al at the Mn site is suitable for NMC811 in
solid state synthesis.” Park et al. demonstrated Boron ions as dopants to modify
the surface energy of cathode, resulting in a highly micro-structured material
that can somewhat alleviate the inherent internal strain of the Ni-rich NMC
cathode during the lithiation/de-lithiation processes.”® Anion doping suggests a
process in which halide ions exchange places in the neighbourhood of Li and
Ni ions, resulting in a more stable local halide octahedron. When F substitutes
the oxygen site in Ni-rich NMC, the local valence balance is disrupted, leading
to a higher negative charge near O and a less positive charge near Ni, which
contributes to a structure more conducive of Li".*’ Similarly, the crystalline
phase of LMO can be stabilized by bulk and surface metal ion dopants that
typically have an oxidation state lower than +III, such as A1**, Co*" and Ti".**"
1% The average valence of Mn is thus kept higher than +3.5, resulting in a lower
Mn®* content in LMO. By decreasing the amount of Mn**, which is susceptible
to charge disproportionation, Mn dissolution is correspondingly decreased.
However, this strategy only considers disproportionation of Mn** as the lead
cause of TM dissolution. The stabilization of cathode surface through doping,
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however, should reduce the surface reconstruction experienced from the men-
tioned TM-oxide cathodes, thereby reducing the oxygen release. Core-shell TM
concentration gradient optimization of NMC has also been explored in studies,
as a synthesis-based strategy. '’
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2 Methods

2.1 Atomic Layer Deposition

Atomic layer deposition (ALD) is a film deposition technique that is able to
meet the requirements for atomic layer controlled and conformal depositions,
due to its sequential and self-limiting surface reactions. Figure 2.1 illustrates
the parallel and self-limiting surface reactions that take place during ALD dep-
osition. The majority of ALD depositions are based on binary reaction se-
quences in which two surface reactions result in a binary compound film. As
there is a limited number of surface sites, the reactions can only deposit a lim-
ited number of surface species. If the two surface reactions are self-limiting,
the reactions can continue depositing a thin film while maintaining atomic-level
control. The advantage of ALD is its ability to precisely control thickness in
Angstrém or monolayers levels. On structures with high aspect ratios, the self-
limiting characteristic of ALD enables excellent phase coverage and conformal
deposition. Due to numerous precursor gas fluxes, some surface regions will
react prior to others. However, the precursors will adsorb and eventually desorb
from the areas of the surface where the reaction has been completed. The pre-
cursors will then begin to react with other unreacted surface areas to produce a
conformal deposition. ALD is attractive for industrial applications since it can
be applied to very large substrates as well as multiple substrates that are pro-
cessed simultaneously. Although ALD precursors can be in gas, liquid, or solid
form, precursor molecules are introduced in gas phase to ensure complete cov-
erage of the substrate regardless of its geometry and without the need for a
direct line-of-sight.'® In this regard, scaling up ALD is limited by the size of
the reaction chamber, in addition to the kinetic and thermodynamic aspects of
the reactions. Since reactants in the gas phase are not in contact, surface reac-
tions occur in sequence. This separation of the two reactions reduces the likeli-
hood of gas-phase reactions between the various precursor molecules, which
can generate particles that can be deposited to form granular surface films. In
this thesis, Al,Os; and TiO, were deposited by ALD. Trimethylaluminum
(TMA) and H,O were used as precursors for Al,Os. TiCls and H>O were used
for TiO,. The precursors undergo the following reactions on the substrate/cath-
ode, 103104
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-OH' + AI(CH); - (-0-)AI(CH5)," + CH, 2.1)
-0-Al(CH3)," + H,0 - (-0-)AI(CH3)OHT + CH, (2.2)
-OH' + TiCl, » (-0-)Ti(Cl;)T + HCl (2.3)

(-0-)TiCl," + 2H,0 - (-0-)TiO(OH)T + 3HCI (2.4)

fsurface species
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Figure 2.1. An illustration of AL,Os (left) and TiO; (right) ALD deposition. Notice that
the ratios of the atom size illustration are inaccurate.

During ALD deposition, the substrate is alternately exposed to TMA/TiCl4 and
H;O0. The formation of a very tight Al-O or Ti—O bond is the driving force for
effective reactions. Al,O3 growth is highly linear with the number of cycles
when surface reactions are repeated. The average growth rates of Al,O3 and
TiO; are estimated to be ~1.1-1.3 A and ~0.6 A per cycle, respectively.'**!%
A single ALD cycle produces far less growth than a single "monolayer" of
AlO; and TiO;. Thus, the growth rate of each cycle can be compared to the
thickness of one monolayer with the respective oxide coating. To prevent the
interdiffusion of materials, it is essential to conduct ALD at low temperatures
while adhering to a limited thermal budget.'®* In this thesis, a PICOSUN® R-
200 Standard ALD system was used for deposition. The deposition was con-
ducted at 120 C with N gas as the precursor carrier gas. It is important to em-
phasize that this reactor is not a fluidized bed reactor. The fluidization, in a
fluidized bed reactor ALD (FB-ALD), is a technique for suspending the sub-
strate particles, thus ensuring near maximal exposure of surface area for coat-
ing. In the reactor used for this particular work, however, the powder is station-
ary during the coating procedure. This means that there is a high possibility that
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a complete coverage of the particles surface cannot be reached. The ALD dep-
osition cycles used in this work can be described as follows:

Recipe 1. (Paper I-11I) (i) TMA/TiCls was pulsed for 0.2 sec at a flow rate of
15 scem into the ALD reactor chamber (where the powder substrate is situated),
followed by a purge with the carrier gas, at a flow rate of 100 sccm. This step
was repeated 10 times to achieve a net pulsing time of 2 sec. (ii) the reactor was
purged with carrier gas for 60 sec at flow rate of 600 sccm. (iii) H,O was pulsed
for 0.2 sec at a flow rate of 15 sccm followed by purging with carrier gas at a
flow rate of 100 sccm. This step was repeated 10 times to achieve a net water
pulsing time of 2 sec. (iv) the reactor was purged by carrier gas for 60 sec at a
flow rate of 600 sccm. The described steps complete one ALD deposition cycle

(Figure 2.1).

Recipe 2. (Paper 1V) Same as recipe 1. However, the pulse time for TMA and
H,O precursors was increased to 0.5 sec, where a net precursor pulsing time of
5 sec was achieved. Additionally, the coating cycles were terminated with a
pulse step of H>O precursor.

2.2 Fluorine selective probe

The concept of pH is technically limited to aqueous solutions and determining
pH in organic electrolytes is challenging. Although proton activity is as appli-
cable to organic mediums as in aqueous, the organic solvents which are proton
deficient compared to water give unstable pH readings. The insulating character
of organic solvents also makes most pH measurement methods inapplicable
because they are based on electric current or charge transfer through the solu-
tion. An explicit approach to characterize acidity in our system is to determine
the concentration of the acid in question (HF), which is proven to be prevalent
in LiPFs containing electrolytes. The determination of HF in this thesis was
therefore performed with a F~ sensitive ion selective electrode (ISE, Mettler
Toledo perfectlON combination fluoride electrode). The technique is imple-
mented based on a method developed for F~ determination in LiPFs electrolytes
presented by Strmenik ez al.' The F~ ISE was calibrated with a series of stand-
ards containing a known amount F~ ions, prior to measurements. The calibration
standards were water based with NaF as a fluorine source. Calibration standards
containing F~ concentration ranging from 0.5 ppm — 500 ppm were used to for-
mulate a calibration curve, which was subsequently used to determine HF in
the electrolytes (Figure 2.2a). A 50:50 vol. % of water and total ion strength
adjustment buffer (TISAB) with (1,2-Cyclohexylenedinitrilo)tetraacetic acid
(CDTA) was used as a base, to compensate for charge contributions from im-
purities. The sampled organic electrolyte was thus transferred in to the base
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solution. The potential of the fluoride electrode (with an internal reference elec-
trode) or the potential of the fluoride electrode with relation to a reference elec-
trode immersed in H,O:TISAB mixture was then recorded. The concentration
could thus be determined from the calibration curve. Counterintuitively, the di-
lution of the non-aqueous electrolytes containing LiPFs in TISAB effectively
halts any further hydrolysis of LiPFg, hence enabling this type of study. For
comparison, a similar calibration curve is provided for Tetrahydrofuran/ Tetra-
n-butylammonium fluoride (THF/TBAF) in DEC solution, which coincides
well with the water: TISAB calibration curve (Figure 2.2a). However, aqueous
based measurements were chosen in Papers IV-VI for the sake of simplicity.
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Figure 2.2. (a) Calibration of the fluoride ion selective electrode (ISE) with aqueous
solution (NaF in water:TISAB) and non-aqueous solution (THF/TBAF in DEC). (b)
ICP-OES calibration with different standard concentrations of Co, Mn, and Ni provided
from Multi-element Calibration Standard.

2.3 Inductively coupled plasma atomic emission
spectroscopy

ICP-OES is a technique used in this thesis to determine the quantity of different
elements. In general, these elements have detection limits in the pg/l (ppb)
range. During measurement, liquid samples are nebulized into an aerosol,
which is a fine mist of the sample droplets injected. The aerosol is subsequently
carried to a plasma core by carrier gas (typically Ar). RF (radio-frequency) cur-
rent oscillation, typically 27 to 40 MHz, creates RF (radio-frequency) electric
and magnetic fields in copper coils. A flame is added to the gas as Ar gas swirls
around the torch, enabling the separation of certain electrons from argon atoms.
These electrons are those that the magnetic field captures and excites. Applying
energy to electrons in this manner is referred to as "inductive coupling." In ex-
change, these high-energy electrons collide with other argon atoms, which re-
sults in the loss of more electrons. In a chain reaction, collisional ionization of
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the argon gas continues, decomposing the gas into a plasma made of argon at-
mosphere, electrons, and argon ions, resulting in what is known as an induc-
tively coupled plasma discharge. Until the sample aerosol is dissolved, vapor-
ized and atomized, the plasma serves two functions: ionization and excitation
of the introduced sample. Emission is achieved when the level of an atom or
ion reaches an excitation phase. Since the best emission lines of many elements
are formed by excited ions from the ICP, certain elements will also need to
undergo ionization. Every element has a distinct set of energy levels and, con-
sequently, a distinct set of absorption and emission wavelengths. The excited
atoms and ions emit their characteristic radiation, which is then distinguished
with a mono- or polychromator before being detected and converted into elec-
trical signals, which are then converted into concentration. Calibration is per-
formed prior to analysing samples so that concentrations of elements of interest
can be calculated. This is done by creating a calibration curve (function) for
standard solutions that contain a known concentration of the element of interest.

The main analytical advantage of the ICP over other emission sources is de-
rived from the ability of ICP to vaporize, atomize, excite and ionize efficiently
and reproducibly quantify a wide range of elements in many different sample
types. The distribution of concentrations from the lower measurement limit to
the upper limit is known as the emission line's linear dynamic range (LDR).
Exceeding these limits results in high standard deviation (STD) or saturation,
respectively. For ICP-OES, the upper limit of linear calibration is normally 104
to 106 times the limit of detection for a given emission line. For example, for
the Mn 257.610 eV emission line, the highest linear concentration is about 50
mg/L, or about 105 times its detection limit of 0.0004 mg/L. For accuracy and
reproducibility, all ICP measurements presented in the thesis have <5 % STD.

2.4 Other characterisation methods

Electrochemical characterization. Galvanostatic cycling (chronopotentiome-
try) was explicitly used for electrochemical characterization. Here, a constant
current is applied between the working and counter electrodes to drive electro-
chemical reactions (and a reverse current to drive the reverse reactions) in a
specified voltage window. This provides useful information with regards to cell
capacity, the average potential and long-term cyclability. In addition, Cou-
lombic efficiency (CE) as a ratio of discharge capacity over charge capacity can
be calculated to describe the reversibility of electrochemical reactions. The
flow of Li" or electrons should be fully reversible from the electrochemical re-
actions, assuming no side reactions in the electrodes in an ideal cell; CE would
then be equal to 100%. However, in reality there are pervasive side reactions
between electrolytes and electrodes. This contributes to the CE value deviating
from 100%, which offers information on the presence of side/parasitic reac-
tions. Potentiometric intermittent titration technique (PITT) has also been used
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in Paper V, where potentiostatic charge pulses are applied, each followed by a
period of relaxation, until the potential limit is reached. In /ieu of linear sweep
voltammetry (LSV), this technique was used to determine the oxidative stabil-
ity of electrolytes.

Coulometric Karl Fischer. As stated in section 1.4, the presence of water plays
a crucial, albeit indirect, role in the dissolution of TMs. In this study, a Karl
Fischer (KF) coulometric measurement was used to determine the water con-
centration in electrolytes. In the titration cell, a KF-specific reagent is combined
with a solvent. An electrical current trigger the release of reagent when a sam-
ple is dissolved in the titration cell containing KF-specific reagent and solvent.
The amount of current required to convert water into reagent determines the
amount of moisture.

Scanning electron microscopy and Transmission electron microscopy. Confir-
mation of conformality and homogeneity of the ALD deposited thin film is
necessary, and thus a high spatial resolution imaging is required, which scan-
ning electron microscopy (SEM) and transmission electron microscopy (TEM)
can offer. Thus, SEM and TEM were utilized in Papers I-1V.

X-ray Photoelectron Spectroscopy. In x-ray photoelectron spectroscopy (XPS),
x-ray radiation is directed at a sample in an ultra-high vacuum chamber, and
the kinetic energy of the photoelectrons released from the sample by the pho-
toelectric effect is determined by an electrostatic analyser. This technique char-
acterizes the surface chemical composition of the sample to a depth of a few
nanometres, making it ideal for the ALD-deposited thin film. In order to con-
firm the presence of ALD thin films on coated substrates, this method was uti-
lized as a complementary technique. Additionally, the chemical composition of
cycled electrodes was also analysed by XPS in Papers I-V.

Brunauer—Emmett—Teller (BET). Electrode reactions, whether chemical or
electrochemical, depend on the surface area of reactants. Therefore, it is neces-
sary to determine the surface area of the investigated active materials. The ALD
coating thickness was estimated in Papers I-1V using the BET surface area in
conjunction with ICP quantification of the coating elements present.
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3 Scope of the thesis

This thesis explores ageing mechanisms of cathode materials, with an emphasis
on TM dissolution and on strategies to mitigate the ageing from two perspec-
tives. Based on Papers I-1V, the first part considers the strategy of modifying
the cathode surface. As discussed in section 1.5, the structural integrity of high
voltage cathodes in a delithiated state is a challenge that must be addressed
since Ni-based layered TM-oxides have been shown to undergo phase transi-
tion to spinel and then to rock-salt structures, accompanied with a release of
lattice oxygen.?**® Similarly, spinel TM-oxide surfaces transform into rock-salt
structures.*’ The formation of an electrochemically inert rock-salt structure due
to surface reconstruction substantially increases cathode impedance.”' Several
investigations have also demonstrated that the onset potential for oxygen re-
lease correlates well with the onset of CO and CO; evolution triggered by irre-
versible electrolyte degradation.> This leads to the second strategy of mitigat-
ing the cathode ageing; avoiding chemical and electrochemical degradation of
organic electrolyte solutions at high potentials. The limited anodic stability of
standard carbonate-based electrolytes at E ~4.5 V vs. Li/Li" makes high-volt-
age cathode performance very problematic; hence, electrolyte modification is
investigated in the second part of the thesis, based on Papers I and IV-V1.'"’

From the cathode surface perspective, atomic layer deposition (ALD) coat-
ing of a variety of cathode materials with Al,O3 and TiO, coatings is investi-
gated as a method to stabilize the cathode/electrolyte interface and to minimize
TM dissolution. From the electrolyte perspective, the role of salt (a comparative
study of LiPFs, LIBOB and LiCIlOs), solvent (a comparative study of SL and
EC), and additive (LiDFP) on TM dissolution are here investigated. Further-
more, the chemical and electrochemical dependence of TM dissolution mecha-
nism are discussed within the two perspectives.
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4 Results and discussion

4.1 Cathode surface modification

4.1.1 Characterization of ALD oxide coatings

As discussed in section 2.1, during ALD deposition, atoms and molecules are
incident on a substrate (cathode), where they chemically react and form a
thin film. Thus, deposition parameters such as deposition temperature and the
composition of the substrate influence the formation of the film. If the energy
available to the depositing species, i.e. temperature is low, an amorphous and/or
porous structure would form since the sluggish mobility molecules or atoms
sluggish mobility prevents them from moving to the optimal positions.'”® Due
to the low deposition temperature (120 °C) used in this thesis, insignificant
change (negligible cation diffusion) is expected in the bulk LNMO (see XRD
diffractograms in Figure 1 in Paper II and III). In order to manipulate the crys-
tallinity of the coating layer and increase the interfacial bonding between
the cathode substrate and the coating layer, higher deposition temperatures
and/or post-deposition heating procedures can be used.'” However, interdiffu-
sion of the coating material into the bulk is a potential additional consequence
that requires careful parameter optimization, which was not investigated in this
thesis. Based on the Raman spectra of the coated LNMO materials, it can fur-
ther be established that the coating method had no discernible effect on the bulk
LNMO (Figure 1 in Paper II and IIT). XPS analysis of LNMO and LMO pow-
ders coated with Al,O3 and LNMO coated with TiO- confirmed the presence of
Al and Ti on the cathode surfaces, respectively. Figure 4.1(f) depicts an exam-
ple of XPS spectra comparing pristine and coated samples; for further infor-
mation, see Papers I-111. Figure 4.1(a and g) depict the cross-section of LNMO
powder coated with Al,O3 and TiO, with 20 ALD cycles, denoted as "20 ALD
AlL,Os" and "20 ALD TiO,", obtained by STEM coupled with electron energy
loss spectroscopy (EELS). The annular dark-field (ADF)-STEM micrographs
also show the uniformity and thickness of the coating layers. On the surface of
crystalline LNMO, an amorphous layer with a uniform thickness of roughly 2
nm ALOs is observed. Similarly, TiO; has a thickness of 1 nm on the TiO,
coated LNMO. The coatings cover all the inner and corners of facets.
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Figure 4.1. STEM results from the cross section of a 20 ALD Al,O3 particle. (a) ADF-
STEM micrograph showing the uniformly thick coating over a facet corner. (b) Higher
magnification ADF-STEM image of coating on a facet. (c—e) Corresponding EELS el-
emental maps from the AI-K, O—K, and Mn-L, 3 core loss edges, showing the presence
of aluminum oxide. (f) Mn 2p, O 1s, and Al 2p XPS spectra for the pristine LNMO
(black), 5 ALD AlOs (pink), 10 ALD ALOs (green), and 20 ALD AlOs (blue). STEM
results from the cross-section of a 20 ALD TiO; particle before cycling. (g) Annular
dark-field (ADF)-STEM micrograph showing the uniform coating with a thickness of
less than 1 nm. (h) ADF-STEM image with atomic resolution showing the TiO»-coating

on a facet. (i-k) Corresponding EELS elemental maps from the Ti-K, O-K, and Mn-
L3 core loss.



Although TEM is a highly accurate technique, the few particles examined
here are not necessarily representative of all coated particles. Thus, total cov-
erage of the surface area of the particles is not guaranteed. Refer to section 2.1
for more information on the type of ALD system utilized in this thesis. This
makes characterizing the actual uniformity of the coatings challenging. Fur-
thermore, the density of amorphous materials, such as Al,O; and TiO; films
produced at low temperatures, can vary with film growth/deposition tempera-
ture. Additional independent thickness measurements are required to evaluate
the density from e.g., quartz crystal microbalance (QCM) mass measurements,
however this is not covered in the thesis.'"

According to Groner et al., the density of low temperature ALD coated
AlO; films ranges from 2.5 g/cm? at 33 °C to 3.5 g/cm’® at 177 °C.''? Similarly,
Piercy et al. showed that the density of low-temperature ALD-coated TiO;
films is 3.25 g/cm’ to 3.68 g/cm® when temperature is ranged between 38 C and
125 °C.""" While ALD has been shown to provide excellent and consistent coat-
ings on flat surfaces, it is difficult to maintain conformity when coating porous
and powdered materials.''? Therefore, research on ALD coated cathodes gen-
erally, and correctly, relies on TEM images for qualitative assessment. The
coating thickness can be estimated using Al or Ti quantified in the powders by
ICP and the estimated density of the respective Al,O3 and TiO; structures, as
described in Papers I-1V. The estimated thicknesses presented in this thesis,
however, should be taken with consideration and should only be utilized when
comparing a coating growth in a specific sample. Thus, the thickness estimation
should not be used to compare two distinct cathode materials with diverse prop-
erties, such as surface area, particle size distribution, and structure. The esti-
mated thicknesses Papers I-1V, however, give a sufficient correlation with re-
ported film growth rates of ~1.1 — 1.3 A/cycle of Al,O; and ~0.6 A/cycle of
Ti0,,100.105

4.1.2 Beneficial role and limitations of ALD oxide coatings

As noted in section 2.1, most studies on the impact of Al,O; coating on cath-
ode surface have shown positive response in improving electrochemical perfor-
mance. However, there are conflicting views on how AL,Os contributes to the
favourable effects observed on electrochemical cycling. Similar experiences
are discussed in this subsection.

Figures 4.2(c and e) show long term half-cell cycling of pristine and 5 cycle
Al O3 coated LCO and NMC coated with recipe 1 (see section 2.1 for infor-
mation on recipe). When the cathodes are ALD coated with Al,Os, there is a
noticeable increase in capacity retention. Figure 4.3 depicts LMOI|LFP cells
coated with two different thicknesses of Al,Os;, termed "SCALD" and
"10CALD". The thickness of the coating corresponds to a 5 and 10 cycle ALD
deposition with recipe 1. Here, the coating is less effective, since there is no
discernible difference between the PLMO (uncoated) and SCLMO in terms of
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capacity retention. The 10CLMO sample, on the other hand, shows a lower in-
itial capacity and a larger overpotential. Figure 4.4 (from Paper II) shows a
similar pattern for LNMO coated with Al,O;. 10 and 20 cycle coated LNMO
electrodes exhibit lower capacity and higher overpotentials than uncoated
LNMO electrodes. The capacity retention of the 5-cycle coated LNMO elec-
trodes, however, shows minor improvement at 25 °C.
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Figure 4.2. (a) Discharge capacity and (b) Coulombic efficiency per cycle for LNMO
(black) and 20 ALD TiO2 (red) full-cells with graphite counter electrode. The lower
Coulombic efficiency values upon change in C-rate are shown in the lower part of (b)
with trends for LNMO and 20 ALD TiO; indicated by arrows (gray and pink, respec-
tively). After the four formation cycles of C/10 and C/4, the cells are cycled at C/2 with
two C/10 cycles every 25" cycle. (c) Discharge capacity and (d) Coulombic efficiency
per cycle for LCO (black) and 5 ALD Al,Oj; (red) half-cells with graphite counter elec-
trode. (e) Discharge capacity and (f) Coulombic efficiency per cycle for NMC (black)
and 5 ALD AL, Oj3 (red) half-cells with graphite counter electrode.
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Figure 4.3. Galvanostatic cycling of LFP||LMO cells with LiPFs:EC:DEC and
LiClO4:EC:DEC electrolytes and relative Mn dissolution determination by ICP-OES.
First two cycles were performed at C/5 and 47 at 1C, between 0.2 and 0.9 V (corre-
sponding to between 3.5 and 4.3 V vs. Li/Li"). (a) average voltage. (b) capacity reten-
tion. (c) Coulombic efficiency. (d) 2" cycle at C/5 and 5™ and last cycle at 1C. (e) %Mn
dissolution into the electrolyte from the cycled and rested LMO electrodes in
LFP|ILMO cells. The rested cells where left at OCV for the same amount of time as the
cycled cells.

There are mixed reports that suggest an increase in overpotential following
ALD coating of cathodes with Al,O3, as well as studies that support a decrease
in overpotential. Similarly, initial capacity has been shown to increase or de-
crease following ALD coating. The amorphous, electrically insulating Al,O3
with a band gap of 6.9 eV should naturally increase overpotential, if the cathode
particles are completely covered.'"® Furthermore, the Li" diffusion barrier in
AlLOj structure is inherently larger than in conventional TM-oxide cathode ma-
terials.'' As the thickness of the coating increases, the aforementioned charac-
teristics will inevitably be amplified.

Kang et al. demonstrated that electrochemical rate capability, capacity re-
tention, and interfacial impedance depend on more than just the near-surface
oxidation states of TMs. It is also affected by the Al,O3; coverage of the cathode
particles.!"> Non-uniform coating results in non-uniform Li* conduction routes,
where Li" primarily flow in and out of the particle at select and electrochemi-
cally active sites where the coating is thinner or absent. The effect is exacer-
bated by thicker Al,Os3 coatings, as non-uniformity will likely increase. This
creates a non-uniform ageing of the cathode surface, making these active sites
more vulnerable to attack by acidic species or leaching agents in the electrolyte
(e.g., HF). Figure 4.4 shows an example of this phenomenon when LNMO is
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20 cycle ALD coated with Al,Os (recipe 1) and is cycled in a half-cell setup at
50 °C. The surface of the primary particles of the electrode has visible holes.
The holes have a rather large diameter (up to 100 nm) and extend into the active
material. None of the compared electrodes (pristine, 5 cycle ALD coated, or 10
cycle ALD coated) cycled at 50 °C showed any LNMO particles with visible
holes that could be observed with SEM. It, however, does not exclude the pos-
sibility of smaller pinholes that are not apparent. This is further reflected with
Figure 4.3, where Al,Os-coated LMO demonstrated increased Mn dissolution
in LFP||[LMO cells when compared to uncoated LMO.
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Figure 4.4. Discharge capacity and Coulombic efficiency for the cells cycled at room
temperature (a,b) and the cells cycled at 50 °C (c,d) for pristine LNMO (black), 5 ALD
ALOs (pink), 10 ALD Al,Os (green), and 20 ALD ALOs (blue). The C-rates are C/2
for all cycles with two C/10 cycled every 25 cycles. Due to the large variation in cell
behavior at 50 °C, the discharge capacity in (c) is the average value from 3 to 5 cells.
The slow charging cycles (C/10) every 25th cycle is added to gain information about
the origin of the capacity fade. (¢) SEM micrographs showing LNMO (top) and 20
ALD ALOs (bottom) electrodes cycled at 50 °C for 270 cycles.

In contrast, Figure 4.2(a and b) depicts the cycling performance of
LNMO||graphite cells containing pristine or TiO; coated LNMO, designated as
"pristine" and "20 cycle LNMO", respectively. The coating conditions and pro-
cedure was identical for TiO; coating shown in Figure 4.2a and for Al,O3 pre-
sented in Figure 4.4a. Despite having a lower initial capacity, the 20 cycle TiO;
coated LNMO demonstrates a significant increase in capacity retention. The
TiO; coated LNMO did not exhibit the same pinhole evolution as Al,Os at ele-
vated temperature (see Paper II). The TiO; coating, which has a bandgap of
3.2 eV — 3.4 eV and a higher ionic conductivity than Al,Os, is considered to
provide a more uniform Li" conduction while simultaneously functioning as a
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protective layer. Post-mortem XPS analysis of the TiO, and ALLO; coated
LNMO electrodes revealed that the electrode surface was fluorinated. This is
consistent with prior studies on the formation of TiF4 and AlF; in the presence
of a fluorinated salt in the electrolyte. This clearly shows the reactivity of the
coating to the acidic environment that the electrolyte provides, such as serving
as an HF scavenger. The amount to which electrolyte acidity or HF is produced
will be addressed in the following sections. For both pristine and coated LNMO
samples, XPS analysis of the counter electrodes revealed the presence of Ni
and Mn. This suggests neither TiO, nor Al,O; prevented TM dissolution com-
pletely. However, at the 4.7 V the average working potential of LNMO, several
electrolyte components are unstable and undergo degradation processes releas-
ing various species that are corrosive towards the cathode surface, as discussed
in section 1.4.

Figure 4.2 and the studies in Papers I-11I demonstrate both the benefits and
limits of amorphous AlO; as a coating material during electrochemical cy-
cling. Despite the abundance of information reported for Al,Os in terms of en-
hancing capacity retention by functioning as a protective layer, there is still
much to learn about the electrode-coating interfacial structure-property rela-
tionships that contribute to electrochemical performance. The presented
mixed trends for Al,Os3 coated on diverse cathodes, in this thesis, emphasizes
the significance of tailoring the coating technique based on the substrate/cath-
ode, film precursors, and resultant coating material. Oxide coatings should, in
general, be (i) ultrathin (sub-nm), (ii) uniform with complete particle coverage,
and (iii) conformal. Substrate or cathode characteristics such as (i) surface area
(i1) particle size distribution (iii) cathode crystal structure and the associated
TMs in the structure should be considered to achieve this. It is also critical to
guarantee that the full surface area of cathode particles is exposed to ALD pre-
cursors during the coating procedure.

When not subjected to electrochemical cycling, i.e. no Li" transport into or
out of particles, the presence of a protective oxide layer, even if it does not
provide total cathode particle coverage, should have a positive effect on the
cathode against the harsh environment often provided by conventional electro-
lytes. This is investigated further in Paper IV by delving into the chemical
ageing of cathode materials and the interplay with Al,Os coating (discussed in
subsection 4.2.2).
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4.2 Electrolyte modification

Based on Papers I and IV—VI, this section discusses the chemical and electro-
chemical TM dissolution profiles of various cathode materials and the interplay
with the previously described Al,Os coating material. The section also dis-
cusses the impacts of electrolyte components on TM dissolution.

4.2.1 Role of electrolyte salt (LiPFs) on TM dissolution

Papers I and V addressed a comparative evaluation of LiPFs conducting salt in
TM dissolution process. Paper I demonstrated an increase in Mn dissolution
from LMO with LiPF¢-based electrolytes as compared to LiClOs-based ones.
The amount of dissolved Mn-ions in the electrolyte was two orders of magni-
tude greater in LFP||LMO cells containing LiPFs than in similar cells contain-
ing LiClO; (Figure 4.3). The most often reported LiPF¢ hydrolysis pathway is
based on a multi-step process involving salt dissociation that produces lithium
fluoride (LiF) as a solid and phosphorus pentafluoride (PFs) as a gaseous prod-
uct (reaction 4.1). Traces of H,O in the electrolyte may then participate in re-
action with PFs, resulting in the formation of hydrogen fluoride (HF) and phos-
phoryl fluoride (POF;), (reaction 4.2).%!'¢"'' Thys, HF has the potential to
engage in subsequent TM-oxide corrosion.

LiPF4(s) 2 LiF (s) + PFs5(g) (4.1)
H,0 (1) + PFs (g) » 2HF (1) + POF;(g) (4.2)

To eliminate the influence of HF on TM dissolution, Gallus et al. investigated
replacing LiPFs with the less hydrolysis sensitive LiBF4 and the fluorine-free
conducting salt LiC104."" LiPFs was determined to be the most detrimental
salt, with LiClOy displaying minimal dissolution and LiBF, effectively mitigat-
ing dissolution. Previous research has also shown that the oxidation of the per-
chlorate anion generates a perchlorate radical as a primary product (reaction
4.3), which can then react with other organic electrolyte components (R-H),
mostly generating perchloric acid (reaction 4.4).'%

CLO,” - CLO," + e~ (4.3)
CLO," + R-H — HCLO, +R° (4.4)

This process, however, is electrochemically prompted and has been found to be
prevalent at E>4.4 V vs. Li/Li*."*! These by-products have the capacity to have
a parasitic effect on the cathode surface, which can explain the observed disso-
lution in the LiClO4-containing electrolyte (Figure 4.3). In line with Paper 111,
Paper V compared LiPFs-based and LiBOB-based electrolytes which had been
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cycled in LMOJ|LFP and NCA||LFP cells. The presence of a fluorinated salt
significantly contributes to TM dissolution, whereas LiBOB does not. Thus, the
following hierarchy is established for the investigated conducting salts in terms
of TM dissolution, with LiBOB demonstrating the lowest: LiPFs > LiClO4 >
LiBOB. In addition to reactions 4.1 and 4.2, several autocatalytic mechanisms
are involved in the generation of HF during electrochemical cycling will be
addressed in the following sections. Nonetheless, Papers I and V show that the
presence of LiPFe, and hence HF, in the electrolyte solution is a primary cause
of TM dissolution, and thus regulating electrolyte acidity is critical.

Furthermore, non-cycled LMOJ||LFP cells show a significant amount of Mn-
ion dissolution relative to cycled cells as illustrated in Figure 4.3 ("Rest", i.e.
no current/potential is applied). This indicates that both chemical and electro-
chemical-activated processes cause TM dissolution. Considering this observa-
tion from Paper I, the next section (detailed in Paper IV) explores the chemi-
cal TM dissolution process of lithiated and delithiated LMO and NMC in a
typical Li-ion electrolyte which had already been exposed to hydrolysis and HF
formation.

4.2.2 Emphasis on chemical TM dissolution

Mn dissolution has received the most attention thus far, as it is thought to ex-
plain the predominant failure mechanism in spinel LMO. As described in sec-
tion 1.4, LMO contains equal Mn*" and Mn* ratios. Hunter C. '*? proposed the
commonly accepted explanation for Mn dissolution as a disproportionation re-
action of Mn**, yielding Mn** and Mn*'. The Mn?" species are proposed to have
increased solubility in the electrolyte, as described in section 1.6. However, Mn
dissolution has also been reported to accelerate at higher states of charge
(SOC), where the Mn*" oxidation state dominates, contradicting a dissolution
process primarily initiated by disproportionation.***” Mn dissolution has also
been observed in mixed TM layered oxides (NMC), which contain only struc-
tural Mn*', indicating that the disproportionation process is unlikely.®**' Paper
IV, thus, investigates the TM dissolution process of lithiated and delithiated
LMO and NMC811 powder in EC:DEC:LiPF¢ (LP40) electrolyte. Further-
more, the LMO and NMC were ALD coated with Al,O3 using recipe 2 to de-
termine the coating's role in the chemical TM dissolution process (see SEM
images in Figure 1 of Paper IV). To initiate and propagate LiPF¢ hydrolysis,
2000 ppm of H,O was added to the LP40 electrolyte's stock solution. After 14
days of storage, the electrolyte formed 4300 ppm HF, which is slightly more
than the predicted 4000 ppm HF according to reaction 4.1 and 4.2. Clearly, the
presence of H»O affects not only the salt but also the solvents (e.g., EC is sus-
ceptible to hydrolysis), resulting in additional HF.'*

The LMO and NMC811 powders were subjected to a NO,BF, oxidant dis-
solved in the highly anodically stable solvent acetonitrile for delithiation (see
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experimental section of Paper IV). The residual lithium content was deter-
mined by ICP-OES to be 70 % for delithiated PNMC and 47 % for 10CNMC.
Similarly, the composition of delithiated PLMO and 10CLMO was determined
to be Lip4sMn204 and Lig3:Mn2Os, respectively. "P" and "10C" in the sample
nomenclature refer to pristine and 10 cycle Al,Os-coated active materials, re-
spectively. Thus, the ALD coated active materials were found to be 30 % and
13 % more delithiated than the pristine NMC and LMO, respectively. It is likely
that coating increases the mechanical integrity of the active materials, resulting
in reduced crack development during delithiation and thus promoting a more
homogeneous delithiation. Higher surface area particles have correspondingly
higher interaction with NO,BF4 and hence a higher delithiation degree. Since
LMO has x6 higher surface areca than NMC (see Table 1 in Paper IV), this can
explain the observed discrepancies.
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Figure 4.5. Measured HF, H,O and TM concentrations of lithiated and delithiated state
NMC and LMO, as well as Al,O3 as a reference, after exposure to an aged electrolyte
for 24 hrs. Adding 2000 ppm H,O to a stock LP40 electrolyte led to the formation of
4300 ppm HF after 14 days of storage (“Start”). A "Blank" sample is included, in which
the "Start" solution was transferred to a fresh vial without any contact with active ma-
terials for the duration of the soaking experiment (24 hrs).

Figure 4.5 shows the measured HF, H,O and TM concentrations of lithiated
and delithiated NMC and LMO, as well as Al,O; as a reference, after exposure
to an aged electrolyte for 24 hrs. When the aged electrolyte encounters the ac-
tive materials for 24 hrs, there is a significant decrease in HF and an increase
in H>O content. A substantial portion of the HF consumed and H,O generated
can be explained by an acid-base reaction in which the powders neutralize the
acidity of the electrolyte.
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The alkalinity of the powders was evaluated by soaking the powders in
Milli-Q H,O (deionized water with a resistivity > 18.2 MQ ¢m) and monitoring
the pH change, from which the number of released OH™ per powder surface area
was calculated (Figure 4.5). The following alkalinity hierarchy is formed for
the active materials, with amphoteric Al,Os3 displaying the lowest: NMC >
LMO > Al,0s. Since NMC has one more Li per TMO, unit than LMO, it is
expected to be more alkaline. Delithiated LMO and NMC powders have lower
OH release than lithiated equivalents, and hence are predicted to be less alka-
line. Figure 4.5 further demonstrates that, although the Al,O3 coating decreases
the respective powder alkalinity, both the coated LMO and NMC active mate-
rials retain a significant capacity to neutralize an acid. This may be due to the
presence of uncoated regions on the surface of the active materials. This also
supports the possible nonuniformity of the Al,Os coating discussed in section
4.1.
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Figure 4.6. HF consumption, TM dissolution and H,O formed from soaking experi-
ments of pristine and Al,O3; coated LMO and NMC as well as Al,O3 powder, standard-
ized by surface area. Alkalinity of powders estimated by the OH- released according to
surface area when soaked in aqueous 0.001M KCI.

Taking cognizance of the above stated acid-base interaction, a residual percent-
age of HF is expected to be involved in active material dissolution. The con-
centration of TMs in the aged electrolyte increased to around 50 ppm — 100
ppm for pristine LMO and NMC. Despite having a lower alkalinity, or procliv-
ity to neutralize the HF, the Al,O; coating significantly reduced the degree of
TM dissolution from the active materials. Still, a decrease in HF concentration
and an increase in H>O concentration is observed for pure Al,O3; powder in
contact with the aged electrolyte. The quantity of HF consumed, H,O and TMs
released normalized by surface area of the powders are displayed in Figure 4.6,
to compare the reactivity of the powders. The soaking experiment was specifi-
cally designed to expose the same amount of HF to the same surface area of the
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powders. Thus, x6 more NMC powder was soaked in the same volume of aged
electrolyte as in LMO, due to the x6 larger surface area of the latter. Except for
the highly alkaline lithiated NMC powders, all active materials consumed
around the same moles of HF (0.5+0.1 mmol/m?) and generated approximately
the same moles of H,O (0.3£0.1 mmol/m?). Al,O; also shows a comparable
~2HF/H,0 ratio, but the reaction proceeds to a smaller extent due to its lower
alkalinity. The higher the driving force for HF to react, the higher the alkalinity
of the powders. This is demonstrated by the consumption of more HF/cm? by
the lithiated NMC. Based on the observed ~2HF/H,O ratio, Paper IV proposes
reactions 4.5 and 4.6 for lithiated and delithiated active materials, respectively.
M is Ni, Co, or Mn and x is either 1 or 2 depending on whether we consider
layered NMC or spinel LMO. We also proposed reaction 4.7 for Al,Os. The
molar ratios of HF consumed to TM dissolved ranged from 4 — 10, illustrating
the significance of the investigated acid-base reaction in determining TM dis-
solution from cathode active materials.

4xHF + LiM,0,, — LiF + (x — 1)MF, + MF; + 2xH,0 (4.5)
4xHF + M, 0,, » xMF, + 2xH,0 (4.6)
6HF + Al,0; — 2AlF; + 3H,0 4.7

Due to competing reactions (e.g., reaction 4.2 and 4.5 — 4.7) in which both HF
and H>O might be generated and/or be consumed, it is challenging to precisely
determine the extent of these acid-base reactions. As TMs located at the surface
are more susceptible to nucleophilic attack by F~, 25 % — 35 % of the total TMs
present on the surface monolayer of the active materials directly exposed to the
electrolyte are calculated to have dissolved.

In summary, Figure 4.6 illustrates a qualitative trend: (i) uncoated active
materials released more TMs than coated, and (ii) delithiated active materials
released more TMs than lithiated. When the active materials are in a delithiated
state, coating is less efficient, despite a decrease in TM dissolution. The reduced
concentrations of dissolved TM for coated active material might simply be due
to HF attacking the alumina coating (e.g., reaction 4.7), functioning as HF scav-
enger.® The alumina coating seems to be more effective for NMC than LMO,
which might be due to the thicker coating produced on NMC (see Table 1 in
Paper 1V). The decreased alkalinity of Al,O; and its lower tendency to produce
H,O dampen the auto-catalytic LiPFs degradation. Due to the reasonable de-
creased acidity of the predominating TM*?and TM* at the surface, the lithiated
active materials may have less vulnerability to nucleophilic attack by HF. Lithi-
ated pristine NMC released almost entirely Mn, which is the only TM in a +IV
oxidation state. Furthermore, the delithiated LMO (containing predominantly
Mn**) released twice as much Mn as lithiated pristine LMO (containing an
equal amount of Mn** and Mn"*). The popular concept that Mn** is the most
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sensitive to TM dissolution owing to the disproportionation reaction is thus im-
plausible. Therefore, while disproportion reaction-based dissolution is possible,
an acid-base/electrolyte-cathode founded dissolution mechanism explains the
general TM dissolution observed in Li-ion cathodes.

4.2.3 Role of EC electrolyte solvent on TM dissolution

In addition to the chemical TM dissolution highlighted in the previous subsec-
tion and detailed in Paper IV, the electrode potential instigated dissolution of
TM is assessed in Paper V. The focus here was on EC solvent, a typical com-
ponent of an electrolyte solution used as co-solvent mixed with other types of
carbonate-based solvents.

Numerous EC oxidation reaction routes have been proposed, including nu-
cleophilic attack reactions involving oxides and carbonate molecules, electro-
philic attack, and dehydrogenation processes.'*'?® Jung et al.*® proposed a
mechanism for EC dehydrogenation that generates protic species on the cath-
ode surface, which may subsequently initiate the decomposition of LiPFs salt
producing HF, transition metal fluorides (TMFx), and PF30 (see Figure 1.5,
section 1.4). Zhang et al.'*’ also reported that this mechanism of EC degrada-
tion-based on cathode surface oxygen is the most energetically favourable. Due
to its high dielectric constant, which is important for dissociating Li-salts in
solution, EC has been essential in organic liquid electrolytes for LIBs. Addi-
tionally, EC provides an efficient solid electrolyte interphase (SEI) on the typ-
ically utilized graphite anode.'”*"*° In lieu of EC, several anodically stable
fluorinated compounds, phosphates, and sulfones have been suggested as elec-
trolyte components.”>"*""1** However, these alternative electrolyte systems
have been demonstrated to have poor wettability, high viscosity and imped-
ance, as well as significant cost and safety implications (e.g., fluorinated sol-
vents).'**!*% Sulfolane (tetramethylene sulfone, SL), despite its high viscosity,
is a good alternative for replacing EC in the electrolyte solution, since the oxy-
gen in the sulfolane group can coordinate with Li" to offer favourable condi-
tions for salt dissolution. The absence of an O-H group in the structure also
renders it less susceptible to the aforementioned dehydrogenation process.”
Tilstam et al. among others have shown that SL is stable up to £ > 5.5 V vs.
Li/Li*.**" This set the basis for Paper V, which investigated the electrochem-
ical performance and subsequent effect on TM dissolution of SL and DEC co-
solvents in combination with LiBOB and LiPFs salts. However, evaluating the
influence of SL on electrochemical performance with graphite, Li-metal, or
other low-potential anode materials as the counter electrodes is problematic,
since EC will certainly provide a better SEI formation. Similar to Paper 1, Pa-
per V addresses this issue by incorporating LFP as a counter electrode. The
TM dissolution and HF evolution profile of NCA||LFP and LMO||LFP cells was
investigated after 100 cycles. The cells contained EC:DEC:LiPFg,
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EC:DEC:LiBOB, SL:DEC:LiPFs or SL:DEC:LiBOB electrolyte combinations,
with a solvent ratio of 1:1 vol. %.
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Figure 4.7. NCA|LFP cells with LiBOB and LiPF6 electrolytes in either EC|DEC or
SL|DEC solvents are cycled for 100 cycles between the voltage window 0of 0.2 - 0.9 V
(equivalent to 3.5 and 4.5 V vs. Li/Li"), first and last two cycles at C/10 and the rest at
1C. (a) Coulombic efficiency. (b) Capacity retention. (c) Average voltage. (d) Voltage
profile of the 2" and 99 cycle. Corresponding LMOJ|LFP cells cycled for 100 cycles
between 0.2 — 0.9 V (equivalent to 3.5 and 4.3 V vs. Li/Li"), first and last two cycles at
C/10 and the rest at 1C. (e) Coulombic efficiency. (f) Capacity retention. (g) Average
voltage. (h) Voltage profile of the 2" and 99" cycle.

Figure S1 of Paper V illustrates the ionic conductivity, H,O concentration from
coulometric KF measurements, and HF content of the investigated electrolytes.
At temperatures ranging from 30 °C to 60 °C, EC-based electrolytes have con-
sistently higher ionic conductivity than SL-based electrolytes. Similarly, elec-
trolytes containing LiPFs have higher ionic conductivity than electrolytes con-
taining LiBOB. Electrochemical cycling of LMO||LFP and NCA||LFP showed
that the initial discharge capacities of the prepared electrolytes increase in the
order of LiPFaSL:DEC, LiBOB:SL:DEC, LiBOB:EC:DEC, and
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LiPFs:EC:DEC, for both NCA||LFP and LMO||LFP cells (Figure 4.7). Figure
4.7 also demonstrates that SL-based electrolytes show higher polarisation,
which is paralleled by capacity fade. In addition to the clear discrepancy in bulk
ionic conductivity, this indicates that the electrode/electrolyte interphase layer
formed in EC-based electrolytes is more conductive for Li" transport than in
SL-based electrolytes. The capacity loss for the EC-based electrolytes of LiPFs
and LiBOB in LMOJ|LFP cells was 3.5% and 4.9%, respectively, compared to
4.4% and 9.6% for the SL-based electrolytes of the same salts.
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Figure 4.8. (a) Measured HF in the electrolyte and %Mn dissolved into the electrolyte
after 100 cycles. Baseline (uncycled electrolyte). (b) PITT characterization of commer-
cial LP40, LiPFs:EC:DEC and LiPFs:SL:DEC electrolytes. Carbon coated Al elec-
trodes were cycled up to 5 V vs. Li/Li".

As illustrated in Figure 4.8a, electrolytes collected from cycled LMOJLFP and
NCA||LFP cells, as well as electrolytes stored free of active materials for the
length of the experiment ("Baseline"), were analysed using ICP and F probe.
The HF concentration in the LMO cells clearly increases after cycling; how-
ever, for NCA cells is almost the same as Baseline. The presence of LiPF¢ in
the electrolytes can specifically be correlated to the detection of HF. The high-
est HF concentration is 1304 ppm in the prepared LiPFs:EC:DEC for LMO,
followed by commercial LP40 at 880 ppm. Despite the fact that the prepared
LiPFs:EC:DEC electrolyte had 0.7 M LiPFs compared to the commercial LP40
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electrolyte's 1 M LiPFs, it generated more HF after cycling. This is due to the
higher concentration of H,O impurity, (see Figure S1 in Paper V). HF is de-
tected SL-based cells containing LiPFg, although at lower levels of 202 ppm for
LMO and 95 ppm for NCA. When both LiPFs and EC are present in the elec-
trolyte, LMOI|LFP cells generate an order of magnitude higher HF concentra-
tion than NCA||LFP cells. The electrode surface and electrolyte contact differ
due to the difference in specific surface area between NCA (0.36 m?/g) and
LMO (1.86 m*g). Thus, the above discussed EC dehydrogenation mecha-
nism transpires to a larger extent in LMO cells. This is mirrored in the TM dis-
solution characteristics of both materials, with LMO||LFP cells displaying Mn
dissolution exclusively in the case of EC-based cells containing LiPFs whereas
NCA shows no TM dissolution. Due to an increase in acidic species generated
from electrolyte degradation, the onset of TM dissolution in Ni-rich layered
oxides is £ > 4.5 V vs. Li/Li". Thus, TM dissolution for NCA in Paper V will
be limited.”>

According to the chemical dissolution profiles of LMO and NMC discussed
in subsection 4.2.2 (detailed in Paper 1V), the HF concentration decreases
when the electrolyte encounters the active materials owing to an acid-base in-
teraction (Figure 4.6). In contrast, Paper V demonstrates for LMO that the HF
increases when the electrolyte encounters active materials under electrochemi-
cal cycling conditions ((Figure 8a). This indicates that HF is also generated
through an oxidative degradation of EC and casts doubt on the stability of EC.
PITT measurements (Figure 4.8b) contrasting LiPF&:EC:DEC and
LiPFs:SL:DEC electrolytes support this observation. The EC-based electrolyte
starts to pass charge just below 4.4 V vs. Li/Li’, whereas the SL-based electro-
lyte remains stable up to 5 V vs. Li/Li". This is not reflected, however, in the
cycling performance of SL-based electrolytes, which exhibit higher polarisa-
tion and lower initial capacities. This highlights the significance of the CEI
layer and ionic conductivity, at which EC-based electrolytes in relative tend to
excel. Thus, while SL-based electrolytes conform to a desired structural prop-
erty at high potentials by limiting further HF generation and restricting TM
dissolution, they are less capable of supporting Li* transport at the cycling con-
ditions tested in Paper V.
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4.2.4 Role of an electrolyte additive (LiPF202) on TM dissolution

As discussed in previous subsections, electrolytes containing EC co-solvent
and LiPFs conducting salt have been shown to degrade at high voltages, with
significant gas generation and cell impedance increase, as well as the reported
TM dissolution in this thesis.** The use of suitable electrolyte additives is a
technologically and economically beneficial strategy for optimizing the inter-
action between the alkaline cathode and the acidic electrolyte. One interesting
additive that has lately garnered attention is lithium difluoro phosphate
(LiPOsF,, LiDFP). It is proposed to contribute to the formation of a stable in-
terface with the electrolyte on both the cathode and anode surfaces.'*'*
Difluoro-phosphate (PO,F>") undergoes hydrolysis in the presence of trace
amounts of H,O in the electrolyte, resulting in the formation of LiF and LizPO4
(reaction 4.8)."! Klein et al. suggested that the presence of LisPO4 degradation
product from reaction 4.8 could act as a 'scavenging' agent for dissolved TM-
ions, forming insoluble TM-PO4 compounds and reducing TM crossover to the
anode.'* Following an acid-base interaction (electrolyte-cathode), as discussed
in Paper 1V, the dissolution of TM will invariably lead to the formation of H,O
(reaction 4.5). As a result, the presence of H,O should continue to drive the
hydrolysis of both LiPFs and LiPO,F,, increasing the HF concentration in the
electrolyte (reaction 4.1 and 4.2). LiDFP is also reported to contribute to a re-
duction in TM dissolution from the cathode. However, the consensus is that it
does not prevent TM dissolution. In addition, previous investigations on the
benefits of LIDFP for TM dissolution had solely focused on characterization of
the counter electrode. Paper VI investigates the effect of LIDFP as an additive
on TM dissolution and cycling stability of NMC622 vs. graphite full-cells cy-
cled at two upper cutoff voltages of 4.3 V and 4.6 V.

2H,0 + PO,F; — Li;PO, + LiF + HF + 3H* 4.8)

Figure 4.9 shows the electrochemical cycling stability of "Baseline" (LP40 with
no additive) and "LIDFP" (LP40 with 0.75 % LiDFP) electrolytes in NMC622
vs. graphite cells. The potential profiles of both electrolytes are highly compa-
rable in the initial cycles and exhibit a large overlap in both cut-off voltages.
All the cells showed low rate capability, with capacity dropping at 1C due to
the high mass loading of the electrodes chosen (see experimental section of
Paper VI). The intermittently high C-rate cycling protocol simulates commer-
cial operating conditions of the cells, and the large cathode mass loading as-
sures that any potential TM dissolution in the electrolyte is greater than the ICP-
OES lower concentration detection limit (100 ppb). For reference, Figure S1 in
Paper Vl illustrates a consistent capacity degradation in NMC622 vs. graphite
full-cell cycled at C/3 and 4.6 V cut-off voltage. At 4.2 V, the initial discharge
capacities of LiIDFP and Baseline are 176 mAh/g and 175 mAh/g, respectively
(see Figure 4.9). Both electrolytes showed a comparable capacity retention of
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84 %, over 100 cycles. Furthermore, at 1C, the charge/discharge polarisa-
tion for both electrolytes is shown to be constant at 250 mV. Thus, the additive
does not introduce any positive or negative contributions at 4.2 V. At 4.6 V,
however, the polarisation of the Baseline electrolyte significantly increases, in
contrast to that of LiDFP. For LiDFP and Baseline, the polarisation is about
300 mV in the first 50 cycles (at 1C), but it increases after 50 cycles for baseline
compared to LiDFP, where 600 mV and 1 V are recoded at the 99" cycle, re-
spectively. Furthermore, the cell containing LiDFP has an improved capacity
retention of 67 % as compared to the Baseline of 56 %. This suggests a contri-
bution to a more efficient SEI/CEI formation for the LiDFP electrolyte.
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Figure 4.9. (a) Electrochemical performance of NMC622-graphite full-cells using
LP40 electrolyte without electrolyte additive (Baseline) and 0.75 wt. % LiDFP additive
cycled for 100 cycles in the voltage window of 2.9 V—-4.2 Vand 2.9 V - 4.6 V. First
and last two cycles at C/10 and the rest at 1C. C-rate is decrease to C/10 every 25 cycles
to check capacity recovery. (b) 1* and 2™ cycle voltage profiles of cells in (a).
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The XPS spectra of the analysed graphite electrodes after 100 cycles showed
that the SEI composition did not differ significantly between the two electro-
lytes (see Figure 3 in Paper VI). Since rinsing electrodes before XPS measure-
ment increases the risk of removing the deposited TM on the graphite surface,
electrodes were unwashed prior to measurement. Therefore, signal from traces
of LiPFs was accentuated in Li 1s, P 2p, and F 1s spectra. Despite this, elec-
trodes cycled at 4.2 V had lower electrolyte degradation products on the sur-
face, which correlates to the decreased polarisation seen in the electrochemical
cycling. Figure 4.10 presents the ICP-OES and F~ probe measurements of elec-
trolytes recovered from cycled cells, electrolytes maintained free of contact
with active materials throughout the experiment ("aged"), and electrolytes im-
mediately after preparation ("fresh"). When the electrolytes come in contact
with the electrodes (cycled electrolyte), HF concentration decreases. This con-
trasts to the HF increase observed in Paper V (Figure 4.8). However, in Paper
V, LFP is used as a counter electrode, while graphite is used in here (Paper
VI). This attests to the consumption of HF by the graphite surface, resulting in
fluorinated SEI species (see Figure 3 in Paper V).
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Figure 4.10. (a) Measured HF concentration in the electrolyte (quantified with a F~ se-
lective electrode) and TM dissolved into the electrolyte (quantified by ICP-OES) after
100 cycles for the cells without additive (Baseline) and with 0.75 wt.% LiDFP electro-
lyte additive. HF concentration in electrolytes after preparation (fresh) and electrolytes
maintained free of contact with active materials for the course of the experiment (aged)
are also displayed. (b) Ni 2p, Ni 3p, Mn 2p, and Co 2p core-level XP spectra of graphite
electrodes after 100 cycles.

At 4.2 V, the cycled and extracted LIDFP and Baseline electrolytes show HF
values of 15.8 £ 2.3 ppm and 15.68 &+ 2.1 ppm, respectively. Although HF de-
creases as mentioned above, the cut-off voltage is insufficiently high to gener-
ate surplus HF in the electrolyte. At 4.6 V, however, both electrolytes have
higher HF content than their 4.2 V equivalents, with LiDFP showing 63.17 +
0.51 ppm and the Baseline showing 33.09 + 6.79 ppm of HF. Hence, in addition
to HF consumption by cell components, electrolyte oxidation/degradation and
thus LiPFs degradation is prevalent at 4.6 V. The higher HF content for LiDFP
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compared to Baseline can be attributed to probable additive hydrolysis follow-
ing reaction 4.8, yet it is also matched by the TM concentration in the electro-
lyte. LIDFP and Baseline have Ni contents of 30.5 + 1.5 pg and 3.4 + 1.9 pug,
respectively. Similarly, the Co content of the equivalent electrolytes is 3.7 + 0.9
pg and 0.7 + 0.4 pg, respectively. Since Mn content was close to the lower de-
tection limit, concentration could not be accurately quantified in the electrolyte.
TM dissolution was limited in cells cycled at 4.2 V.

Additionally, the deposition of TM on the surface of the graphite was
analysed by XPS for comparison with the ICP measurement in the electrolyte.
Ni 2p spectra exhibit two Ni 2ps» and 2pi» peaks at ~858 eV and ~877 eV,
respectively, with satellite peaks at ~852 eV and ~873 eV. The satellite peak
at ~873 eV is only seen on electrodes cycled at 4.6 V, showing that Ni
deposition is higher at 4.6 V, compared to 4.2 V. This is further supported by
the presence of Ni 3p and Mn 2p peaks from the cells with 4.6 V but not from
the ones with 4.2 V. Thus, TM dissolution is accelerated when the cutoff
voltage is increased. Although Mn is not present in the electrolyte, it is clearly
found on the surface of graphite (from the cells cycled to 4.6 V). This
observation is consistent with previous reports on NMC vs. graphite
cells showing preferential Mn depositon on the anode.'** Co deposited on the
graphite was not detectable in any of the samples. LisPO4, as a degredation
product of LiDFP, has been shown to scavenge Co*", Ni*, and Mn*’, resulting
in Co2PO4, Ni2PO4, and Mn,PO4 precipitates in a standard carbonate electrolyte
(EC:EMC)."? Thus, in the presence of LiDFP, the cations precipitate out of the
electrolyte to remain on the surface of cathode or separator rather than migrate
to the anode and deposit. This can limit the amount of TM on the SEI and lead
to the formation of a more preferable SEI, which is mirrored in the electro-
chemical performance. Despite the fact that several LiDFP hydrolysis routes
have been identified, with a slight rise in HF as a product and an increase in the
presence of TM (most likely in the form of TM-PO,) in the extracted electro-
lyte, reaction 4.8 supports our findings.'**'4
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5 Conclusion

This thesis has investigated ageing mechanisms of LIB cathodes, with a focus
on TM dissolution and on strategies to mitigate the dissolution. The first half,
based on Papers I-1V, considered the possibility of modifying the cathode sur-
face by for example surface coating to supress TM dissolution. The latter
half considered the TM dissolution mechanism from an electrolyte perspective
since TM dissolution is a direct consequence of electrode/electrolyte interac-
tion. This latter part, based on Papers I and IV-VI, thus explored the roles of
various electrolyte components.

Papers I-11I investigate how a thin layer Al,O3 and TiO; coating formed by
ALD on numerous cathode materials affects electrochemical cycling. The var-
ious cathodes demonstrated a variety of trends from the contribution of oxide
coatings to cycling stability. Capacity retention and overall cycling stability
were increased by Al,Os coating on LCO and NMCS811, as well as TiO; coating
on LNMO. On the other hand, Al,O; coating on LMO and LNMO showed little
to no improvement in this aspect. Additionally, the 20 cycle ALD coated
LNMO with Al,O3 provided an example of the detrimental effects that a subop-
timal coating could have on cathode surface. When cycled under adverse con-
ditions for the electrolyte at the average potential of 4.7 V vs. Li/Li" and the
temperature of 50 °C, the surface of the ALD-coated primary particles devel-
oped visible holes. Non-uniformity in the coating results in non-uniform Li"
conduction pathways, with Li" primarily flowing in and out of particles at select
and electrochemically active locations where the coating is thinner or absent.
The effect is increased with thicker Al,Os coatings, which naturally increase
non-uniformity. This results in non-uniform ageing of the cathode surface (pin-
holes), making these active locations more vulnerable to acidic species or elec-
trolyte leaching agents (e.g., HF). Thus, the coating coverage on cathode parti-
cles should have a significant impact on electrochemical stability. Although
ALD has been shown to produce excellent and consistent coatings on flat sur-
faces, it is challenging to maintain the same level of consistency when coating
differing porous powders. This is demonstrated by the ability of the same ALD
recipe to produce varied coating quality, as observed from the electrochemical
characterization. Upon comparing Al,O; and TiO- coatings on the same cath-
ode material (LNMO) in Papers II and III, it is demonstrated that the more
ionically conductive and thinner TiO, coating layer provides better cycling sta-
bility. This indicates that a slightly denser and thinner coating layer provides a
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lower risk of non-uniformity and pinhole formation, and hence promotes a
more uniform Li" diffusion during electrochemical cycling.

Papers I-11I emphasize the significance of tailoring the coating procedure
primarily based on the cathode material. Oxide coatings in general should be
ultrathin (sub-nm), homogeneous, and conformal. This necessitates considera-
tion of substrate or cathode parameters such as surface area, particle size distri-
bution, and cathode crystal structure. Despite the large number of studies avail-
able over the last decade on the capability of oxide coatings to increase cycling
performance, much remains unknown about the electrode-coatings opti-
mum interfacial properties that contribute to this performance.

Paper IV demonstrated that when not subjected to electrochemical cycling,
i.e.no Li" transport into or out of cathode particles, the presence of an oxide layer
protects the cathode from the acidic environment consistently provided by the
electrolytes. The protective contribution of the coating layer is valid even if the
coating does not provide total particle coverage. The investigation of chemical
TM dissolution from lithiated and delithiated cathode materials coated with
AlOs revealed that (i) uncoated active materials released more TMs than coated
active materials, and (ii) delithiated active materials released more TMs than
lithiated active materials. Reduced TM dissolution from coated active materials
is due to HF attacking the coating film, as evidenced by fluorination of the oxide
coatings. The lower alkalinity of Al,O; (relative to cathode materials) and lower
proclivity to generate H,O when reacted with HF limits the auto-catalytic salt
degradation, culminating in the coating functioning as an HF scavenger. The
lithiated active materials were also found to be less sensitive to nucleophilic at-
tack by HF due to the significantly decreased acidity of the predominating lower
TM oxidation state (< +III) at the surface. The broadly accepted idea that Mn**
is the most sensitive species to TM dissolution due to its disproportionation reac-
tion is thus demonstrated to only be a minor factor. A chemical dissolution mech-
anism based on acid-base/electrolyte-cathode interaction explains the general
TM dissolution observed in Li-ion cathodes better.

Papers I and V demonstrate that the presence of LiPFs, and hence HF, in
the electrolyte is the principal cause of TM dissolution, and that regulating acid-
ity in conventional carbonate-based electrolytes is crucial. Paper V also
demonstrates that HF increases when the electrolyte comes into contact with
active materials during electrochemical cycling. This indicates that in addition
to the hydrolysis of LiPF¢ leading to the formation of HF, HF is also generated
through the oxidative degradation of EC. Despite the fact that TM dissolution
is a chemical process, acidification of the electrolyte caused by oxidative deg-
radation products also adds to the acceleration of TM dissolution. However,
while replacing EC with an anodically stable solvent (SL) could minimize HF
generation and TM dissolution, SL. was demonstrated to be less capable of sup-
porting Li" transport at the conditions studied in Paper V. Although LiPFs and
EC have been found to be detrimental in terms of contributing to TM dissolu-
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tion, considerable caution should be taken when attempting to replace the com-
ponents, as a gain in preventing TM dissolution can come at the expense of
electrochemical cycling performance. Paper VI introduced LiDFP electrolyte
additive without replacing LiPFs or EC with any other components. Li3PO4, a
degradation product formed from LiDFP, may aid in the removal of dissolved
TM by precipitating the cations in the form of TM-PO, on the surface of the
cathode, and thus restricting TM migration and deposition on the anode.

TM dissolution is a direct consequence of cathode-electrolyte interaction,
with implications not only for redox active material loss but also for the com-
position and stability of SEI at the counter electrode. Therefore, optimizing the
interaction between the alkaline cathode and the acidic electrolyte by either
adding protective surface coatings on the cathode or regulating electrolyte acid-
ity with additives or substituting electrolyte components is crucial for achieving
the requisite for high potential cathode for Li-ion batteries.
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6 Popularvetenskaplig sammanfattning

Den snabba 6kningen av viaxthusgasutslapp i var miljo har radikalt fordndrat de
globala temperaturerna och medfor nya risker for manniskors hélsa och en rad
andra viktiga samhélleliga sektorer, som t.ex. jordbruket. I Kyoto- och Parisav-
talen faststédlldes bland annat ett mal om att drastiskt minska utsléppen till at-
mosfiren frén fossila energikéllor senast ar 2060. 195 ldnder har forbundit sig
att halla den globala temperaturdkningen vél under 2 °C 6ver de forindustriella
nivéerna fran ar 1750.> Det uppskattas att ménsklig verksamhet redan har orsa-
kat cirka 1,0 °C av den globala uppvarmningen jimfort med de forindustriella
nivéerna, och det berdknas att 6kningen kommer att na 1,5 °C fore ar 2050 om
uppvirmningen fortsitter i nuvarande takt.> For att malet skall uppnas maste
det ske en betydande fordndring av hur energin frambringas och anvinds inter-
nationellt. Malet kan formodligen enbart uppnas genom storskalig integration
av fornybara energikéllor som till exempel sol- och vindkraft. Emellertid ar
fornybara energialternativ som kan ersitta de traditionella fossilbrinslebase-
rade energikéllorna intermittenta, och bor dérfér kombineras med lampliga
energilagringssystem. Det vanligaste energilagringsystemet for tillféllet 4r bat-
teriteknik. Anvindningsomradena for batterier omfattar elnét, transport, marin-
och ubéatsverksamhet, flygverksamhet, barbara elektroniska apparater, tradlosa
nitverkssystem och ménga fler. Batterier har historiskt kunna erbjuda en 16s-
ning pa de flesta utmaningar som det har stéllts infor. Dock ar en stdndig vida-
reutveckling av batterityper av storsta betydelse for att uppfylla framtida stan-
darder och behov i den vixande globala ekonomin.

Ett batteri omvandlar kemisk energi till elektrisk energi genom en elektro-
kemisk reduktions- och oxidationsreaktion (redox-reaktion). Den elektriska
energin kan utnyttjas nér batteriet sitts i drift, och elektrisk energi kan lagras i
form av kemisk energi nér batteriet anvéinds som lagringsenhet. Under de sen-
aste fyra decennierna har litiumjonbatterier (LIB) blivit mycket palitliga
elektrokemiska energilagringssystem pa grund av deras relativt hoga effekt-
och energidensitet i jamforelse med alternativa batterikemier. Detta beror pa att
lititum-jonen ér liten och har hog elektropositivitet. De fyra huvudkomponen-
terna i ett LIB &r katod, anod, elektrolyt och separator. Under elektrokemisk
laddning vandrar litiumjonerna fran katoden genom elektrolyten till anoden och
vandrar sedan tillbaka under urladdningen. Grafit ar for nérvarande det mest
populdra materialet, men vissa batteritillverkare har valt icke-grafitanoder som
litiumtitanat (LisTisO,2). Litiumsalt och organiska (vanligtvis) 16sningsmedel
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utgor elektrolyten. Litiumhexafluorofosfat (LiPFs) dr det dverldgset mest an-
vinda saltet, men salter som litiumperklorat (LiClO4) eller litiumbis(ox-
alato)borat (LiBOB) kan ocksd forekomma. Det organiska 16sningsmedlet dr
viktigt for att frimja diffusionen av littumjoner mellan elektroderna och &r dér-
for en kritisk komponent for batteriets effektivitet. Etylmetylkarbonat (EMC),
dimetylkarbonat (DMC), dietylkarbonat (DEC), propylen karbonat (PC) och
etylenkarbonat (EC) dr nagra av de vanligaste karbonatbaserade organiska 16s-
ningsmedlen. Separatorn i sin tur dr en sdkerhetskomponent mellan katoden
och anoden, som forhindrar direkt kontakt mellan elektroderna, eller kortslut-
ning, medan den tillater litiumjonerstransport. Polyeten och polypropen, eller
en kombination av bada, dr de vanligaste materialen som utgor separatorer.

Katoden, som utgdr kéllan till lititumjoner, dr huvudsakligen den elektrod
som bestimmer egenskaperna hos ett LIB. Darfor ar befintliga kommersiella
batterier ofta bendmnda efter det material som denna komponent bestér av. Li-
tiumkoboltoxid (LCO), littummanganoxid (LMO), litiumjarnfosfat (LFP), liti-
umnickel-kobolt-aluminiumoxid (NCA) och litiumnickel-mangan-koboltoxid
(NMC) ér nagra av de kommersiellt och forskningsméssigt intressanta oxid-
och fosfatkatoderna. Alla innehaller de redox-aktiva overgdngsmetaller (TM).
Energidensiteten hos nuvarande LIB:er begrinsas av driftsspanningen och ka-
paciteten hos de katodmaterial som anvinds. Vilket innebér ju hogre katodpo-
tentialen ar, desto hogre energidensiteten blir for batteriet. Dessutom begransar
den laga stabiliteten hos "konventionella" karbonatbaserade elektrolyter moj-
ligheten att utvidga LIB-driftsspanningen. Upplosning av TM i elektrolyten
medan batteriet dr i drift dr ett allvarligt problem som i hog grad bidrar till att
LIB:er &ldras. I avhandlingen undersoktes darfor katoders aldringsmekanismer,
med fokus pa upplosning av TM och strategier for att begrinsa upplosnings-
processen. I den forsta halvan av avhandlingen undersoktes en strategi av att
modifiera katodytan genom ytbeldggning for att forhindra TM-upplosning. 1
den andra halvan av avhandlingen undersoktes TM-uppldsningsmekanismen ur
ett elektrolytperspektiv, eftersom TM-16slighet dr en direkt konsekvens av vax-
elverkan mellan katod och elektrolyt.

Frén katodytans perspektiv har ALD-beldggning (atomlagerdeposition) pa
katodytan med elektroniskt isolerande Al,Os- och TiO,-beldggningar under-
sokts som en strategi for att stabilisera granssnittet mellan katod och elektrolyt
och minimera uppldsning av TM. Nér oxiderade TM-joner kommer i kontakt
med de elektronrika elektrolytimnena i gransskiktet mellan katod och elektro-
lyt (det s& kallade CEI) genomgér de en irreversibel reduktionsreaktion. Dessa
reduktionsreaktioner orsakar nedbrytning av elektrolyten samt en strukturell
fordndring av katodytan. Bildandet av en elektrokemiskt inert struktur pa grund
av denna foréndring av ytan dkar impedansen hos katoden avsevirt. Oxidbe-
laggningarna ar séledes designade for att fungera som en elektronisk barriér
mot direktkontakt mellan elektrolyten och redox-aktiva TM-joner pa katody-
tan. Avhandlingen illustrerar bdde fordelarna och begriansningarna av amorfa
oxidbeldggningsmaterial under elektrokemisk cykling. Ultratunna oxidskikt
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begrinsar den autokatalytiska saltnedbrytningen och ddrmed ackumulationen
av sura dmnen i elektrolyten, vilket innebér att beldggningen fungerar som ett
skyddande skikt. En suboptimal beldggning bidrar & andra sidan till ett icke-
homogent aldrande av katodytan, vilket har visat sig vara elektrokemiskt ofor-
delaktigt. Dessutom visar avhandlingen att en kemisk upplosningsmekanism
baserad pa interaktion mellan syra-bas/elektrolyt-katod ligger bakom den om-
fattande TM-16slighet som observerats i en del Li-jonkatoder.

Frén elektrolytens perspektiv demonstrerar avhandlingen att LiPFe, och dér-
med HF, &r den huvudsakliga killan till upplosning av TM. Det ar ként att vat-
ten som forekommer i elektrolyten i sma méngder kan hydrolysera LiPFg-saltet
i en sonderfallsreaktion som bildar HF. HF och liknande suraémnen i elektro-
lyten dr synnerligen korrosiva mot katodytan och resulterar i TM-uppldsning.
Forutom hydrolys av LiPF¢ bidrar nedbrytningen av etylenkarbonat (EC) till
ytterligare generering av HF. En 6kning av nedbrytningsprodukter i elektroly-
ten accelererar foljaktligen TM-uppldsningen. Att (i) ersdtta EC med ett mer
oxidationsstabilt 10sningsmedel (t.ex. tetrametylensulfon) (ii) ersitta LiPFg
med ett icke-fluorerat salt (t.ex. LIBOB eller LiClOy) eller (iii) tillsétta en ke-
misk forening som fangar upplosta TM t.ex. litiumdifluorofosfat (LiPO,F»,
LiDFP) undersoktes i avhandlingen. Strategierna antingen i) begransar upplos-
ningen av TM, ii) forhindrar migration och deponering av TM pé anodytan eller
ii1) forhindrar bildning av sura nedbrytningsprodukter i elektrolyten. Genom att
ersitta EC med det mer oxidationsstabila 16sningsmedlet SL och ersétta LiPFg
med icke-fluoriderade salt (LiClO4 eller LiBOB) begrinsades HF-bildningen
och TM-upplosningen. LiDFP bidrog till att eliminera TM genom att félla ut
de upplosta TM-katjonerna och pa sé sétt begransa TM-migrationen och -de-
positionen pa anodytan. Avhandlingen belyser dock behovet av att ta viss hin-
syn vid forsok av att utbyta elektrolytkomponenterna, eftersom en minskning
av TM-upplosningen kan ske pa bekostnad av elektrokemisk prestanda.

Interaktionen mellan katod och elektrolyt avgér TM-uppldsningsprofilen i
LIB:er, vilket inte bara innebar forlust av redox-aktivt material fran katoden
utan ocksd inverkan pa sammanséttningen och stabiliteten hos gransskiktet
mellan elektrolyt och anod. Darfor ar det viktigt att optimera interaktionen mel-
lan den alkaliska katoden och den sura elektrolyten genom antingen applicera
skyddande ytbeldggningar pa katoden eller genom att reglera elektrolytens sur-
hetsgrad med hjilp av tillsatser eller genom att byta ut elektrolytkomponenter
for att uppna den hoga arbetspotential som fordras for katoden i litiumjonbat-
terier.
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